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ABSTRACT

The expanding aquaculture industry increases the prices of fishmeal, the main
protein source in fish diet. A promising alternative is microalgal protein. Therefore,
the protein production capacities of two green microalgae species, Chlorella
sorokiniana CY1 and Chlorella vulgaris ESP-31, were investigated. After
optimization, the maximum biomass and protein productivities of Chlorella
sorokiniana CY1 reached high values of 4.35 £ 0.09 and 0.856 + 0.025 g/L/d, while
that of Chlorella vulgaris ESP-31 also reached high values of 4.636 + 0.10 and
0.946 = 0.065 g/L/d. The cultivation time for both species was only 2 days, wherein
Chlorella sorokiniana CY1 and Chlorella vulgaris ESP-31 amassed moderate protein
contents of 25.9 £ 1.3% and 26.8 £ 1.3%. The optimum conditions for both species
were 50% initial nitrate concentration of Basal medium, 5% CO: aeration, and 750
pmol/m?/s light intensity. The high biomass and protein productivities of both
species indicated their capability as potential protein sources.

After studying protein production from microalgae, a second microalgae-
derived commodity that received global attention was microalgal biofuels, in
particular biodiesel. Microalgae is widely regarded as the most promising source of
green and sustainable fuel for the future, with microalgal biodiesel widely seen as
a replacement for diesel fuel. Compared to biodiesel from terrestrial crops such as
palm oil and rapeseed, the benefits of microalgal biodiesel include rapid growth
rate of microalgal cells, higher carbohydrate and lipid content, higher productivity
per unit land area, and utilisation of wastewater for growth. Therefore, five
indigenous microalgae species from Taiwan were selected to determine their
potential for lipid production, namely Chlamydomonas sp. Tai-01, Tai-03 and Pin-
01, as well as Scenedesmus sp. ESP-05 and ESP-07. Chlamydomonas sp. Tai-03
proved to be the best strain, achieving biomass growth and productivity of 3.48 +

0.04 g/L and 0.43 £ 0.01 g/L/d, accompanied by an oil content and oil productivity
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of 28.6 £ 1.41% and 124.1 £ 7.57 mg/L/d. This was attained by inoculating 0.12
g/L biomass into BG-11 medium with 25% initial nitrate concentration and light-
emitting diode (LED) light intensity of 200 pmol/m?/s. The fatty acid methyl esters
(FAMEs) obtained from the Chlamydomonas sp. Tai-03 strain consisted mainly of
palmitic acid, oleic acid and linoleic acid, making this microalga a suitable feedstock
for biodiesel synthesis.

The microalga species Chlamydomonas sp. Tai-03, which was previously
optimised for maximal lipid production for biodiesel generation, received further
optimization by investigating the effects of different CO2 concentration and different
medium replacement strategy using semi-batch operation. The optimum conditions
were found as 5% CO2 concentration and semi-batch operation with 25% medium
replacement ratio, which further enhanced the biomass growth and productivity to
4.15 £ 0.12 g/Land 1.23 £ 0.02 g/L/d, with lipid content and productivity of 19.4
+ 2.0% and 239.6 £ 24.8 mg/L/d. Under the medium replacement strategy, 25%
of the microalgal biomass could be replaced/harvested daily after the culture
entered the medium replacement phase of the cultivation process (which was 8
days after the start of cultivation). Upon analysis, the major fatty acid methyl esters
(FAMEs) were palmitic acid (C16:0), oleic acid (C18:1), and linoleic acid (C18:2).
These short-chain FAMEs combined with high growth rate make Chlamydomonas
sp. Tai-03 a suitable candidate for biodiesel synthesis.

Although microalgae can be turned into numerous valuable commodities,
their large-scale cultivation still poses a great challenge to the current microalgal
industries. Open systems are cheap to install and operate, easy to clean and
maintain, and have high surface area to volume ratio, suitable for microalgal culture.
But they are susceptible to contamination, evaporative losses, and unfavourable
weather conditions. In contrast, closed photobioreactor systems have high
productivity, control of growth parameters, and minimum risk of contamination.
But photobioreactors are expensive to install and difficult to operate and maintain.

Therefore, an integration of thin layer cascade photobioreactors with a semi-closed
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setup was proposed that could be used to cultivate greater volumes of different
microalgal species and generate different products such as proteins and lipids. This
semi-closed photobioreactor system would have the benefits of both open systems
and closed systems. An improved concept design had been illustrated and
computational fluid dynamics (CFD) analysis using a simulation program (ANSYS)
had also been performed to visualise the functionality and mechanism of the
concept design. The CFD analysis revealed that the improved concept design of
thin layer cascade semi-closed photobioreactor performed satisfactorily and was
suitable for the cultivation of different microalgal species to produce proteins for

fish feed and lipids for biodiesel.
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CHAPTER 1

INTRODUCTION

1.1. Brief Overview of Research

In the past few decades, microalgal biotechnology has garnered a lot of attention
due to the ability of microalgae to generate a variety of valuable metabolites, such
as carbohydrates, proteins, lipids, carotenoids, vitamins, and minerals. Due to its
product diversity, microalgal biomass has been utilised in different industries such
as biofuels, fertiliser, aquaculture, nutraceutical, and wastewater treatment
(Cardozo et al., 2007). To generate these metabolites, microalgae can be cultured
using carbon dioxide (CO2) and different types of industrial waste as nutrient media,
thereby helping to alleviate the environmental issues caused by these effluents.
The types of industrial waste can also be chosen based on the application of the
microalgal biomass. If microalgal biofuel is being produced, waste streams
unsuitable for discharge into rivers or lakes (containing higher levels of toxic
chemicals or trace metals) may be suitable for microalgal culture after undergoing
proper filtration and dilution. In this case, the microalgae can be used to produce
biofuels and minimise contamination levels in wastewater. On the other hand, if
microalgal-derived food, supplement, or fertilisers are targeted, food waste from
kitchens, agriculture, or food-packaging industries can be used. Despite the
benefits of microalgal biomass, the high production cost associated with microalgal
biomass (compared to forestry and agricultural biomass) remains one of the main
hurdles for large-scale application (Costa and de Morais, 2014). To overcome the
high production cost, development of efficient and affordable photobioreactor (PBR)

is a necessity (Wang et al., 2012). Since the field of research regarding microalgae
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is very diverse, it is essential to narrow down the scope of research in this thesis,
which is to focus on the upstream process of microalgal biomass production. The
upstream process includes identification and characterisation of suitable microalgal
species, optimisation of culture conditions to high yields of targeted products, and
photobioreactor design. Therefore, in this section, two different products
(microalgal protein and biodiesel) have been selected due to the demand for these
products as alternative sources of fishmeal and fossil fuel in the modern world.
Section 1.1.1 and 1.1.2 discusses the importance and hurdles of microalgal protein
and biodiesel. Section 1.1.3 explains the importance of a new photobioreactor
design which would be able to accommodate different microalgal species to produce
different products. After this, Section 1.2 would list the aims of this thesis and
Section 4 would elaborate the experimental results in detail according to the order

in which the aims were listed.

1.1.1. The importance and hurdles of microalgal protein as fishmeal
replacement in aquaculture

As our population increases, our need for more food also rises. One particular
aspect is higher demand for protein, and fish is not only a protein-rich food source,
but also rich in essential fatty acids. It has been estimated that the average per
capita consumption of fish may increase in the future (Fisheries and Aquaculture
Department (FAO), 2018). This can be due to an increase in healthy mind sets of
developed countries (Kris-Etherton et al., 2009) and higher income growth of
developing countries (Rana et al., 2009). The yield of wild fisheries has been
controlled at around 90 million tonnes (Mt) annually to allow the wild fish stocks to
recover and prevent over-fishing. The additional demands for fish are being
satisfied by aquaculture industry, whereby in 2016, the total aquaculture
production reached 80 Mt (Fisheries and Aquaculture Department (FAO), 2018).
The rise of the aquaculture industry has increased the demand of fishmeal, the

main protein source used in fish diets. As fishmeal is made by processing wild fish
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and wild fish catches has become consistent, the supply of fishmeal is getting more
strained and this has drove up the price of fishmeal (Guedes et al., 2015).

In regards to this concern, microalgal protein has caught the attention of
researchers as a potential fishmeal replacement. Partial replacement of fishmeal
using protein-rich microalgal biomass in fish diets have been successful in the
cultures of various fish such as Atlantic salmon, whiteleg shrimp, common carp
(Kiron et al., 2012), sea bream juveniles (Vizcaino et al., 2014), and Pacific white
shrimps (Ju et al., 2012). However, similar to microalgal biofuels, one of the
obstacles faced by using microalgal protein as fishmeal replacement is the cost of
mass cultivation of microalgae. Two of the solutions would be identifying protein-
rich microalgae suitable for mass culture and design of a simple and effective PBR.
However, before proceeding to investigate mass culture and PBR design, a
characterisation and optimisation study of the chosen microalgal species would be

carried out in lab scale.

1.1.2. The importance and hurdles of microalgal biofuels
Given that microalgal biofuels are both sustainable and green (microalgae absorb
CO:2 emitted from burning of biofuels for photosynthesis), they have the potential
to relieve our dependence on fossil fuels in the short term and possibly replace
fossil fuels in the long term. Because of this, microalgal biofuels could become one
of the solutions to the global issues of energy security and climate change.
Compared to oleaginous plants (like oil palm and rapeseed) and plants with high
sugar content (like corn and sugar cane), microalgae grow faster, are capable of
achieving higher yields of lipids and carbohydrates, require less land for cultivation,
does not require arable land, and can be cultured using wastewater or brackish
water (Brennan and Owende, 2010). The adaptability of microalgae to various
cultivation and environmental conditions has permitted their successful cultivation
in many countries. Not only can this help to produce microalgal biofuels locally, but

also mitigate the concerns of food versus fuel. However, it is also well-known that
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in the near-term, the mass production of microalgal biofuels is not economically
viable as the various technologies involved in scaling up have yet to sufficiently
bring down the cost of operation and production of microalgal biofuels industry
(Davis et al., 2011). One solution to the cost issues would be to identify microalgal
strains with higher biomass and lipid yields, higher adaptability to outdoor
cultivation conditions, and more competitive for nutrients than other unwanted
microorganisms. Another solution would be to design better performing PBRs that

are cheaper to build, operate, and maintain (Chen et al., 2011).

1.1.3. The importance and hurdles of photobioreactor design
Numerous research has been done in order to bring down the high cost of producing
microalgal biomass. For large-scale microalgal culture to be sustainable, one of the
solutions is to design an affordable and efficient PBR that can be scaled up for mass
culture in outdoor conditions. The PBR can be divided into two main categories,
namely open system and closed system. Open systems are bioreactors where the
microalgal culture are directly exposed to the environment, such as open ponds or
raceway ponds. The benefits of open systems are low cost of fabrication, simple to
operate and maintain, low energy consumption, and high surface to volume ratio
(Carlozzi, 2008; Fernandez et al., 2013). However, the drawbacks of open systems
include high risk of contamination, no control over weather conditions, high
evaporative losses, low CO2 mass transfer rates due to the shallow ponds (30 - 50
cm depth), and large areas of flat land required (Brennan and Owende, 2010;
Carvalho et al., 2006; Fernandez et al., 2013; Singh and Sharma, 2012). On the
other hand, closed systems do not allow contact between the culture and the
atmosphere while still allowing light to reach the culture, effectively negating the
drawbacks of open systems. Some examples of closed systems include flat plate
PBR, tubular PBR, air-lift PBR, and stirred tank PBR The advantages of closed
systems are full control over culture conditions, high CO2 mass transfer rates, high

biomass productivity, low risk of contamination, and lower land requirement. But
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the disadvantages of closed systems are high fabrication cost, lower surface area
to volume ratio, build-up of dissolved 02, fouling, and difficulty in scaling up
(Brennan and Owende, 2010; Chisti, 2007; Masojidek et al., 2015; Posten, 2009;
Ugwu et al., 2008). Given how each PBR design has their strengths and weaknesses,
the commonly-used PBR systems can still be improved so that their weaknesses

can be minimised.

1.2. Aim
In regards to the difficulties faced by microalgal protein and biodiesel production
as mentioned in Section 1.1, this thesis aims to address some of the difficulties by:

a. Identifying new microalgal species that have high biomass and protein
productivities, and proceed to optimise the selected species for maximal
yield of biomass and protein in a sterile and controlled environment
(laboratory scale).

b. Identifying new microalgal species that have high biomass and lipid
productivities, and proceed to optimise the selected species for maximal
yield of biomass and biodiesel in a sterile and controlled environment
(laboratory scale).

c. Design a PBR that is both simple and easy to build, operate and maintain.
The PBR would be designed in the hopes of catering to different microalgal

strains producing different valuable metabolites.



CHAPTER 2

LITERATURE REVIEW

This chapter serves to review and summarise key information found in literature
regarding the research scope outlined in Chapter 1. After a brief introduction of
cyanobacteria and microalgae, the roles of microalgae in microalgal-derived
biodiesel and protein feed were discussed. In order to culture microalgae, whether
laboratory-scale or large-scale, it is important to understand the factors that play
into the survival and flourishing of various microalgal species. Therefore, the factors
affecting microalgal growth were broken down into six main conditions and
discussed in detail. Lastly, different types of photobioreactors were examined to
better understand the benefits, drawbacks, and important features of each

photobioreactor.

2.1. A brief background of cyanobacteria and microalgae
Cyanobacteria and microalgae are known to be one of the oldest organisms on
Earth and normally found in freshwater and saltwater. They are unicellular
microorganisms and can exist as single cells or clusters of cells. Unlike higher plants,
cyanobacteria and microalgae do not have stems, roots, or leaves. But like higher
plants, both are capable of carrying out photosynthesis and are important
producers in the food chain. The simple cell structures of cyanobacteria and
microalgae allows them to adapt to different environment and flourish for long
periods of time (Falkowski and Raven, 2007).

Cyanobacteria are considered as prokaryotes as they lack membrane-bound

organelles (such as nuclei, mitochondria, plastids, etc.) and display higher
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similarities to bacteria rather than microalgae. The name “cyanobacteria” was
derived from the blue-green colour of the bacteria. Meanwhile, microalgae are
considered as eukaryotes due to the presence of membrane-bound organelles and
are categorized based on their colour, life cycle, and basic cell composition (Khan
et al., 2009). The three main classes of microalgae are green algae (Chlorophyta),
red algae (Rhodophyta), and diatoms (Bacillariophyta). Both cyanobacteria and
microalgae can perform four different metabolic mechanisms, namely
photoautotrophy, heterotrophy, mixotrophy, and photoheterotrophy.
Photoautotrophs undergo photosynthesis in the presence of light and inorganic
carbon (CO2) to create and store chemical energy. Heterotrophs take in nutrients
and organic carbon (OC) like sugars for energy. Mixotrophs have the ability to
utilise both photosynthesis and organic carbon sources for energy.
Photoheterotrophs, on the other hand, require light as an energy source to
metabolize organic compounds. Spirulina platensis and Chlorella vulgaris are two
microalgal strains that can live under photoautotrophic, heterotrophic and
mixotrophic conditions. On the other hand, Scenedesmus acutus and Selenastrum
capricornutum are two microalgal strains that can grow photoautotrophically,
heterotrophically or photoheterotrophically (Chojnacka and Marquez-Rocha, 2004).

Although cyanobacteria and microalgae are mainly found in freshwater and
saltwater, they can also grow and attach to various habitats exposed to water such
as soils, rocks, glaciers, caves, and even buildings. Both cyanobacteria and
microalgae are capable of synthesizing and accumulating various useful
metabolites such as carbohydrates, proteins, lipids, carotenoids, vitamins, and
minerals. In the past decade, cyanobacteria and microalgae have seen increasing
commercial applications in various industries including biofuels, agriculture,
aquaculture, pharmaceutical, nutraceutical, cosmetics, and wastewater treatment
(Cardozo et al., 2007). Another benefit of cultivating cyanobacteria and microalgae

is that they are estimated to absorb 1.83 kg of CO:z for every 1 kg of biomass
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produced (Chisti, 2007), indicating their potential for integration into carbon
sequestration systems (Singh et al., 2012).
In this thesis, for the sake of brevity, both cyanobacteria and microalgae

shall simply be referred to as microalgae, unless stated otherwise.

2.2. A brief summary of photosynthesis in cyanobacteria and
microalgae
Photosynthesis is nature’s unique solution to harvest light energy from the sun and
convert it into chemical energy in the form of glucose. Most life forms on Earth
depend directly or indirectly on photosynthesis for food and energy. Roughly 3
billion years ago evolved the most ancient photoautotrophic microorganisms,
anoxygenic photosynthetic bacteria. These bacteria utilised sunlight to release
electrons and protons from different types of donor molecules (like Fe2* and H>S),
and used the free electrons and protons to reduce CO: to produce organic molecules.
Then roughly 2 billion years ago, cyanobacteria and microalgae evolved and created
the oxygenous atmosphere we have today (Masojidek et al., 2013).
Photosynthesis takes place in organelles called chloroplasts for microalgae,
whereas photosynthesis occurs in the thylakoid membranes in the cytoplasm of
cyanobacteria. Inside the chloroplasts, the thylakoids membranes are suspended
in a fluid called stroma (Razzak et al., 2013). Photosynthesis is divided into two
stages, the light-dependent stage and light-independent stage. The thylakoids are
the sites of the light-dependent stage. In the thylakoids are photoactive sites
known as photosystem I (PS I) and photosystem II (PS II), where sunlight is
harvested by antenna complexes and transferred to the chlorophyll dimer, Peso and
P700, in the reaction centres of PS II and PS I. The excitation of the Peso reaction
centre in PS II enables splitting of water, generating oxygen (0O2), electrons, and
protons. The electrons are transferred to the P00 reaction centre in PS I to produce
a biochemical reductant called reduced nicotinamide adenine dinucleotide
phosphate (NADPH) and protons in the stroma. Protons in the stroma are pumped

8
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into the thylakoids, and together with protons from water splitting, they flow
through an enzyme embedded in the thylakoid membranes, adenosine
triphosphate (ATP) synthase, back into the stroma. This flow of protons through
ATP synthase triggers the production of ATP from adenosine diphosphate (ADP)
and phosphate ion (Pi). Both the ATP and NADPH are then used in the light-
independent stage (also known as Calvin cycle) with carbon fixing enzyme,
ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco), and CO2 to produce

glucose (Masojidek et al., 2013).

2.3. Microalgal biodiesel synthesis

The ever diminishing fossil fuels to cater and sustain the human population and
growth as an intelligent species have propelled the search for renewable energy
sources. Microalgae biofuel has become one of the most researched fields in the
last few decades for its promise as a green, renewable and sustainable energy
source (Halim et al., 2012). Microalgae have many advantages over conventional
crops like soybean, rapeseed, sunflower, sugar cane and palm oil (Chisti, 2007). In
comparison, microalgae have higher growth rate, greater lipid content and higher
biomass yield, thus requiring less land area to achieve the same oil and biomass
productivity as first generation energy crops (Chisti, 2007). Microalgae can also
utilise water unfit for human consumption, metabolize a wide range of nutrients
and prosper with little attention (Mata et al., 2010).

Microalgae can be used to generate a range of renewable fuels such as
biodiesel (Tran et al., 2013), bioethanol (Ho et al., 2013), biohydrogen (Liu et al.,
2013), methane (Heaven et al., 2011) and syngas (Goyal et al., 2008). Microalgal
biodiesel is a popular choice due to its potential utilisation in existing diesel vehicles
with little to no modifications, and compatibility with current fuel distribution
infrastructure. In addition, biodiesel is also a cleaner fuel with relatively high energy
density compared to diesel (Du et al., 2008). Biodiesel is acquired from the

transesterification of extracted lipids from microalgal cell bodies. The catalyst
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required for transesterification process can be acids (Chen et al., 2012), alkalis
(Ross et al., 2010) or enzymes (Tran et al., 2012). It is common to find microalgae
containing 20-50% lipids in their cell bodies (Chisti, 2007). Nitrogen starvation is
the most dominant factor that resulted in lipid and carbohydrate accumulation in
microalgae. The lack of nitrogen source in the medium induces stress on the growth
of microalgae and in response, the microalgae accumulate lipids and carbohydrates
(Breuer et al., 2012). The high oil content and biomass productivity of microalgae

make them a potential producer of biodiesel.

2.3.1. Acid/base catalysis
Microalgae oils are naturally more viscous than diesel oils, so transesterification
process is needed to reduce the viscosity of algal oils before they can be applied to
engines (Fuls et al., 1984). Direct transesterification method devised by Lepage
and Roy (1984) is preferred for rapid microalgal biodiesel production (Lepage and
Roy, 1984). Before transesterification, it is necessary to pre-treat the biomass by
drying (oven drying, freeze-drying, sun drying) and cell disruption (ultrasonication,
bead-beating, French press). In the transesterification of oils and fats, alcohols are
the main substrates. Although various alcohols have been used (methanol, ethanol,
propanol, butanol and amyl alcohol), the most common one is methanol due to its
low cost and availability. Other than that, a catalyst (acid, alkali, enzyme) is also
necessary to increase the solubility of alcohol, which is otherwise scarcely soluble
in the oils and fats. Alkali catalysis is reportedly 4000 times faster than acid
catalysis, but alkali catalysis is not suitable for oil mixtures with free fatty acid (FFA)
content above 5% (Fukuda et al., 2001). This is because the alkali will react with
the excess FFA to produce soap and water. Acid catalysis can tolerate high levels
of FFA, but its conversion rate is very slow (Huang et al., 2010). An alkali-catalysed
reaction normally takes 8 h depending on temperature and pressure, while an acid-
catalysed conversion needs 45 h (Saka and Kusdiana, 2001). Alkali catalysis is still

preferred due to its fast conversion rate. Therefore, it is essential to pre-treat oil
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mixtures to reduce their FFA content to less than 5%. The commonly used alkaline
catalysts are NaOH, KOH and NaMeO, while the acid catalysts are H2S04, H3PO4
and CaCOs (Karmakar et al., 2010).

On the other hand, enzymes can operate well under high FFA content, but
enzyme usage is limited due to its high cost and risk of inhibition of enzymatic
activity due to chemicals in the production process (Huang et al., 2010). The
development of enzyme immobilization methods and multiple enzymes may

provide an alternative solution in the future (Hama et al., 2006).

2.3.2. Direct transesterification of wet biomass
Since dewatering and drying microalgal biomass is very costly, direct lipid from wet
biomass is a good alternative method. Hence, wet lipid extraction procedure (WLEP)
has been developed. The wet biomass is first hydrolysed by acid to break the cell
walls. Alkali is then added to neutralize the acid. The biomass and the resulting
supernatant are separated. The lipid-containing supernatant forms solid
precipitates upon lowering the pH (adding sulphuric acid). Since the lipids are not
soluble in the aqueous solution, the lipids aggregate with the solid precipitates. The
solid precipitates are centrifuged, mixed with hexane and heated at 90°C for 15
minutes. After cooling and another centrifugation step, the top phase is lipids
extracted in hexane. Hexane is evaporated to obtain homogenized lipids. For
transesterification process, the lipids are mixed with 5% (v/v) sulphuric acid
solution in methanol and heated at 90°C for 30 minutes. The transesterified lipids
are extracted by adding hexane and heated at 90°C for another 15 minutes
(Sathish and Sims, 2012). In a study, WLEP was used to extract 79% lipids from
wet microalgal biomass (84% moisture content). From that, 76% lipids were
transesterified to FAMEs (Sathish and Sims, 2012). Although promising, WLEP still
requires more research to analyse its implementation in large scale biodiesel

synthesis.
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2.3.3. Supercritical fluid method
Currently, the most developed method for biodiesel production process is alkaline
catalysed method. But this method is energy intensive and presented difficulties in
glycerol recovery and the need to remove the catalyst. The drawbacks from the
use of alkaline catalyst led to the introduction of a new catalyst-free method to
produce biodiesel, the supercritical fluid method (Saka and Kusdiana, 2001).

Upon reaching supercritical state, the hydrogen bonds in the solvents
(methanol, ethanol, etc.) are greatly reduced, effectively decreasing its polarity
and dielectric constant, thus allowing the molecules of the solvents to act as free
monomers. Because of this phenomenon, supercritical solvents can solvate non-
polar triglycerides into a homogenous liquid phase to produce FAMEs and
diglyceride (Saka and Kusdiana, 2001; Kasim et al., 2009). The supercritical
process uses single-reactor conversion of algal biomass to biodiesel at
temperatures about 250-350°C, requiring lower energy input compared to
conventional lipid transesterification and extraction via co-solvent method (Patil et
al., 2011).

A one-step supercritical methanol process was optimised using RSM to
liquefy and convert wet algal biomass (Nannochloropsis sp., CCMP1776) into
biodiesel, in the presence of nitrogen. The optimum conditions were: wet algae to
methanol (wt/vol) ratio of 1:9 and reaction temperature of 255°C for 25 minutes.
The observed FAME% ranges from 76-84% (Patil et al., 2011).

Apart from using organic solvents, supercritical carbon dioxide (SC-CO2)
was also used to extract lipid from Scenedesmus sp. to produce biodiesel (Taher et
al., 2014). A batch of experimental data from SC-CO: treatment of 3g microalgal
biomass was fed into response surface methodology (RSM) for modelling. The
optimum operating conditions were calculated as 53°C, 500 bar and1.9 g/min of
SC-CO2, achieving a lipid extraction yield of 7.41% (dry weight basis). The
experiment was then scaled up to handle 25 g of biomass (8 times) at the optimum

temperature and pressure, but 15.26 g/min of SC-CO: (8 times). It was suggested
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that the lipid yield of up-scaled experiments would be similar to lab-scale, if the
ratio of solvent flow rate to biomass was kept constant (Prado et al., 2014). The
final yield was 6.2% after 1 hour reaction time, which was close to the value

predicted by RSM (Taher et al., 2014).

2.4. Microalgal protein in aquaculture
2.4.1. Brief summary of aquaculture

Before the advent of the aquaculture industry, fishmeal was considered a low-cost
protein feed directed towards animals. But this fact changed when aquaculture
became increasingly important as a source of fish for human consumption. Farming
fish requires large amounts of protein, and fishmeal is the primary protein source
in fish diet. There are concerns that this may lead to overfishing and ethical issues
where processed wild fish are fed to farmed fish which are then consumed by
humans (Naylor et al., 2009; Tacon and Metian, 2009). However, the aquaculture
industry has now become an important producer of healthy fish as well as generator
of jobs and revenue for many developed and developing countries (Becker, 2007).

According to the Food and Agriculture Organization of the United Nations
(FAO), the demand for fish (both seawater and freshwater fish) will continue to
grow in the years to come. Not only will the global population increase, but the
average per capita consumption of fish may also increase (Fisheries and
Aquaculture Department (FAO), 2018). The rise in fish consumption can be
attributed to strong encouragements from health authorities in developed countries
to increase fish intake (Kris-Etherton et al., 2009) and rising income growth in
developing countries which helps to boost the domestic fish market, especially in
Asia (Rana et al., 2009). In order to satisfy the high demands for fish, the
aquaculture industry must be expanded. This is because most of the world’s marine
fish stocks have already been fully exploited. For instance, in 2015, 59.9% of the
world’s marine fish stocks were maximally sustainably fished while 33.1% have

been overfished. In order to practice sustainable fishing of marine fish stocks, the

13



Chapter 2 - Literature Review

global wild fish capture has been controlled at around 90 million tonnes (Mt)
annually (Fisheries and Aquaculture Department (FAO), 2018). Ever since the
number of overexploited and depleted wild fish stocks had significantly increased
in the 1970s and 1980s, the annual global wild fish capture has been maintained

around 90 Mt (Fisheries and Aquaculture Department (FAO), 2010).

2.4.2. Fishmeal production and utilisation

For more a century now, pelagic fish have been utilised to generate fish oil and fish
proteins. Initially fish oil was the primary commodity which was a raw material in
the manufacture of soap and paint, tanning of hides, production of lubricants, and
later margarine. The remaining fish proteins (also known as press cake) were dried
to form fishmeal, and utilised as fertiliser and terrestrial animal feed (Hardy and
Tacon, 2002). Fishmeal is an important protein source due to its high digestibility,
high content of essential amino acids, and presence of long chain omega-3 fatty
acids (eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)) as well as
vitamins (such as niacin, riboflavin, vitamins A and D) and minerals (such as
phosphorus, calcium, zinc, iron, iodine, and selenium) (Becker, 2007).

According to FAO, in 2016, 21.7% (19.7 Mt) of total capture fish were turned
into fishmeal, and most of the fishmeal went to the aquaculture industries,
generating 80.0 Mt of farmed fish (Fisheries and Aquaculture Department (FAO),
2018). This amount of farmed fish is a significant improvement compared to five
years before in 2011, where the total aquaculture production was 61.8 Mt (Fisheries
and Aquaculture Department (FAO), 2018). Fishmeal has become the basis for all
fish diet formulas used in aquaculture. The usage of fishmeal as the main protein
source in aquaculture have driven up the price of fishmeal by nearly three-fold in
the last decade (Guedes et al., 2015). The price of fishmeal is expected to continue
rising as global fishmeal production has remained consistent for several years now
(Fisheries and Aquaculture Department (FAQO), 2018). This has led to the search of

alternative sources of protein that are both nutritious and sustainable for the
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aquaculture industry. In this regard, microalgal protein has emerged as a potential

alternative to fishmeal.

2.4.3. Microalgal protein as potential fishmeal replacements
Other than carbohydrates, lipids, and carotenoids, microalgae can also be made to
accumulate high amounts of protein (Becker, 2007). This can be done by varying
the culture conditions of the microalgae, such as medium nitrate concentration and
light intensity (Chen et al., 2015). Another important factor is the timing of harvest.
Microalgal protein content and amino acid profile are strongly connected to the
growth phase of the microalgae, in the sense that its protein content often declines
after nitrogen depletion phase, giving rise to higher carbohydrate or lipid content.
Therefore, the microalgal biomass have to be harvested before nitrogen depletion
state where its protein content would be at the maximum (Ho et al., 2012; Yeh and
Chang, 2011). Protein-rich microalgae biomass has been used successfully to
partially replace fishmeal in the aquaculture industry. One study found that fish
feed with 20% Scenedesmus almeriensis biomass replacement did not impact the
growth of sea bream (Sparus aurata) juveniles negatively. Further ultrastructural
study revealed that significantly enhanced the absorptive surface of intestinal
mucosa in the sea bream (Vizcaino et al., 2014). In another study, defatted
microalgae meal (DMM), a by-product of astaxanthin extraction from a red
microalgae Haematococcus pluvialis, was used to replace 12.5%, 25%, 37.5%, and
50% of fishmeal in the diet of juvenile shrimps. It was observed that the 12.5%
DMM diet significantly increased the growth rate and decreased the feed conversion
ratio of Pacific white shrimps (Litopenaeus vannamei) compared to the control diet
(without DMM). The other three replacement diets did not show negative effects
on the growth of the shrimps. The shrimps fed with DMM-supplemented diets were
visibly redder and contained larger amounts of free and esterified astaxanthins than

the control diet group (Ju et al., 2012).

15



Chapter 2 - Literature Review

2.5. Factors affecting microalgal growth

Although the growth rate and maximum biomass concentration of phototrophic
microorganisms vary with species, most reports agree that microalgae, like many
other microorganisms, could grow much faster under favourable environmental
conditions. This indicates that optimizing the cultivation condition with suitable
PBRs to increase biomass productivity would definitely reduce the overall
production cost. To enhance the economic feasibility of using cyanobacteria and
microalgae for downstream applications, it is essential to get a better
understanding of both their physiological requirements and the engineering

concepts behind successful PBR design.

2.5.1. Light Utilisation
The most important determinant of photosynthetic efficiency is the availability of
light in the required intensity and spectral quality. Through photosynthesis,
phototrophic microorganisms can convert the light energy from sunlight into
chemical energy in the form of carbohydrates (Razzak et al., 2013). Cell growth of
phototrophic microorganisms is often strongly affected by the level of light intensity,
which can fall into one of three categories, namely light limitation, light saturation,
and light inhibition (Ho et al., 2012). Below the saturated light intensity, light is
one of the key limiting factors for biomass production, and photosynthesis
efficiency increases with rising light intensity. Cyanobacteria and microalgae adapt
to variations in light intensity by altering their cell organization and increase
photosynthetic efficiency, a process called photoadaptation or photoacclimation.
When light intensity is at saturation, the rate of photon absorption exceeds the rate
of electron turnover and there is no further increase in the rate of photosynthesis.
If the light intensity is further increased, photoinhibition occurs and causes
irreversible damage to the photosynthetic sites while also inducing oxidative
damage to the cells (Chisti, 2007). Given all these, the light intensity tolerance

level varies across different species. For instance, Ho et al. (2012) showed that the
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biomass productivity of a microalgae Scenedesmus obliquus CNW-N increased 3-
fold with an increase in light intensity from 60 to 420 umol/m?/s (Ho et al., 2012).
Sun et al. (2014) also observed an increase in the biomass concentration of a
microalgae Neochloris oleoabundans HK-129 from 1.2 to 1.7 g/L when the light
intensity was increased from 50 to 200 pmol/m?/s (Sun et al., 2014). However,
light supply is different from other environmental factors in the sense that its level
cannot be kept uniform inside PBRs. For example, in outdoor cultivation, sunlight
is often too intense for cells at the surface of PBRs and results in photoinhibition.
On the contrary, light intensity at deeper regions of PBRs is significantly reduced
because denser cultures tend to absorb and scatter light in a phenomenon called
self-shading (Christenson and Sims, 2011; Kumar et al., 2011). This causes two
different growth states of cyanobacteria and microalgae in PBRs, a photic zone
(high light intensity) where photosynthetic growth occurs, and a dark zone (low
light intensity) where fermentative growth occurs. Efficient mixing helps to ensure
that the cells experience alternative light-dark cycles which increases biomass
productivity and PBR efficiency (Posten, 2009). In addition, only the spectrum of
sunlight from 400 to 700 nm are utilised by phototrophic microorganisms as an
energy source, and this wavelength range is known as photosynthetically active
radiation (PAR) (Razzak et al., 2013). Thus, increasing the utilisation of PAR is
highly correlated with enhancing cell growth of phototrophic microorganisms. The
utilisation of PAR can be done by designing PBR with higher surface-to-volume ratio
and/or shorter light penetration path to obtain higher light receiving area for the
phototrophic cells (Christenson and Sims, 2011). Ho et al. (2015) have shown that
1.4-fold greater biomass productivity of a microalgae Chlamydomonas sp. JSC4
was obtained by a slim-type tubular photobioreactor with high surface-to-volume

ratio of 80.1 m2/m?3 (Ho et al., 2015).
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2.5.2. CO: assimilation
Carbon accounts for more than 50% of the mass of cyanobacteria and microalgae
cells, and is obtained in the form of CO2. The atmospheric concentration of CO: is
very low (0.03-0.04%) and not optimal for efficient photosynthesis (Ho et al.,
2011). The key enzyme for CO2 assimilation in the Calvin cycle, rubisco, has a
relatively higher affinity for CO2 than O2. But the high concentration of Oz in the
atmosphere (about 21%) results in O2 competing with CO2 for the reaction with
rubisco. To counter this, photoautotrophs have developed carbon concentrating
mechanisms (CCM) where the external available carbon source is actively
accumulated inside the cells. This internal carbon pool feeds into the photosynthetic
complexes of the cells, thereby minimising the oxygenase activity of rubisco (Raven
et al., 2008). CCM is activated in low CO2 environment, and suppressed in high CO:2
environment (Baba and Shiraiwa, 2012). As CCM is an active mechanism (requires
energy input), the suppression of CCM will afford the cyanobacteria and microalgae
more energy for growth. This has been demonstrated by a microalga
Nannochloropsis oceanica mutant, whose cytosolic carbonic anhydrase (key
enzyme in CCM) had been knocked down, achieved 30% higher biomass growth
and 40% higher biomass productivity compared to the wild type (Wei et al., 2019).
As the atmospheric CO2 concentration is very low, capturing CO2 from flue gas (10-
20% CO2 concentration) is a good solution for cultivation of cyanobacteria and
microalgae (Ono and Cuello, 2003; Douskova et al., 2008). Several cyanobacteria
and microalgal species have shown high CO: tolerance (14-100% CO2), indicating
their potential to utilise flue gas as a carbon source (Ono and Cuello, 2003). Apart
from CO:2 concentration, the flow rate of inlet gas also plays an important role in
determining total inorganic carbon dissolved in the liquid phase. A well-designed
photobioreactor should usually have larger light receiving area and advanced CO:
diffuser allowing a longer CO:2 retention time, which can significantly enhance the

penetration of light and the dissolution of CO2 (Yen et al., 2015).
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2.5.3. pH
The pH value is an important factor in the cultivation of cyanobacteria and
microalgae, affecting many biological mechanisms associated with cell growth,
metabolism, and uptake of ions (Khalil et al., 2010). Growth of microalgae can be
significantly affected by changes in pH, as pH determines the solubility and
availability of CO2 and other essential nutrients, activities of intracellular and cell-
wall-associated enzymes, and production of various commercially important
metabolites (such as proteins and lipids). Acidic pH affects nutrient uptake
capabilities, interferes with cellular processes, and induces metal toxicity. Alkaline
pH lowers the affinity of cyanobacteria/microalgae for CO2 and increases the
flexibility of the cell wall of mother cells, which delays the completion of cell division
cycles (Juneja et al., 2013). The photosynthetic assimilation of CO2 from the media
can increase extracellular pH and the release of CO2 during dark respiration can
decrease extracellular pH. Deviations from optimum pH may inhibit photosynthesis
due to the sensitivity of the photosynthetic apparatus and the risk of denaturation
of enzymes at extreme pH. Coleman and Colman (1980) had demonstrated that
the principal carbon fixation enzyme, rubisco, in a cyanobacterium Coccochloris
peniocystis was functional only in the pH range of 6.8 to 8.5 (Coleman and Colman,
1981). The extreme variation in external pH influences internal pH and
photosynthetic efficiency of the cells. This is because the external pH determines
the available species of DIC (dissolved inorganic carbon) in the media (Dodds and
Whiles, 2010). There are three main species of DIC, namely aqueous CO:2 (CO:
(aq)), bicarbonate ion (HCOs3), and carbonate ion (COs%). The concentrations of
the DIC species are affected by temperature, salinity, and pressure. For instance,
when microalgae are cultured in media at an average temperature of 25°C,
negligible salinity (no addition of NaCl), and atmospheric pressure, CO2 (aq) is the
predominant form of DIC below pH around 6.3, HCO3™ ion predominates between
pH around 6.3 - 10.3, and CO3? becomes dominant above pH around 10.3.

However, when seawater or artificial seawater media are used, the increased
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salinity shifts the pH range where the DIC species predominates. In this case, CO2
(aq) predominates below pH around 5.8, HCOs™ ion predominates between pH
around 5.8 - 9.0, and CO3?" becomes dominant above pH around 9.0 (Zeebe and
Wolf-Gladrow, 2001). The suitable pH range for cyanobacteria and microalgae is
around 6 to 10. In this pH range, the cells can efficiently process HCO3 in the media
and absorb the resulting CO2 into their cells (Hansen, 2002; Zhang et al., 2014).
Freshwater cyanobacteria and microalgae have been known to tolerate a wide
range of pH due to the fluctuating pH range in freshwater bodies, whereas their
marine counterparts have little tolerance to changes in pH as the pH of seawater
remains relatively consistent at around 8.2 (Goldman et al., 1982; Hansen, 2002).
For example, Breuer et al. (2013) reported that the optimal pH for the growth of
Scenedesmus obliquus UTEX 393 was between 6 to 8 (Breuer et al., 2013). Khalil
et al. (2010) showed that the optimal pH for Chlorella ellipsoidea is around 10
(Khalil et al., 2010). However, in the effort to decrease cultivation cost in pilot-
scale PBRs, flue gas is often utilised as the main carbon source for cell growth. Flue
gas is mainly composed of CO2, NOx, and SOx (Yen et al., 2015). Increasing CO:2
concentration would drop the pH to 5, and if the concentration of SOx increases,
the pH would decrease even lower to pH 2 to 3. This pH drop would dramatically
damage the cells (Maeda et al., 1995; Westerhoff et al., 2010). This indicates that
inhibition of cell growth is often caused by pH changes during cultivation, which
can be prevented via preparation of buffered medium or installation of pH-stat

system coupled with photobioreactors (Goldman et al., 1982).

2.5.4. O2removal
The evolution of O2 from photosynthesis can quickly increase the concentration of
dissolved O:2 in the culture media if O2 removal steps or precautions are absent.
Excess O2 will not only increase photorespiration, but also create reactive oxygen
species (ROS) in the presence of excess light, causing oxidative damage to the cells

(Liu et al., 2012). High Oz concentration causes rubisco to fix Oz instead of CO:2
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with ribulose bisphosphate to produce phosphoglycolate. The unwanted
phosphoglycolate has to be converted, in several steps, into serine, ammonia, and
CO2, expending energy of the cells. This process is called photorespiration
(Masojidek et al., 2013). As a rule of thumb, the concentration of dissolved O: in
the media should not exceed 400 - 500% of air saturation level. Many microalgal
species cannot tolerate high levels of Oz for more than 2-3 hours (Suh and Lee,
2003). Excess O2 accumulation is a serious factor that decreases the efficiency of
PBRs. O2 removal is one of the most difficult challenges to overcome in designing
effective PBRs, especially closed PBRs (e.g. tubular PBR) (Christenson and Sims,
2011). For closed systems, the problem of O2 accumulation increases with an
increase in the working volume of PBR (Kumar et al., 2011). Depending on the PBR
design, it may be necessary to install a separate gas exchanger upon scaling up to

remove the excess Oz during cultivation.

2.5.5. Mixing
Mixing or agitation is a very important feature of any bioreactor. When other factors
are non-limiting for microalgal growth, efficient mixing is the most important factor
for high biomass yield (Suh and Lee, 2003). Mixing ensures uniform distribution of
nutrients to the cells, efficient light utilisation, better heat transfer, better gas
exchange, and homogenous suspension of the cells. In PBRs, mixing is also
important as it moves cells between light zone and dark zone, thereby artificially
providing light-dark cycles to enhance biomass productivity. In general, mixing in
PBRs can be divided into non-mechanical type (e.g. airlift, bubble column, and
tubular PBR) and mechanical type (stirred tank and raceway pond) (Kumar et al.,
2011). However, turbulence created by these methods can cause hydrodynamic
stress, resulting in cell breakage and inhibition of metabolic activity. The tolerance
of microalgae to turbulence is strain dependent and needs to be evaluated
individually (Mata et al., 2010). By using appropriate mixing methods, most

microalgal cells and the nutrients could be uniformly distributed in the media. In
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addition, an efficient gas exchange can be associated with proper mixing during
cultivation, better mass transfer of CO:2 to cells, and efficient removal of O2 and

accumulated heat (Kumar et al., 2011).

2.5.6. Temperature
Temperature is one of the most important factors in the cultivation of microalgae
and is highly correlated with microalgal growth rate. The effect of temperature on
microalgal growth represents a typical bell-shaped curve, where growth rate
increases with an increase in temperature until the optimum temperature is
reached, then followed by a significant decline thereafter (Ho et al., 2013). Changes
in temperature have been found to alter concentration of polyunsaturated fatty
acids (PUFAs), rate of photoinhibition, protein content, starch content, and
carotenoid content in microalgae. The increase in concentration of PUFAs with lower
temperature is one of the most common changes observed in microalgae (Guschina
and Harwood, 2009; Harwood, 1998; Thompson Jr, 1996). In one study, the
concentration of PUFAs of a microalga Dunaliella salina increased with a decrease
of temperature from 30°C to 12°C (Lynch and Thompson, 1982). At low
temperatures, the fluidity of the cell membranes decreases. To compensate, cells
increased the concentration of PUFAs which enhances the fluidity of cell membranes
and accelerates the recovery of photosynthetic complexes from the state of
photoinhibition (Nishida and Murata, 1996). On the other hand, temperatures
higher than optimum resulted in lesser protein synthesis and lower starch content
in the microalgal cells. One study on a microalga Ulva pertusa had shown that
raising the temperature from 20°C to 30°C caused the intracellular free amino acid
concentrations to increase from 840 to 1810 mg/100 g dry weight. Higher
intracellular free amino acid concentration implies lower protein content in the cells
(Kakinuma et al., 2006). As for starch, higher temperature increases the rate of
degradation of starch in the microalgal cells. Nakamura and Miyachi (1982)

reported 17% decline in starch and 57% rise in sucrose in Chlorella vulgaris when
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the temperature was raised from 20°C to 38°C (Nakamura and Miyachi, 1982).
Increased temperature also causes photo-oxidative damage and the microalgae
respond by increasing the pigment concentration as an antioxidant measure.
Dunaliella salina produced increased amounts of B-carotene when grown under
high irradiance and a high temperature of 35°C (Dipak and Lele, 2005). The
production of astaxanthin by Haematococcus pluvialis can also be induced by
increasing the temperature to 30°C, whereas the optimum temperature for growth
is 20°C (Tjahjono et al., 1994).

Many microalgae can adapt to a temperature drop of up to 15°C below
optimum, but an increase of 2 - 4°C above optimum temperature can adversely
affect cell growth and cause cell death. For instance, the specific growth rate of
Chlamydomonas reinhardtii BAF-]5 increases with temperature over the range of
17-32°C (James et al., 2013). Xin et al. (2011) also reported that the biomass
concentration of Scenedesmus sp. LX1 increases with an increase in temperature
from 10 to 25°C but then decreases with further increase in temperature to 30°C
(Xin et al., 2011). It must also be considered that under laboratory conditions,
temperature is always measured and maintained, but outdoor culture systems
experience seasonal and diurnal variations in temperature (Suh and Lee, 2003).
The tolerance of microalgae to ambient temperature needs to be considered with
regard to outdoor cultivation process, as this may significantly influence cell growth
(Renaud et al., 2002). Ho et al. (2013) showed that Scenedesmus obliquus CNW-
N can grow well on most days in subtropical areas, except for a few hot or cold
days in a year (i.e., over 33°C or under 18°C) (Ho et al., 2013). In addition, some
studies have reported strong inhibition of microalgal growth due to sudden heat
stress from flue gas, which is often emitted from power/coal/steel plants at more
than 120 - 150°C (Kao et al., 2014). Selecting a thermophilic strain with a good
heat-removal photobioreactor system can be cost effective instead of an expensive
heat exchanger system (Yen et al., 2015). When using the same culture conditions

outdoors, the temperature of the culture media would vary with the type of PBR
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used. It has also been shown that overheating can occur on especially hot days,
where the internal temperature in the photobioreactor might reach as high as 55°C

(Mata et al., 2010).

2.6. Microalgae cultivation systems

The most common cultivation condition for microalgae involves the utilisation of
sunlight and CO:2 to produce energy and glucose via photosynthesis (Huang et al.,
2010). An efficient PBR is required for mass production of microalgal biomass for
different industrial applications. Normally PBRs consists of four phases, namely cells
as solid phase, growth medium as liquid phase, CO2-enriched air as gaseous phase,
and light radiation field (Posten, 2009). When considering the design of PBRs,
issues such as gaseous exchange, mixing pattern, contamination control, light
supply, building material, and geometrical configuration must be considered
(Carvalho et al., 2006). Furthermore, the desired end products in the cultivated
biomass and the quality of the desired products are the key factors in determining
the PBR design (Fernandez et al., 2013).

PBRs are classified based on their design and they can be broadly divided
into two types, namely open systems (such as circular ponds and raceway ponds)
and closed systems (such as tubular PBR, flat plate PBR, internally illuminated PBR,
heterotrophic fermenter, etc.) (Fernandez et al., 2013). The advantages and

disadvantages of the open and closed PBRs are described in Table 1.

Table 1 - A comparison of the advantages and disadvantages of open and closed

systems in microalgal cultivation

g;;tt::: bi-lt-)‘:z:f:t?)frs Advantages Disadvantages
Open Circular pond e Economical e Limited control of culture
system | Raceway pond e Design is simple and flexible conditions
e Easy to clean e Lack of control over weather
e Easy maintenance conditions
e Low power consumption e Poor mass transfer
e Poor light and CO: utilisation
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Useful for outdoor mass .

cultivation .

High evaporative loss

Easily contaminated

Low productivity

High harvesting cost

Limited pool of suitable
microalgal strains

Require relatively large areas
of flat land

Difficult to grow microalgae for

long periods

Thin layer

cascade

High surface area to volume .
ratio

High light utilisation due to .
thin layer of culture exposed .

to light (<15 mm thickness)
Higher biomass productivity
Culture can be kept in .
retention tank during
unfavourable weather

Lower evaporative loss than .
open ponds

Lower harvesting cost

Lack of control over weather
conditions

Easily contaminated

Require relatively large areas
of flat land due to the use of
very thin culture layer

High capital cost due to
expensive construction
materials

High operation cost due to

energy requirement of pumps

Closed

system

Stirred tank
PBR?

Horizontal
tubular PBR

Bubble column
PBR

Air-lift PBR

Good heat and mass transfer .
Good light penetration

Less contamination concerns .
Design is simple

Moderate productivity .

High surface to volume ratio .
Relatively low hydrodynamic .
stress .
Moderate productivity .

Relatively low self-shading .

High mass transfer .
No moving parts inside reactor
Less light inhibition .

High mass transfer .
No moving parts inside reactor
Higher productivity than .

bubble column

Relatively low surface to
volume ratio

Mixing using stirrer may cause
heating concerns

Mechanical mixing is costly

and not scalable

Build-up of dissolved O2
Susceptible to light inhibition
Susceptible to fouling
Relatively large space needed

Poor temperature regulation

Relatively low surface to
volume ratio

Fabrication materials are
expensive

Scale up is constrained by
design limitations and self-

shading issues

Relatively low surface to
volume ratio
Fabrication materials are

expensive
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e More homogenous mixing than e Scale up is constrained by
bubble column design limitations and self-

shading issues

Flat plate PBR e High surface to volume ratio e Lower working volume due to
e Relatively low space needed lower culture thickness
e High photosynthetic efficiency e Susceptible to fouling
e Low build-up of O2 e Poor temperature regulation
o Relatively cheap e Not scalable as many

components are needed for

scale up

@ Photobioreactor

References (Brennan and Owende, 2010; Chisti, 2007; Masojidek et al., 2015; Posten, 2009; Ugwu et
al., 2008)

2.6.1. Open system

In open systems, the culture is directly exposed to the environment. They have
been traditionally used to cultivate microalgae due to its low cost, simplicity, low
energy consumption, and high availability of solar radiation (Carlozzi, 2008;
Fernandez et al., 2013). The most commonly used open systems are circular ponds
and raceway ponds. Open systems are still widely employed in industrial processing,
but has little room for further technological improvement. This is due to various
constraints related to their operation for large scale applications (Carvalho et al.,
2006). The major drawbacks of open ponds are limited control of culture conditions,
lack of control of weather conditions, easy contamination, evaporative losses, low
CO2 mass transfer rates due to shallow ponds (30 - 50 cm culture depth), and
requirement of large areas of relatively flat land (Brennan and Owende, 2010;
Carvalho et al., 2006; Fernandez et al., 2013; Singh and Sharma, 2012). Since
open systems are still widely used in commercial production of microalgae as per
economic concerns, it is necessary to choose an appropriate open system with
suitable operating strategies based on the characteristics of the -cultivated

microalgal species.
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2.6.1.1. Circular pond
With the principal advantage of using abundant sunlight as the energy source for
microalgal growth, circular ponds are one of the oldest pond types used for
commercial microalgal cultivation such as Chlorella sp. (Lee, 2001). These ponds
are constructed of concrete and are equipped with a rotating arm mounted at the
centre to mix the culture, as seen in Figure 1. They are also lined with materials
like plastic sheets or inert membranes as a secondary containment measure. As
the rotating arm travels over a greater distance, greater mixing of the culture can
be attained at the periphery of the ponds (Borowitzka and Moheimani, 2013). Thus,
the circular ponds are most suitable for growing cyanobacteria and microalgae that

sediment easily, such as Chlamydomonas sp. and Chlorella vulgaris.

Figure 1 - Open pond with rotating arm for mixing the microalgal cultures
(Hamed, 2016)

2.6.1.2. Raceway pond
Raceway ponds are the most widespread PBR used to culture microalgae
commercially due to their flexibility and ease of scaling-up (Fernandez et al., 2013).

In raceway ponds, microalgal cells, nutrients, and water are continuously circulated

27



Chapter 2 - Literature Review

around a racetrack by using a paddlewheel, as seen in Figure 2. This provides
mixing between the cells and nutrients, and also prevents sedimentation (Singh
and Sharma, 2012). Usually, raceway ponds are operated in a continuous mode by
adding fresh culture medium at a position before the paddlewheel. After completion
of the circulation loop, microalgal culture is then harvested behind the paddlewheel.
Bubbling of CO2 can help to enhance aeration, CO2 consumption, and mixing,
thereby increasing the growth of microalgal cells (James and Boriah, 2010; Singh

and Sharma, 2012).

Harvest Feed Paddlewheel

Baffle Flow Baffle

Figure 2 - Schematic diagram of raceway pond with paddlewheel to circulate the

microalgal cultures (Bahadar and Bilal Khan, 2013)

Not many contaminants can survive under extreme conditions, thus
contamination can be minimised by cultivating some highly resistant microalgal
strains at high pH or high salinity in raceway ponds. The most successful
commercial cultivation of algae in raceway ponds include Chlorella sp., Spirulina sp.
and Dunaliella sp., which are cultivated in stringent conditions that inhibits the

growth of other weed algae or pathogenic bacteria. However, pH gradients resulting
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from inefficient mixing system can cause contamination in those cultures (Ugwu
and Aoyagi, 2012). To overcome the problem of poor mass transfer efficiency,
raceway ponds are frequently equipped with sumps or mixing columns to increase

the gas and liquid contact time (Park et al., 2011; Putt et al., 2011).

2.6.1.3. Thin layer cascade
There are generally 2 types of thin layer cultivation systems for microalgae, which
are thin layer cascade (TLC) for open system and flat plate PBR for closed system.
The TLCs are widely known as the Trebori’s or Setlik’s type (Setlik et al., 1970).
The design of TLCs involves sloping platforms where microalgal culture flows by
gravity and ends in a retention tank, where the culture is pumped back to the
starting point (highest point) on the sloping platforms, as shown in Figure 3. Each
TLC consists of 5 components, namely sloping surface (light phase), retention tank
(dark phase), pump, aeration (pure CO2), and measurement and control units. For
multiple sloping platforms, the lower end of the upper platform is joined by a trough
to the starting point of the lower platform. The operation of TLCs starts by filling
up the retention tank with microalgal culture and turning on aeration, followed by
circulation of the culture by pump to the starting point on the top-most platform.
Dissolution of CO:2 occurs in the retention tank, and degassing of excess Oz occurs
on the sloping platforms. High velocity of the culture on the sloping platforms is
important because the resulting high turbulence aids in mixing, reduces cell
shading, and increases degassing rate. During sunny weather, the microalgal thin
layer can be easily heated up by solar irradiance, and water evaporation from the
culture helps in cooling down to prevent overheating. The culture flows over the
sloped platforms only during sunlight hours and kept in the retention tank during
night-time or unfavourable weather conditions. When the culture is kept in the
retention tank, continuous aeration is provided to induce mixing and maintain

biological activity. The development of special software has permitted automatic
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control and data recording of the culture conditions for the duration of the

experiment.

adjustable

3

1

Figure 3 - Schematic diagram of thin layer cascade photobioreactor (model
Dahlia), where the number represents: (1) sloping platforms, (2) retention tank,
(3) pump, (4) CO2 inlet, (5) measurement and control sensors (pH, dissolved O3,

temperature, and liquid level), (6) return pipe to upper platform, (7) flow
distributor (spreads culture flow across upper platform), (8) connecting trough,
(9) elevated platform, (10) screen (helps to degas excess Oz produced by the

microalgae), and (11) valve for harvesting (Masojidek et al., 2015)

The concept of TLC was first established in the 1960s at the Laboratory of
Algal Biotechnology of the Institute of Microbiology at Trebon. Initially, the TLC was
designed to operate with a thin layer (<50 mm) of microalgal culture in turbulent
flow with the help of evenly spaced corrugated surfaces and transversal baffles.
Compared to open ponds and raceway tracks where the larger depth of microalgal
culture (100-300 mm) resulted in low light penetration, poor mixing, and poor gas
transfer, TLCs are capable of achieving uniformly-mixed microalgae culture with

higher biomass productivity (>10 g/L dry weight). The lower volume of denser

30



Chapter 2 - Literature Review

microalgal culture lessens the burden of harvesting and dewatering steps (Doucha
and Livansky, 2014).

In the 1990s, following favourable changes in the scientific atmosphere in
the Czech Republic, microalgal research was resumed and an outdoor large-scale
TLC unit with a surface area of 650 m? and working volume of 6,500 L was
constructed at the Institute of Microbiology in Tfebon (Doucha and Livansky, 1995;
Grobbelaar et al., 1995). Compared to the TLCs employed during the 1960-1970s,
this new TLC was considered the second generation TLC and focused on growing a
much thinner microalgal layer (< 10 mm). To achieve higher flow velocity of 0.4 -
0.5 m/s, plastic rods with 13 mm diameter were placed 1.5 m apart, unlike the
previous generation of TLCs where baffles were densely spaced. It was realized
that sloping platforms could perform best when designed as a smooth inclined
surface without using any baffles so the microalgal layer was only 6 — 8 mm. Using
glass plates supported by steel frames as the sloping platforms had also allowed
simpler cleaning and maintenance compared to the baffled TLC units. The
microalgal thin layer of 6 — 8 mm coupled with high velocity of 0.4 - 0.5 m/s
produced a turbulent flow (Reynolds number of roughly 4,500) which prevents self-
shading. The short light path of the microalgal thin layer resulted in higher light
utilisation and greater biomass concentration of 15 - 35 g/L dry weight. This new
TLC unit displayed a high surface area to volume ratio of roughly 100 m-! compared
to that of open ponds at around 10 m™! (Doucha and Livansky, 1995; Grobbelaar
et al., 1995). Improved design of the retention tank could lower the dark phase to
roughly 20% of the total culture volume during operation. This could increase the
biomass productivity as high as 50 g/m?/d (dry weight) during summer in
temperate regions (Masojidek et al., 2011).

The third generation TLC, model Dahlia (Figure 3), was designed and
developed in 2012 - 2013 as a modular system in the Institute of Microbiology in
Trebon (Masojidek et al., 2015). The TLC had an area of 90 m? and consisted of

two identical and parallel sloping platforms placed in a north-south alignment. The
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two sloping platforms were inclined in opposite directions. Compared to past
generations of TLCs which used glass plates supported by metal frames as the
sloping platforms, model Dahlia instead used stainless steel which were easier to
clean and maintain as well as more resistant to corrosion and winter damage. The
angle of each platform could be adjusted between 0.5 - 3° which would produce a
varying flowrate of 20 - 60 cm/s with a microalgal thin layer of 5 - 15 mm thickness.
The adjustable platforms enabled researchers to investigate the effects of different
microalgal layer thickness on light utilisation and biomass concentration. The
surface area to volume ratio was calculated to be 60 - 180 m™t. Apart from heating
by the sun, the temperature of the culture could also be regulated by a heat
exchanger in the trough and heating cables in the retention tank. Pure CO2 aeration
rate was regulated by a pH-stat device whereby CO2 was only bubbled into the
culture when pH was increased. To lower the maximum height of this TLC, the
retention tank was positioned in a rectangular dugout 0.5 m below ground level.
This TLC was constructed with standardized parts connected by joints which
enabled easy disassembly of the entire unit. Nevertheless, the major drawbacks of
TLCs are high capital cost due to expensive fabrication materials and high operation
cost due to the energy-intensive nature of pumps. But these costs can be offset by
high microalgal biomass productivities. For instance, in one study, when model
Dahlia was tested with microalgal layer thickness of 5 mm and a mean sunlight
intensity of roughly 400 pmol/m?2/s, the biomass concentration of Chlorella
sorokiniana rose from an initial concentration of 2 g/L to 18 g/L in 8 days (Masojidek

et al., 2015).

2.6.2. Closed system
Current researches on PBRs are primarily focused on closed systems as they are
designed to overcome the constraints of open systems. In a closed system, the

microalgal culture is entirely enclosed within the PBR, having no direct gaseous
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exchange with the atmosphere but allow sunlight or artificial illumination to reach

the culture (Borowitzka and Moheimani, 2013; Fernandez et al., 2013).

2.6.2.1. Stirred tank photobioreactor
Stirred tank is the most conventional type of PBR, particularly for the production of
high value products such as fine chemicals or pharmaceuticals (Mata et al., 2010).
Stirred tank PBRs are able to ensure the precise control over processing parameters
and maintain the sterility of microalgal cultures, as illustrated in Figure 4. These
advantages are crucial for the production of high value products (Lee, 2001).
Agitation is provided mechanically using impellers of different shapes and sizes.
Vortex can be reduced by using baffles. Carbon source for microalgal growth is
supplied by bubbling COz-enriched air from the bottom of the reactor (Singh and

Sharma, 2012).
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Figure 4 — Schematic diagram of stirred tank photobioreactor (Rorrer and
Cheney, 2004)
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However, stirred tank PBRs suffer from a few limitations. External
illumination could not induce light saturation for the microalgae, so maximum
photosynthetic efficiency could not be achieved. This is due to the low surface area
to volume ratio of the PBR, and sufficient provision of light is ineffective in terms
of cost and energy. This problem can be overcome to some extent by efficient
stirring mechanisms. The unused portion of sparged gas and Oz produced during
photosynthesis diffuse out of the culture media and collect in the large

disengagement zone at the top part of the PBR (Singh and Sharma, 2012).

2.6.2.2. Horizontal tubular photobioreactor
Tubular PBRs are broadly divided into 2 types based on their general configuration,
namely horizontal tubular PBR and vertical tubular PBR. Horizontal tubular PBRs
(Figure 5) are the most commonly used closed system (Gupta et al., 2015). The
design of horizontal tubular PBRs involves transparent tubes organized in various
arrangements such as horizontal, inclined, spiral, helicoidal, and their combinations.
Apart from the layout of the tubes, other important design parameters include
velocity of medium, length of tubes, type of circulation system, and configuration
of the tubes to best capture light. The transparent tubes commonly measure 10 -
60 mm in diameter with total length of up to a few hundred meters. These tubes
can achieve a large surface area to volume ratio (above 100/m), which is one of
the primary benefits of this PBR (Posten, 2009). If the tube diameter is increased,
the surface area to volume ratio will decrease, strongly affecting the photosynthetic
efficiency of the culture. The tubes provide a “lens” or “focusing effect” whereby
incident light normal to the surface of the tubes are being focused into the tubes,
whereas incident light at other angles are diluted along the circumference of the
tubes. This “focusing effect” helps to reduce self-shading and raise light intensity
in the tubes (Posten, 2009). One of the major disadvantage of horizontal tubular
PBRs is the accumulation dissolved O:2 to inhibitory concentrations in the culture

media. Although horizontal tubular PBRs are widely considered as the most
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practical and scalable closed system but according to Sanchez Mirén et al. (1999),
horizontal tubular PBRs are not economically feasible to scale up because of the
increased need for cooling and gas exchangers (Miron et al., 1999). In addition,
photoinhibition caused by high dissolved O2 concentration and high light intensity
can decrease the biomass productivity when compared to bubble column and air-

lift PBRs (Gupta et al., 2015).
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Figure 5 - Schematic diagram of horizontal tubular photobioreactor (Bahadar and
Bilal Khan, 2013)

2.6.2.3. Vertical tubular photobioreactor
Vertical tubular PBRs have compact and user friendly designs, high surface area to
volume ratio, low contamination risk, and high biomass productivity (Dasgupta et
al., 2010; Mirdn et al., 2002), making them suitable for large scale cultivation of
microalgae. Vertical tubular PBRs consist of transparent vertical tubes to allow
maximum light penetration (Kumar et al., 2011). They offer efficient mixing with
high gas transfer rates and have excellent control over the growth conditions.
Bubbling of gas from the bottom of the column enables efficient supply of CO2 and
optimal removal of excess dissolved oxygen (Dragone et al., 2010). Constant
agitation of the media is generated by sparging COz2-enriched air (Dasgupta et al.,
2010), causing smaller shear stress than pumps or impellers (Mirdn et al., 2002).

Bubble column and air-lift PBRs fall under this category and can be differentiated
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based on their mode of liquid flow (Kumar et al., 2011). Air-lift PBRs possess good
mixing properties whereas bubble column PBRs allow efficient aeration (Dasgupta
et al., 2010).

In tubular PBR, light availability is affected by aeration rate, gas holdup and
liquid velocity (Mirdn et al., 2002). Both the height and diameter of a single vertical
tubular PBR should not exceed a certain limit due to self-shading and the strength
of the transparent materials used in fabrication (Huang et al., 2017). Sanchez Mirén
et al. (1999) tested a bubble column PBR with 0.2 m diameter and variable height.
The test demonstrated that volumetric biomass productivity and eicosapentaenoic
acid (EPA) production declined when the column height was above 5 m. Hence, it
was suggested that the optimal dimensions of a bubble column photobioreactor
should be approximately 0.2 m in diameter and 4 m in height (Miron et al., 1999).
Aeration rate in tubular PBR should also be adjusted within acceptable range by
considering the factors like sensitivity to shear stress (Xu et al., 2009) and light
penetration (Miron et al., 1999). The aeration rate should be kept at a certain
minimal level to prevent cell stagnation for long periods in the dimly lit interior
region of the PBR. In contrast, high aeration rates could reduce light penetration
over time by generating the accumulation of persistent microbubbles (Miron et al.,

1999).

2.6.2.3.1. Bubble column photobioreactor
Bubble column PBRs consist of vertical cylindrical columns and the light source is
usually supplied externally, as shown in Figure 6b. It is advantageous in terms of
low cost, large surface area to volume ratio, good mass and heat transfer,
homogenous culture condition, and efficient O2 removal. Efficiency of
photosynthesis depends greatly on the gas flow rate. The increase of gas flow rate
that leads to shorter light-dark cycles could significantly increase the
photosynthetic efficiency of microalgae (Singh and Sharma, 2012). Separation of

gas and liquid takes place at the freeboard region at the top of the PBR (Wang et
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al., 2012). CO2 mass transfer and mixing is done through gas bubbling from a
sparger at the bottom of the PBR (Kumar et al., 2011). In a bubble column PBR,
the mixing can be random and erratic due to turbulence created by the sparged
gas (Halim et al., 2011; Miron et al., 1999; Wang et al., 2012). As a result,
microalgal cells may be exposed to uneven light intensity for a long time and cell
sedimentation are more likely to occur (Kaewpintong et al., 2007). For the purpose
of scaling up, turbulence can be increased by installing perforated plates inside the

column to break up and redistribute coalesced bubbles (Wang et al., 2012).
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Figure 6 — Schematic diagram of (a) airlift photobioreactor and (b) bubble column

photobioreactor (Krichnavaruk et al., 2005)

2.6.2.3.2. Air-lift photobioreactor
Air-lift PBRs have two distinct zones called riser and downcomer, and they are
separated by a cylindrical baffle, as shown in Figure 6a. The riser (inner region of
the baffle) is where the sparged gas moves upwards, generating turbulence and
inducing the medium within the riser to flow upwards with the gas bubbles.

Whereas the downcomer (outer region of the baffle) is where the agitated medium
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in the riser circulates back down to the bottom of the PBR. In the riser, mixing is
done purely by gas sparging and no physical agitation is involved (Kumar et al.,
2011). The fluid dynamics of air-lift PBR are influenced significantly by the gas hold-
up of the downcomer. Upon reaching the maximum height of the culture, the
degassed medium moves downwards through the downcomer with defined and
oriented motions. The gas hold-up difference between riser and down comer is one
of the most crucial parameters that should not be overlooked when designing air-
lift PBRs (Barbosa et al., 2003; Kumar et al., 2011; Singh and Sharma, 2012). The
common configurations used for air-lift PBRs are internal loop, internal loop
concentric and external loop vessels. Of these, the external loop configuration
provides better mixing because the distance between the riser and the downcomer
enables efficient gas disengagement.

Air-lift PBRs enable higher microalgal growth rate compared to bubble
column PBRs due to better mixing pattern (Xu et al., 2009). Air-lift PBRs are
characterised by the advantage of generating circular and homogeneous mixing
pattern that could provide flashing light effect to microalgal cells. This happens
when the culture medium moves continuously through dark (riser) and light
(downcomer) zones (Degen et al., 2001; Monkonsit et al., 2011; Xu et al., 2009).
Furthermore, the residence time of the sparged gas in various zones has a
significant influence on important parameters such as heat transfer, mass transfer,
mixing, and turbulence (Chisti and Moo-Young, 1993).

Air-lift photobioreactors are generally recommended for microalgal cultures
that are fragile and sensitive to shear stress. Efficient mixing can be achieved by
increasing the aeration rates, but should be done moderately to prevent cell
damage (Ugwu and Aoyagi, 2012). Oncel and Sukan (2008) observed that air-lift
PBRs can sustain better biomass yields of different microalgae than bubble column
PBRs. This was probably due to better mixing that can help to prevent cell
sedimentation and improve the efficiency of light utilisation in air-lift PBRs (Oncel

and Sukan, 2008; Wang et al., 2012). Monkonsit et al. (2011) also proved that
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under the same operation conditions for both air-lift and bubble column PBRs of
the same size, the cultivation of diatom Skeletonema costatum achieved better
biomass productivity (6.4 x 10* cells s) in air-lift than in the bubble column (2.2
x 104 cells s'') (Monkonsit et al., 2011). However, in large-scale production, both
air-lift and bubble column PBRs suffer from light limitation. It was suggested that
the installation of immersed optical fibres as internal light source could increase

the light penetration efficiency in high-density cultures (Krichnavaruk et al., 2007).

2.6.2.4. Flat plate photobioreactor

As illustrated in Figure 7, flat plate PBRs are cuboid-shaped vessels with a narrow
light path (Singh and Sharma, 2012) and are the most popular choice among all
closed systems (Borowitzka, 1999). Flat plate PBRs are characterised by high
illuminated surface area to volume ratio and open gas transfer area (Singh and
Sharma, 2012; Wang et al., 2012). These two characteristics make them suitable
for mass production of microalgae in both indoor and outdoor culture systems
(Ugwu et al., 2008; Xu et al., 2009).

Flat plate PBRs are made of transparent materials for maximum utilisation
of light energy (Ugwu et al., 2008). The thickness of each plate is the determining
factor for its high surface area to volume ratio and short length of light path
(Carvalho et al., 2006). Light source can be diffused and distributed effectively
using thin plates which leads to higher photosynthetic efficiency and higher biomass
yield (Zou and Richmond, 1999). Mixing can be provided in two ways, by bubbling
air through perforated tube or rotating the plates mechanically using motors (Singh
and Sharma, 2012). Baffles can be included to improve mixing efficiency (Zhang
et al., 2001). The open gas disengagement system reduces the accumulation of
dissolved 02 (Xu et al., 2009) and minimises the requirement for a dedicated
degassing unit (Dasgupta et al., 2010). As for temperature control, water spray or
internal heat exchangers can be used to cool the plates (Fernandez et al., 2013).

However, the thin plates are usually expensive to scale up, susceptible to fouling,
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difficult to clean, and easily subjected to temperature fluctuation and light inhibition
(Wang et al., 2012). Fouling occurs when cells attach to the plastic walls, causing
a reduction in light availability and increment in contamination risk. Scaling up of
flat plate PBR requires many components which can be expensive and difficult to
maintain. Even though flat plate PBRs works well for laboratory tests and small
scale purposes, their scale up for commercial production of microalgae still requires

more research and efforts (Fernandez et al., 2013).
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Figure 7 - Schematic diagram of flat plate photobioreactor (Bahadar and Bilal
Khan, 2013)

2.6.2.5. Internally illuminated photobioreactor
The usage of sunlight as the sole light source for the cultivation of photosynthetic
microalgae is limited by variations in light intensity due to weather, season, and
geographical location. Typically, year-round cultivation with sunlight is possible in
tropical regions, whereas this type of cultivation becomes limited to only warmer

months in temperate regions. Ogbonna et al. (1999) showed that the microalgal
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growth was stunted during prolonged period of bad weather such as cloudy or rainy
days. The light source was insufficient to support microalgal growth and eventually
caused a decrease in biomass productivity and biochemical composition of the
microalgal cells (Ogbonna et al., 1999). Apart from that, reduction in biomass
productivity can also occur when the outermost layer of cells experience
photoinhibition due to exposure to excessive light, or the innermost layer of cells
experience self-shading as the result of reduced light penetration due to insufficient
mixing and high cell density (Xu et al., 2009).
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Figure 8 — Schematic diagram of internally illuminated bubble column
photobioreactor (Yadavalli et al., 2014)

This impediment can be addressed by installing an internal illumination
device (such as optical fibres or fluorescent lamps) inside the cultivation vessel
(Ugwu et al., 2008; Xu et al., 2009). Figure 8 shows an example of internal
illumination used in a bubble column PBR. Carvalho et al. (2006) also agreed that
the installation of an internal illumination device like optical fibre could provide a
more homogeneous distribution of light for better photosynthetic efficiency

(Carvalho et al., 2006). Optical fibres are installed for solar light collection,
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transmission, and distribution of light energy more efficiently and evenly inside
PBRs (Ogbonna et al., 1999), increasing the average irradiance and the depth to
which light reaches inside the PBRs (Javanmardian and Palsson, 1991). This type
of PBR can also be modified so that light intensity of solar and artificial light systems
can be controlled (Ogbonna et al., 1999). The integration of solar and artificial light
devices enables continuous supply of light to the PBRs during cloudy weather or
night-time (Ugwu et al., 2008). On top of that, internally-illuminated PBRs can also
be heat-sterilized under pressure to reduce the risk of contamination (Ogbonna et
al., 1999).

However, the use of optical fibres in PBR suffers from several limitations
such as additional capital costs, difficulty in cleaning, and the loss of light energy
due to attenuation inside the optical fibres. Hence, the practical feasibility for large
scale application using PBRs equipped with optical fibre for internal illumination
remains a challenge (Wang et al., 2012). Recently, LED has been used as an
internal light source due to its lower construction cost. The LED-based internally
illuminated PBR also has the advantage of emitting light at specific wavelengths
(e.g. blue light or red light only). This may become beneficial to the production of
specific products (e.g. carotenoids) from microalgae that are induced by light

sources with specific wavelengths (Chen et al., 2010; Ho et al., 2014).

2.6.2.6. Fermenter type photobioreactor
Fermenter-type PBRs are the least expanded systems, which offer open gas
exchange and are mainly used for optimization studies. The main advantage of
fermenter-type PBR is the ability to monitor and control every operating parameter
precisely and accurately (Carvalho et al., 2006; Dasgupta et al., 2010). However,
its scale up is restricted due to low surface area to volume ratio and high capital
costs. For large volume cultivation, illumination can be supplied internally and
agitation can be provided using impeller or magnetic stirrer (Dasgupta et al., 2010;

Heining et al., 2014). Hence, if microalgal productivity can be enhanced, fermenter-
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type PBRs could become a competitive alternative for the production of high-value
biochemical products from microalgae. The fermenter-type PBR is also well-suited
to culturing heterotrophic microalgae, where light source is no longer a limiting

factor (Carvalho et al., 2006).
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CHAPTER 3

MATERIALS AND METHODS

In this chapter, all the materials and methods used in the experiments (explained
in Chapter 4) can be found. The materials and methods are categorised into Study
1 - 4. A brief explanation on the overall protocol in each study was included in each

section.

3.1. Study1

Study 1 investigated the protein content and protein productivity of two microalgal
species, Chlorella sorokiniana CY1 and Chlorella vulgaris ESP-31. The microalgae
were cultured in 1 L laboratory bottles as described in Section 3.1.4. Three
parameters were investigated and optimised for both microalgal species, which
were different medium and initial nitrate concentration, CO2 concentration, and
light intensity. The parameters were optimised one at a time, with the most
influential parameter being optimised first. The extent of the influence of each
parameter were obtained from literature, which helped to choose which parameters
to optimise first. The other culture conditions remained the same as the initial
conditions stated in Section 3.1.1. After harvesting, the microalgal biomass was
analysed for protein content using Lowry method. One-way ANOVA was also used
to determine whether the investigated parameter resulted in significant

improvement in the biomass and protein productivities of the microalgal species.
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3.1.1. Microalgae strain, medium composition, and culture conditions
The microalgal species used in this study are Chlorella sorokiniana CY1 and
Chlorella vulgaris ESP-31. Both species were isolated in Taiwan and obtained from
National Cheng Kung University (NCKU). The medium chosen to culture the
microalgae were BG-11 medium and Basal medium. The chemical composition of
BG-11 medium is (g/L): NaNOs, 1.5; K2HPOg4, 0.03; MgS04.7H20, 0.075; Citric acid
anhydrous, 0.006; Na2COs, 0.02, CaCl2.2H20, 0.036; Ammonium iron(III) citrate,
0.006; EDTA.2Na, 0.001; H3BOs, 0.00286; MnCl2.4H20, 0.00181; ZnS04.7H20,
0.000222; Naz2Mo004.2H20, 0.00039; CuS04.5H20, 0.000079; Co(NO3)2.6H20,
0.000049.
The chemical composition of Basal medium is (g/L): KNO3, 1.25; KH2PO4,
1.25; MgS04.7H20, 1; CaCl2.2H20, 0.1106; FeS04.7H20, 0.0498; EDTA.2Na, 0.5;
H3BO3, 0.1142; ZnS04.7H20, 0.0882; MnCl2.4H20, 0.0144; Na2M004.2H20, 0.0119;
CuS04.5H20, 0.0157; Co(NOs3)2.6H20, 0.0049 (Sorokin and Krauss, 1958).
The initial culture conditions were: 200 pmol/m?/s light intensity, 0.06 g/L
initial cell concentration, 300 rpm continuous stirring, and continuous sparging of
2.5% CO2 gas at a flow rate of 0.1 vvm (volume of CO2 per volume of medium per

minute).

3.1.2. Determination of microalgae cell concentration
The microalgae cell concentration in the PBR was determined daily via ODeso using
a spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) after appropriate dilution
with distilled water. The DCW of the microalgal biomass was obtained by drying 5
ml of the culture in a weighing moisture analyser (ML-50, A&D Company, Limited,
Tokyo, Japan). The dry weight of the biomass was determined using an electronic
balance and converted to biomass concentration via calibration between ODeso and

DCW.
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3.1.3. Determination of medium nitrate concentration
The nitrate concentration of the culture was determined daily via optical density
measurement at a wavelength of 220 nm using a spectrophotometer (UV-1800,
Shimadzu, Kyoto, Japan) (Collos et al., 1999). Before measurement, the samples
were centrifuged at 6000 rpm for 5 min (Centrifuge 5430, Eppendorf, Hamburg,

Germany) and appropriately diluted with distilled water.

3.1.4. Operation of photobioreactor

The indoor PBR was a 1 L round glass vessel which was continuously illuminated
with external LED light sources mounted on two opposite sides of the PBR. The light
intensity on the vessel wall of the PBR was adjusted to ca. 200 ymol/m?/s using
LightScout quantum light meter (Spectrum Technologies, Inc., Aurora, Illinois,
USA). For light intensities of 750 pmol/m?/s and below, 18W T5 LEDs (Ledeon, OEM,
China) were used. For light intensities between 750 to 1000 pmol/m?/s, 36W T8
LEDs (Kwan Shing Electrical Marketing (M) Sdn. Bhd., Kepong, Kuala Lumpur,
Malaysia) were used instead. The microalgae were pre-cultured and inoculated into
the PBR with an inoculum size of 0.06 g/L. The microalgae were grown at room
temperature of 24 - 26°C and an agitation speed of 300 rpm. Air was filtered (0.45
pm) and mixed with CO2 to give a CO2 concentration of 2.5%. The culture broth
was aerated continuously at a rate of 0.1 vvm. All cultures were done in batch
condition and all experiments were done in duplicates.

During cultivation, the initial pH was around 7.0 for BG-11 medium and 6.3
for Basal medium. The pH was continuously monitored during cultivation period. It
was observed that the pH for both media increased steadily and became stable
when the microalgae entered exponential phase (1.5 - 4.0 days). The stable pH

for BG-11 medium was 7.8 - 8.0, and Basal medium was 7.6 - 7.8.
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3.1.5. Preparation of different initial nitrate concentrations
Four different initial nitrate concentrations (100%, 75%, 50%, and 25%) were
tested to observe their effects on biomass and protein productions of Chlorella
sorokiniana CY1 and Chlorella vulgaris ESP-31. The different nitrate concentrations
were prepared by adding the appropriate amounts of NaNOs in BG-11 medium (100%
was 1.500 g/L, 75% was 1.125 g/L, 50% was 0.750 g/L, and 25% was 0.375 g/L)
and KNOs in Basal medium (100% was 1.2500 g/L, 75% was 0.9375 g/L, 50% was

0.6250 g/L, and 25% was 0.3125 g/L).

3.1.6. Preparation of different CO2 concentrations
Four different CO2 concentrations were selected (1.25%, 2.5%, 5%, and 7.5% CO:
in air) to find out their effects on the biomass and protein productions of Chlorella
sorokiniana CY1 and Chlorella vulgaris ESP-31. A CO2 concentration of 2.5% was
taken as the initial amount as many microalgae species had shown optimum CO2
concentration around or above 2% CO2 (Cheah et al., 2015; Chen et al., 2015; Tan

et al., 2016).

3.1.7. Preparation of different light intensities
Five different light intensities were chosen for this study, 100, 200, 400, 600, and
750 pmol/m?2/s. The light intensity on the reactor wall was measured with
LightScout quantum light meter (Spectrum Technologies, Inc., Aurora, Illinois,
USA). A light intensity of 200 pmol/m?/s was chosen as the initial amount as many
microalgae species had shown optimum light intensity in the range of 30 - 400

humol/m?/s (Singh and Singh, 2015; Tan et al., 2016).

3.1.8. Preparation of microalgal biomass for protein determination
The protein content of the culture was determined using a modified version of a
small-scale method developed by Slocombe et al. (Slocombe et al., 2013). 0.4 mL

of 24% (w/v) trichloroacetic acid (TCA) was added to 10 mg of freeze-dried
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microalgae biomass. The samples were vortexed, incubated at 95°C water bath for
15 min, and allowed to cool to room temperature. 1.2 mL of ultrapure water was
then added to the samples in order to reduce the concentration of TCA to 6% (w/v).
The samples underwent centrifugation at 6000 rpm for 20 min (Centrifuge 5430,
Eppendorf, Hamburg, Germany), where the supernatants were discarded and the
remaining pellets were re-suspended in 1 mL of Lowry Reagent D. After that, the
samples were incubated at 55°C for 3 h, and centrifuged at 6k rpm for 20 min. The
supernatants were retained and can be stored in -20°C freezer for analysis at a

later time.

3.1.9. Determination of protein content by Lowry assay

The protein quantification method used in this study is a modified version of Lowry
assay (Lowry et al., 1951) developed by Price (Price, 1965). There are 5 reagents
needed for Lowry assay. The first 3 reagents, namely Lowry Reagent A (2% (w/v)
Na2CO0s (anhydrous) in 0.1 N NaOH), Lowry Reagent B (1% (w/v) NaK Tartrate
tetrahydrate), and Lowry Reagent C (0.5% (w/v) CuS04.5H20 in H20) can be stored
at room temperature. Lowry Reagent D is made up daily using Lowry Reagents A,
B, and C in the ratio 48:1:1. Lowry Reagent E is also made up daily using Folin-
Ciocalteu phenol reagent and ultrapure H20 in the ratio 1:1.

1900 pL of Lowry Reagent D were added to 100 pL of the treated samples
and mixed immediately by inversion. After incubation at room temperature for 10
min, 0.2 mL of Lowry Reagent E were added to the samples, followed by vortexing.
The samples were incubated for another 30 min, and their absorbance values were
measured at a wavelength of 600 nm (ODeoo). The absorbance values were

converted into protein content via a calibration curve between ODsoo and protein

mass (Hg).
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3.1.10. Determination of microalgal biomass and protein
productivities

The biomass and protein productivities of both microalgal species were calculated

using the following equation. The harvesting of microalgal biomass was divided into

two types. If nitrogen starvation was achieved, the culture was harvested on the

day of nitrogen starvation. If nitrogen starvation was not achieved, the culture was

harvested upon reaching stationary phase.

Productivity = 27h (1)
Y2—M
x, = biomass/protein concentration at start of exponential phase
x, = biomass/protein concentration at harvest or stationary phase
vy, = time (d) at start of exponential phase

vy, = time (d) at harvest or stationary phase

3.1.11. Statistical analysis
The experimental results presented in this study were mean values of three
independent cultures for each parameter. One-way analysis of variance (ANOVA)
and Tukey’s test were used to determine the significance of the investigated
parameters on biomass and protein production of Chlorella sorokiniana CY1 and
Chlorella vulgaris ESP-31. All statistical analyses were performed using Microsoft

Excel.

3.2. Study 2

Study 2 explored the strategies to enhance lipid production from five different
microalgal species, which were Chlamydomonas sp. Tai-01, Tai-03, and Pin-01 as
well as Scenedesmus sp. ESP-05 and ESP-07. The performance of all five microalgal
species were evaluated by culturing in three different media. The best combination
of microalgae and medium were selected and optimised for maximal lipid

production under three parameters, which included initial nitrate concentration,
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light intensity, and initial cell concentration. After harvesting, the microalgal
biomass underwent transesterification process (Lepage and Roy method) to break
up the long-chain lipid molecules inside the microalgal cells into short-chain fatty
acids (also known as fatty acid methyl esters (FAME)). The FAME was analysed
using gas chromatography-mass spectrophotometry (GCMS) and the lipid content
was calculated. One-way ANOVA was also used to determine whether the
investigated parameter resulted in significant improvement in the biomass and lipid

productivities of the microalgal species.

3.2.1. Microalgae strain and medium composition

The 5 microalgal strains used in this study were isolated from Taiwan. The
microalgae were identified as Chlamydomonas sp. Tai-01, Tai-03 and Pin-01,
followed by Scenedesmus sp. ESP-05 and ESP-07. The identities of the above
microalgal strains were determined via 18S rDNA sequence alignment. The 18S
rDNA sequences of each strain contained 1050 base pairs and were amplified by
polymerase chain reaction (PCR) using the primers NS1 (GTA GTC ATA TGC TTG
TCT C) and NS4 (CTT CCG TCA ATT CCT TTA AG). The phylogenetic trees of the 5
strains were drawn using the genetics analytical software MEGA6 (Molecular
Evolutionary Genetics Analysis version 6.0) and illustrated in Figure 10.

The 3 media used to culture the microalgal strains were BG-11 medium,
Basal medium and Bold’s Basal medium (BBM). The composition of BG-11 medium
is (g/L): NaNOs, 1.5; K2HPO4, 0.03; MgS04.7H20, 0.075; Citric acid anhydrous,
0.006; Na2CO0s3, 0.02, CaCl2.2H20, 0.036; Ammonium iron(III) citrate, 0.006;
EDTA.2Na, 0.001; H3BOs, 0.00286; MnCl2.4H20, 0.00181; ZnS04.7H20, 0.000222;
NazMo004.2H20, 0.00039; CuS04.5H20, 0.000079; Co(NOs3)2.6H20, 0.000049.

The composition of Basal medium is (g/L): KNOs3, 1.25; KH2PO4, 1.25;
MgS04.7H20, 1; CaCl2.2H20, 0.1106; FeS04.7H20, 0.0498; EDTA.2Na, 0.5; H3BOs3,
0.1142; ZnS04.7H20, 0.0882; MnCl2.4H20, 0.0144; Na:Mo004.2H.0, 0.0119;

CuS04.5H20, 0.0157; Co(NO3)2.6H20, 0.0049.
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The composition of BBM is (g/L): K2HPO4, 0.075; KH2PO4, 0.175; NaNOs,
0.25; NaCl, 0.025; MgS04.7H20, 0.075; CaCl2.2H20, 0.025; EDTA, 0.05; KOH,
0.031; FeS04.7H20, 0.00498; H2S04, 0.001; H3BOs3, 0.01142; ZnS04.7H:0,
0.001412; MnCl2.4H20, 0.000232; CuS04.5H20, 0.000252; Co(NO3)2.6H20,

0.00008; Na2Mo04.2H20, 0.000192.

Tai-03
59‘ Pin-01
3 Tai-01
[ Chlamydomonasorbicularis SAG 11-19 (AB511839)
Chlamydomonas reinhardtii CC-620 (JX888471)
6 2 |Chlamydomonasincerta (AY781664)
10 87! Chlamydomonas globosa TkS0803C2 (AB511835)
t Chlamydomonasdebaryana SAG 26.72 (JN903975)
Chlamydomonas zebra (U70792)
— Scenedesmus subspicatus UTEX 2532 (AJ249514)
60 Desmodesmus pirkollei (AF348496)
FﬁDesmodesmus brasiliensis CCAP 258/43(FR865707)
Desmodesmus pannonicus CCAP 258/48 (FR865712)
[ — |ESP-07
0.01 03 Desmodesmus intermedius CCAP 258/36 (FR865701)
’7 Desmodesmus abundans SAG 2048 (KF673371)

L’f Desmodesmus komarekii (AB818541)
67 Desmodesmus communis MirYang4 (KF864475)

L‘ ESP-05
98

Desmodesmus armatus Missouri (KP281290)

Figure 10 - The phylogenetic tree of 5 isolated microalgal strains

3.2.2. Determination of microalgae cell concentration
The cell concentration of the culture in the photobioreactor was determined
regularly by optical density measurement at a wavelength of 688 nm (ODess) using
a spectrophotometer (model U-2001, Hitachi, Tokyo, Japan) after proper dilution
with deionized water. The dry cell weight of the microalgae biomass was obtained
by filtering 10 ml aliquots of culture through a cellulose acetate membrane filter
(0.45 um pore size, 47 mm in diameter). Each loaded filter was dried at 105°C
until the weight was invariant. The dry weight of the blank filter was subtracted

from that of the loaded filter to obtain the microalgae dry cell weight (DCW). The
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ODesss values were converted to biomass concentration via calibration between

ODess and dry cell weight.

3.2.3. Determination of medium nitrate concentration
The medium nitrate concentration of the culture in the photobioreactor was
determined regularly by optical density measurement at a wavelength of 220 nm
(OD220) using a spectrophotometer (model U-2001, Hitachi, Tokyo, Japan) after
proper dilution with deionized water (Collos et al., 1999). The microalgae samples
were centrifuged and the supernatant was tested in the spectrophotometer. The
OD220 values were converted to nitrate concentration via calibration between OD220

and nitrate concentration.

3.2.4. Determination of light intensity
The light intensity on the reactor wall was measured with an LI-250 light meter
with a LI-190SA quantum sensor (LI-COR, Inc., Lincoln, Nebraska, USA). This light

meter gives a unit of ymol/m?/s for the measured light intensity.

3.2.5. Determination of oil/lipid content
After appropriate cell growth, the microalgae cells were harvested from the culture
broth by centrifugation (9000 rpm for 10 min). The cells were washed twice with
deionized water, lyophilized, and weighed. The lipid composition was determined
as fatty acid methyl esters (FAMEs) through the direct transesterification method
described by Lepage and Roy (Lepage and Roy, 1984). The sample was analysed
by gas chromatography (GC-2014, Shimadzu, Kyoto, Japan) equipped with a flame
ionization detector (FID). Samples were injected into a 30 m long capillary column
(Type no. 260M143P, Thermo Fisher Scientific, Waltham, MA, USA) with an internal
diameter of 0.32 mm. Helium was used as the carrier gas, with a flow rate of 1.3
ml/min. The temperatures of the injector and detector were set at 250 and 280°C,

respectively. The oven temperature was initially set at 110°C, increased from 150
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to 180°C at a rate of 10°C/min, 180 to 220°C at a rate of 1.5°C/min, 220 to 260°C

at a rate of 30°C/min and held at 260°C for 5 min.

3.2.6. Operation of photobioreactor
The indoor PBR was a 1L round glass vessel which was continuously illuminated
with external LED light sources (DancelLight, Jan Cheng Lighting Co. Ltd., Taiwan)
mounted on two opposite sides of the PBR. The microalgae were grown at room
temperature of 24-26°C and an agitation speed of 300 rpm. The light intensity on
the vessel wall of the PBR was adjusted to ca. 200 pmol/m?/s using a LI-250 light
meter with a LI-190SA pyranometer sensor (LI-COR, Inc., Lincoln, Nebraska, USA).
The microalgae were pre-cultured and inoculated into the PBR with an inoculum
size of 0.06 g/L. Air was filtered (0.22 ym) and mixed with CO: to give a CO2
concentration of 2.0%. The culture broth was aerated continuously at a rate of 200
mL mint (0.2 vvm, volume gas per volume media per min). LED was chosen as
the external light source because LED consumes less electricity and has uniform
light intensity across the length of the light tube compared to fluorescent lamps
(Chen et al., 2011). CO2 gas was chosen to imitate the utilisation of flue gases from
industries for mass culture of microalgae. All cultures were done in batch condition
and all experiments were done in duplicates.

During cultivation, the initial pH for BG-11 medium was 7.0, Basal medium
was 6.3, and BBM was 6.40. The pH was continuously monitored during cultivation
period. It was observed that the pH for all 3 media increased steadily and became
stable when the microalgae entered exponential phase (1.5 - 4.0 days). The stable
pH for BG-11 medium was 8.0-8.2, Basal medium was 7.6 — 7.8, and BBM was 7.3
- 7.5.

All the microalgal biomass was harvested for analysis after entering nitrogen
starvation for 2, 4, 6, and 8 days. The highest lipid content occurred at 4 or 6 days
after nitrogen starvation for all species. If nitrogen starvation did not occur, all the

biomass was harvested when the microalgae enters stationary phase (9 - 14 days).
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3.2.7. Adjustment of initial nitrate concentration
The initial nitrate concentrations of BG-11 medium and Basal medium were
adjusted to improve the microalgal cell growth and lipid production. 5 different
initial nitrate concentrations were used for BG-11 medium (100%, 75%, 50%, 25%,
and 12.5%), and they were prepared by adding 1.5000, 1.125, 0.7500, 0.3750,
and 0.1875 g/L of NaNOs). On the other hand, 4 different initial nitrate
concentrations were used for Basal medium (100%, 75%, 50%, and 25%), which

were prepared by adding (1.2500, 0.9375, 0.6250, and 0.3125 g/L of KNO3).

3.2.8. Statistical analysis
Design Expert 7.0 software (Stat-Ease, Inc., Minneapolis, MN, USA) was used to
analyse the experimental results. In this study, one factor response surface
methodology was used to evaluate the results. The effects of different parameters
on the results were determined by analysis of variance (ANOVA) study. In the case
where the difference between specific data points was unclear, Student’s t-test was

also used to distinguish between the data points.

3.3. Study 3

Study 3 continued to optimise the selected microalgal species from Study 2, which
was Chlamydomonas sp. Tai-03, using three new parameters. They were CO:2
concentration, organic carbon concentration, and medium replacement ratio. After
harvesting, the microalgal biomass underwent transesterification process (Lepage
and Roy method) to break up the long-chain lipid molecules inside the microalgal
cells into short-chain fatty acids (also known as fatty acid methyl esters (FAME)).
The FAME was analysed using gas chromatography-mass spectrophotometry
(GCMS) and the lipid content was calculated. One-way ANOVA was also used to
determine whether the investigated parameter resulted in significant improvement

in the biomass and lipid productivities of the microalgal species.
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3.3.1. Microalga strain, medium composition, and culture conditions
The microalgal species used in this study is Chlamydomonas sp. Tai-03,
identical to the strain used in Study 2. This species was isolated in Taiwan, and was
obtained from National Cheng Kung University (NCKU). The medium chosen to
culture the microalga was BG-11 medium, which has a chemical composition (in
g/L) of: NaNOs, 1.5; K2HPO4, 0.03; MgS04.7H20, 0.075; Citric acid anhydrous,
0.006; Na2CO0s, 0.02, CaCl2.2H20, 0.036; Ammonium iron(III) citrate, 0.006;
EDTA.2Na, 0.001; H3BOs, 0.00286; MnCl2.4H20, 0.00181; ZnS04.7H20, 0.000222;
Na2Mo004.2H20, 0.00039; CuS04.5H20, 0.000079; Co(NOs3)2.6H20, 0.000049.

The optimal culture conditions for maximal lipid production in
Chlamydomonas sp. Tai-03 had been determined by Study 2, and the conditions
were: BG-11 medium with 25% initial nitrate concentration (0.375 g/L NaNO3),
200 pmol/m?/s light intensity, 0.12 g/L initial cell concentration, 300 rpm
continuous stirring, and continuous sparging of 2.5% CO2 gas at a flow rate of 0.2

vvim.

3.3.2. Determination of microalgae cell concentration
The microalgae cell concentration in the PBR was determined daily via ODesgo using
a spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) after appropriate dilution
with distilled water. The DCW of the microalgal biomass was obtained by drying 5
ml of the culture in a weighing moisture analyser (ML-50, A&D Company, Limited,
Tokyo, Japan). The dry weight of the biomass was determined using an electronic
balance and converted to biomass concentration via calibration between ODeso and

DCwW.

3.3.3. Determination of medium nitrate concentration
The nitrate concentration of the culture was determined daily via optical density
measurement at a wavelength of 220 nm using a spectrophotometer (UV-1800,

Shimadzu, Kyoto, Japan) (Collos et al., 1999). Before measurement, the samples
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were centrifuged at 6000 rpm for 5 min (Centrifuge 5430, Eppendorf, Hamburg,

Germany) and appropriately diluted with distilled water.

3.3.4. Determination of light intensity
The light intensity on the reactor wall was measured with LightScout quantum light
meter (Spectrum Technologies, Inc., Aurora, Illinois, USA). This light meter gives

a unit of yumol/m?/s for the measured light intensity.

3.3.5. Determination of oil/lipid content
After appropriate cell growth, the microalgae cells were harvested from the culture
broth by centrifugation (9000 rpm for 10 min). The cells were washed twice with
deionized water, lyophilized, and weighed. The lipid composition was determined
as fatty acid methyl esters (FAMEs) through the direct transesterification method
described by Lepage and Roy (Lepage and Roy, 1984). The sample was analysed
by gas chromatography (GC-2014, Shimadzu, Kyoto, Japan) equipped with a flame
ionization detector (FID). Samples were injected into a 30 m long capillary column
(Type no. 260M143P, Thermo Fisher Scientific, Waltham, MA, USA) with an internal
diameter of 0.32 mm. Helium was used as the carrier gas, with a flow rate of 1.3
ml/min. The temperatures of the injector and detector were set at 250 and 280°C,
respectively. The oven temperature was initially set at 110°C, increased from 150
to 180°C at a rate of 10°C/min, 180 to 220°C at a rate of 1.5°C/min, 220 to 260°C

at a rate of 30°C/min and held at 260°C for 5 min.

3.3.6. Operation of photobioreactor
The indoor PBR was a 1 L round glass vessel which was continuously illuminated
with external LED light sources mounted on two opposite sides of the PBR. The light
intensity on the vessel wall of the PBR was adjusted to ca. 200 ymol/m?/s using
LightScout quantum light meter (Spectrum Technologies, Inc., Aurora, Illinois,

USA). For light intensities of 750 umol/m?/s and below, 18W T5 LEDs (Ledeon, OEM,
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China) were used. For light intensities between 750 to 1000 pmol/m?2/s, 36W T8
LEDs (Kwan Shing Electrical Marketing (M) Sdn. Bhd., Kepong, Kuala Lumpur,
Malaysia) were used instead. The microalgae were pre-cultured and inoculated into
the PBR with an inoculum size of 0.06 g/L. The microalgae were grown at room
temperature of 24 - 26°C and an agitation speed of 300 rpm. Air was filtered (0.45
pm) and mixed with CO2 to give a CO2 concentration of 2.5%. The culture broth
was aerated continuously at a rate of 0.1 vvm. All cultures were done in batch
condition and all experiments were done in duplicates.

During cultivation, the initial pH was around 7.0 for BG-11 medium and 6.3
for Basal medium. The pH was continuously monitored during cultivation period. It
was observed that the pH for both media increased steadily and became stable
when the microalgae entered exponential phase (1.5 - 4.0 days). The stable pH

for BG-11 medium was 7.8 - 8.0, and Basal medium was 7.6 - 7.8.

3.3.7. Addition of organic carbon sources
The five OCs used in this study were glucose (Glu), sucrose (Su), glycerol (Gly),
acetate (Ac) from sodium acetate, and fructose (Fru). The initial OC concentrations
were calculated based on the molecular weight (MW) ratio of each OC molecule to
their respective carbon molecules, and the unit was gram(s) of carbon per litre of

culture (g C/L), as shown in Table 2.

Table 2 - The concentrations of different organic carbons (OCs) used in Study 2

Mass of OC (g) for1 g

oC MW? (g/mol) c/Lb
Glu 180 2.500
Su 342 2.375
Gly 180 2.500
Ac 92 2.556
Fru 82 3.417

@ = Molecular weight, ® = gram(s) of carbon equivalent per litre of culture
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3.3.8. Operation of semi-batch culture with medium replacement
Upon reaching the intended day of harvest, the photobioreactors and fresh media
were put into a horizontal laminar flow cabinet equipped with ultraviolet (UV) light
(AHC-5A1, Esco Micro Pte. Ltd., Singapore), and a medium replacement was carried
out. A portion (in this case 25%, 50%, or 75%) of the cultures were harvested,
and the remaining cultures were topped up to the starting volume (1 L) with fresh

media.

3.3.9. Statistical analysis
All experimental results presented in this study were mean values of two
independent cultures for each parameter together with sample standard deviation
calculated using Microsoft Excel. Analysis of variance (ANOVA) was used to
determine the significance of the effects of different parameters on biomass and
lipid production of Chlamydomonas sp. Tai-03. Design Expert 7.0 software (Stat-

Ease, Inc., Minneapolis, MN, USA) was used to perform the ANOVA studies.

3.4. Study 4

Study 4 focused on designing a new semi-closed thin layer cascade PBR that would
be suitable for the culture of all three microalgal species tested in Studies 1 - 3.
The dimensions of the basic PBR design was calculated in Microsoft Excel. The
computational fluid dynamics (CFD) software (ANSYS CFX) was then used to more

properly visualise the fluid flow patterns in the initial concept of the PBR.

3.4.1. Design of photobioreactor

The calculations involved in the design of semi-closed TLC PBR was carried out in

Microsoft Excel. The drawings of the design were done in Microsoft Visio.
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3.4.2. Simulation of photobioreactor
The design of semi-closed TLC PBR was simulated in a computational fluid dynamics
program to study the behaviours of fluid flow and mixing patterns of the microalgal
culture. The CFD program used was ANSYS CFX version 18.1 software (ANSYS,

Inc., Canonsburg, Pennsylvania, USA).

3.4.3. Governing equations in ANSYS CFX

3.4.3.1. Transport Equations
ANSYS CFX uses a series of mathematical equations to model fluid flow, heat, and
mass transfer for single-phase, multiphase, and multi-component flow without
combustion or radiation. One of the most important set of equations in CFD are

transport equations. There are four transport equations, as shown below.

a. The Continuity Equation

op ~ (2)
E + V. (pU) =0

Where p is density, tis time, and U is velocity vector

b. The Momentum Equations

a(pU
(apt ) + V. (pUQU) =-Vp+ V.t + Sy (3)

Where ® is tensor product, t is stress tensor, and S,, is the sum of body forces

The stress tensor, 7, is related to the strain rate by:
2 4
7= u(VU + (VU)T — §6V. U) (4)

Where u is viscosity, T is temperature
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Cc. The Total Energy Equation

d(ph d 5
% - a—’z + V. (pUhyp) = V.(AVT) + V.(U.7T) + U.Sy + Sg ()
Where 1 is thermal conductivity, S; is energy source,
And h,,; is the total enthalpy, related to the static enthalpy h(T,p) by:
1
htOt = h + _l]2 (6)
2
d. The Thermal Energy Equation
d(ph) B a_p (7)

5~ T V-(pUR) = V.(AVT) + U.Vp + T:VU + 5

3.4.3.2. Buoyancy
When calculating buoyancy, the following source term is added to the momentum
equation.
Swpuoy = (P = Prer)g (8)

Where p,. is reference density and g is gravitational constant

3.4.3.3. The Homogeneous Model
When selecting the homogeneous model for multiphase flow, all fluids share a
common flow field and other relevant fields like temperature and turbulence. This
simplifies some parts of the multi-fluid model which results in the homogeneous

model. The bulk transport equation in the homogeneous model can be represented:

%(pq)) +V.(pUp —TVp) =S )

Where:

(10)

Np
p= Z TaPa
a=1
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Where ¢ is general scalar variable, I' is diffusivity, r is location vector, S is mass

flow rate, and « is a subscript to denote that the quantity applies to phase «

3.4.3.4. The k-epsilon Turbulence Model
The term k refers to the turbulence kinetic energy and is represented as the
variance of the fluctuations in velocity. k has units of (Length? Time2) The term
epsilon (€) refers to the turbulence eddy dissipation or the rate at which the velocity
fluctuations dissipate. € has units of k per unit time (Length? Time™3). The k- model
presents two new variables into the system, which then changes the continuity
equation to:

dp 0 3 (11)
5;+5E(P%)—0

Which then changes the momentum equation to:

ot T ax, U = T g0t o [“eff <ax,- Tax )| o

Where ., is effective viscosity causing the turbulence and represented by:

Heff = M+ Ut (13)

Where u, is turbulence viscosity and assumed to be linked to the turbulence kinetic
energy and dissipation by:

k? (14)
He = Cup?

Where C, is a constant
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And p' is modified pressure as defined by:

2 2 AU (15)
= Zok+2 —k
p P+3P +3.ueffaxk

3.4.3.5. Mesh Adaption
In ANSYS CFX, the mesh adaption function selectively refines the mesh in regions
that depend on the adaption criteria specified. The mesh adaption process can
occur up to the number of times specified by the user in a single run. As the solution
is being calculated, the mesh can be automatically refined in regions where the
solution variables are changing most rapidly, in order to resolve the characteristics
of the flow those regions. When the adaption criteria method is set as “Solution
Variation”, then the adaption criteria (A/) for a particular mesh edge i of length /; is

defined by:

A :Z |Agji| (16)

Where Ag; is the global range of the scalar variable ¢; over all of the nodes (except
those on wall boundary conditions in turbulent flow), Agj; is the difference between

@; at one end of the edge and the other end, and N, is a scalar for adaption

variable j to scale all the A; to obtain values between 0 and 1
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the experimental results of four different studies (presented as
Study 1 - 4) were analysed and elaborated in detail. The four studies were
performed in the hopes of fulfilling the aims of this research as outlined in Section
1.2 above. In each study, the aim and objectives were clarified before continuing
with the representation and explanation of the experimental data. Section 4.1
(Study 1) investigated the protein content and protein productivity of two
microalgal species, Chlorella sorokiniana CY1 and Chlorella vulgaris ESP-31. Three
parameters were investigated and optimised for both microalgal species, which
were different medium and initial nitrate concentration, CO2 concentration, and
light intensity. Apart from testing the protein production capabilities of microalgae,
the second microalgae-derived metabolite chosen for investigation was lipid. Hence,
Section 4.2 (Study 2) explored the strategies to enhance lipid production from five
different microalgal species, which were Chlamydomonas sp. Tai-01, Tai-03, and
Pin-01 as well as Scenedesmus sp. ESP-05 and ESP-07. The performance of all five
microalgal species were evaluated by culturing in three different media. The best
combination of microalgae and medium were selected and optimised for maximal
lipid production under three parameters, which included initial nitrate concentration,
light intensity, and initial cell concentration. Section 4.3 (Study 3) continued to
optimise the selected microalgal species from Study 2, which was Chlamydomonas
sp. Tai-03, using three new parameters. They were CO2 concentration, organic
carbon concentration, and medium replacement ratio. Section 4.4 (Study 4)

focused on designing a new semi-closed thin layer cascade PBR that would be
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suitable for the culture of all three microalgal species tested in Studies 1 - 3. The
basic design of the PBR was first explained, followed by the use of computational
fluid dynamics software (ANSYS CFX) to more properly visualise the fluid flow

patterns in the upper and lower cascade portion of the PBR.

4.1. Study 1 - Investigation of the performance of Chlorella
sorokiniana CY1 and Chlorella vulgaris ESP-31 in protein

production

4.1.1. Aim and objectives of study
In this study, our aim is to optimise 2 microalgal species, Chlorella sorokiniana CY1
and Chlorella vulgaris ESP-31, for protein production. An investigation will be
performed to find the suitable combination of culture medium and initial medium
nitrate concentration, followed by the effects of different concentrations of CO2 gas
and different levels of light intensity on the biomass and protein growths of both

microalgal species.

4.1.2. Growth curves of microalgal species
Figure 11 shows the growth curves of Chlorella sorokiniana CY1 and Chlorella
vulgaris ESP-31 under increasingly optimized conditions investigated in this study.
Only the growth curves of both species under the three increasingly optimized
conditions were shown in Figure 11 because the overlapping nature of the growth
curves in each experiment group would give a confusing graphical representation.
In Figure 11, it was found that the lag phase for both species in all three culture
conditions were 0.5 d. The protein contents in all cases were also observed to
increase until the day nitrogen starvation began, and then decreased as the culture
remained in nitrogen starvation phase. This phenomenon coincided with other

studies, where proteins were diverted into the creation and storage of
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carbohydrates and lipids in microalgae during nitrogen starvation phase (Chen et

al., 2015; Ho et al., 2012).
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Figure 11 - Biomass concentration, nitrate concentration, and protein content
evolution of Chlorella sorokiniana CY1 (a, ¢, €) and Chlorella vulgaris ESP-31 (b,
d, f). All growth graphs were from optimized conditions in each optimization step.

Both species become increasingly optimized when viewed vertically from left to

right.

4.1.3. Effects of different medium and initial nitrate concentrations
on microalgal biomass and protein productions
The element nitrogen is one of the basic building blocks necessary for microalgal
cells to live and function. Nitrogen is involved in the synthesis of nucleic acids,
amino acids, proteins, enzymes, and chlorophyll in the microalgal cells. Despite the
importance of nitrogen, it is still essential to optimize the nitrate concentration of
culture media in order to be cost-effective and to achieve a balance between high-
biomass-concentration and high-protein-content in the harvested biomass (Pancha
et al., 2014).
In Figure 12, there are five parameters with their cultivation time marked

red, signifying cultures that did not reach nitrogen starvation phase. These cultures
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were harvested during stationary phase. The cultivation time marked black
represented cultures that were harvested on the day nitrogen starvation began. In
Figure 12a, the biomass concentrations of both Chlorella sorokiniana CY1 and
Chlorella vulgaris ESP-31 followed a general trend where the harvested biomass
reduced with decreasing initial nitrate concentration. This was because reducing
the initial nitrate concentration shortened the cultivation time required for the
cultures to enter nitrogen starvation phase. The shorter cultivation time yielded
lower biomass concentrations but higher biomass productivities. In Figure 12b, the
protein contents for all parameters in both microalgal species vary between 20 -
27% DCW. There were no significant differences in the protein contents of both
Chlorella sorokiniana CY1 and Chlorella vulgaris ESP-31 when cultured in BG-11
medium (p > 0.05) or Basal medium (p > 0.05). Despite this, the protein contents
of Chlorella sorokiniana CY1 in 50% and 25% Basal medium demonstrated an
increase of 11.8% and 9.6% compared to 75% Basal medium. This increment could
be due to the shorter cultivation times in 50% and 25% Basal medium, where the
biomass was harvested before the microalgal cells could perform further multiply.
Through the study of Nannochloropsis gaditana, Fabregas et al. (2002) showed
that cell division in Nannochloropsis gaditana occurred during dark cycles, with
lipids being preferentially converted to energy followed by carbohydrates via
respiration. Its protein content dropped from 3 to 1.6 pg cell! (46.7% decrease)
after cell division (Fabregas et al., 2002). In our study, both microalgal species
followed a general trend of increasing protein contents with increasing initial nitrate
concentrations, as observed by other researchers (Chen et al., 2016; Pancha et al.,
2014; Xie et al., 2017). The optimum protein content for Chlorella sorokiniana CY1
was found at 50% BG-11 and 50% Basal medium, while the optimum for Chlorella

vulgaris ESP-31 was located at 75% Basal medium.
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Figure 12 - Effects of different initial nitrate concentration on biomass and protein
productions of Chlorella sorokiniana CY1 (C) and Chlorella vulgaris ESP-31 (E)
using BG-11 medium (BG) and Basal medium (B). The number of cultivation days
marked in red are parameters where the microalgal strains did not reach nitrogen

starvation and were harvested during stationary phase.

Since productivity is a metric that ties microalgal growth to cultivation time,
the productivities of biomass and protein were used as the criteria for choosing the
best performing medium. In Figure 12, the best medium for Chlorella sorokiniana

CY1 was 50% Basal medium, giving the highest biomass and protein productivities
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(1.61 £ 0.11 and 0.422 £ 0.026 g/L/d) with second highest protein content (26.3
+ 1.84%) and moderate biomass concentration (5.72 £ 0.39 g/L). When compared
with the second best medium of 25% BG-11 medium, the biomass concentration
under 50% Basal medium was enhanced by 38.2% (p < 0.01). On the other hand,
the best medium for Chlorella vulgaris ESP-31 was also 50% Basal medium,
achieving second highest biomass and protein productivities (1.96 = 0.06 and
0.472 £ 0.044 g/L/d) with moderate biomass (7.00 £ 0.20 g/L) and protein content
(24.1 £ 2.1%). Upon comparing with the second best medium of 25% Basal
medium, the biomass concentration under 50% Basal medium was enhanced by

37.7% (p < 0.01).

4.1.4. Effects of different CO2 concentrations on microalgal biomass
and protein productions

Apart from nitrogen, CO:z is another primary nutrient needed for the survival of
microalgal cells. CO2 is the main carbon source involved in photosynthesis,
providing the microalgal cells with food in the form of glucose. The energy obtained
from glucose enables synthesis of proteins essential for cell growth and cell division
(Cheah et al., 2015). The range of CO:2 concentrations suitable for microalgal
growth was found to be 1 - 50% (Cheah et al., 2015; Maeda et al., 1995).
Therefore, it is economically important to determine the optimum CO:
concentration for Chlorella sorokiniana CY1 and Chlorella vulgaris ESP-31. The
medium used for both species was 50% Basal medium.

In Figure 13a, the biomass concentrations and cultivation days of Chlorella
sorokiniana CY1 decreased with increasing CO2 concentration, allowing the biomass
productivities to rise with increasing CO2 concentration up to 5% CO:. For Chlorella
vulgaris ESP-31, both the biomass concentration and productivity increased with
increasing CO2 concentration up to 5% CO2. At 7.5% CO2, both microalgal species
require one more day to reach nitrogen starvation phase when compared to 5%

COz. The biomass concentration of Chlorella sorokiniana CY1 under 7.5% CO2z could

68



Chapter 4 - Study 1

not reach the same level as 2.5% CO: despite having the same cultivation time,
whereas the biomass concentration of Chlorella vulgaris ESP-31 decreased under
7.5% CO2 compared to 5% CO.. This observation indicated that the biomass growth
rate of both species were negatively impacted by 7.5% CO2 aeration. In Figure 14,
the pH of 7.5% CO: in both species was observed to drop to the lowest pH value
starting on day 6. Compared to 5% CO2, the acidic condition created by 7.5% CO:
might have decreased the activity of extracellular carbonic anhydrase. This would
reduce the uptake of surrounding CO2 by the microalgal cells and lowers growth

rate (Cheah et al., 2015; Maeda et al., 1995; Tang et al., 2011a).
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Figure 13 - Effects of different CO2 concentration on biomass and protein
productions of Chlorella sorokiniana CY1 (C) and Chlorella vulgaris ESP-31 (E)

using Basal medium with 50% initial nitrate concentration.
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Figure 14 - Effect of different CO2 concentrations on the biomass and pH of (a)
Chlorella sorokiniana CY1 and (b) Chlorella vulgaris ESP-31.

In Figure 13b, the protein content of Chlorella sorokiniana CY1 increased
with increasing CO2 concentration (p < 0.01), whereas CO2 concentration did not
influence the protein contents of Chlorella vulgaris ESP-31 (22 - 26% DCW) (p >
0.05). The increase in protein contents of Chlorella sorokiniana CY1 at higher CO:2
concentrations of 5% and 7.5% was also been observed in other studies. For
instance, Brown et al. (1997) had demonstrated that the protein contents of 17
microalgae species were enhanced when aerated with 1% CO2 compared to
atmospheric CO:z level (Brown et al., 1997). In contrast, Chu et al. (1996) shown
that the protein content of Nitzschia inconspicua Grunow were reduced in favour

for higher lipid and carbohydrate content when the CO: concentration was
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increased to 5% (Chu et al., 1996). In Figure 13, it could be inferred that at 5%
CO:2 concentration, Chlorella sorokiniana CY1 accumulated proteins preferentially
whereas Chlorella vulgaris ESP-31 accumulated biomass while keeping protein at
stable levels. The effect of CO2 concentration was species-dependent in our study.

After comparing biomass and protein productivities, it was clear that 5%
CO:2 was the optimum for both species. At 5% CO2, the biomass productivity (p <
0.05), protein content (p < 0.05), and protein productivity (p < 0.01) of Chlorella
sorokiniana CY1 were significantly enhanced compared to 2.5% CO-z. In the case of
Chlorella vulgaris ESP-31, the biomass (p < 0.01) and biomass productivity (p <

0.01) under 5% CO:2 were significantly improved compared to 2.5% CO..

4.1.5. Effects of different light intensity on microalgal biomass and
protein productions

Light is one of the three components for photosynthesis in microalgal cells, other
than CO2 and water. The photons in visible light are captured by photosystem I (PS
I) and photosystem II (PS II) in the chloroplasts of microalgal cells. The energy
from the photons are used to convert adenosine diphosphate (ADP) and
nicotinamide adenine dinucleotide phosphate (NADP*) into energy-carrying
molecules of adenosine triphosphate (ATP) and reduced nicotinamide adenine
dinucleotide phosphate (NADPH). This process is known as light dependent stage,
which is the first stage of photosynthesis. The second stage of photosynthesis is
known as light independent stage, whereby the ATP and NADPH generated are used
to fix CO2 to produce glucose (Zhao and Su, 2014). The chosen light intensity to
culture microalgal cells should be high enough to penetrate through dense cultures
but does not reach the light threshold of the cells. Above the light threshold,
excessive light damages the light absorbing systems, primarily PS II. This causes
photoinhibition and restricts the photosynthetic capability of the microalgal cells

(Takahashi and Badger, 2011). Therefore, the effects of light intensity on the
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biomass and protein productions of Chlorella sorokiniana CY1 and Chlorella vulgaris

ESP-31 were investigated.
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Figure 15 - Effects of different light intensity (LI) on biomass and protein
productions of Chlorella sorokiniana CY1 (C) and Chlorella vulgaris ESP-31 (E)

using Basal medium with 50% initial nitrate concentration.

In Figure 15a, the biomass concentration of Chlorella sorokiniana CY1 saw
an increasing trend when the light intensity was increased from 200 to 600
umol/m?/s, before levelling off at 600 to 1000 uymol/m?3/s. For Chlorella vulgaris
ESP-31, its biomass concentration increased to peak value when the light intensity
was increased from 100 to 200 and 400 pmol/m?/s, before decreasing and levelling

72



Chapter 4 - Study 1

off at 600 to 1000 pmol/m?2/s. At 750 and 1000 umol/m?/s, the cultivation time of
both species decreased to 2 days, giving rise to high biomass productivities. In
Figure 15b, the lowest protein content of Chlorella sorokiniana CY1 at 750
Mmol/m?/s was significantly less than at 200 pmol/m?/s (p < 0.05), while the
protein contents at other light intensities did not show any meaningful differences
(p > 0.05). In the case of Chlorella vulgaris ESP-31, its protein content was not
impacted by changes in light intensities (p > 0.05). Increasing light intensity
enhances light penetration into the culture, which in turn raised the biomass growth
rate of both species. Any effects of photoinhibition were also indistinct as the
biomass concentrations of both species were high and protein contents were stable
at high light intensities of 750 and 1000 pmol/m?/s. The one exception (protein
content at 750 pmol/m?/s of Chlorella sorokiniana CY1) could be due the
accumulation of biomass at the expense of protein (Fabregas et al., 2002). This
phenomenon had also been illustrated by Seyfabadi et al. (2010) (Seyfabadi et al.,
2011). Increasing the light intensity from 37.5 to 62.5 pmol/m?/s markedly
improved the cell numbers and protein contents of Chlorella vulgaris. But when the
light intensity was further increased to 100 pmol/m?/s, the cell numbers dropped
but protein contents were increased (Seyfabadi et al., 2011). The greater biomass
growth rates at higher light intensities were also observed by Qiang et al. (1998),
who reported that the volumetric biomass productivity (mg dry wt Lt hl) of
Spirulina platensis (Norstedt) Geitler (strain M2) was enhanced with increasing light
intensity from 270 to 8000 umol/m?/s. Photoinhibition effects on the growth rate
of Spirulina platensis were not observed even at light intensity of 8000 ymol/m?2/s
(4-fold light intensity of full sunlight) (Qiang et al., 1998). This was in contrast with
another study, where photoinhibition occurred during noon in two Spirulina

platensis strains grown outdoors in open ponds (Vonshak and Guy, 1992).
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Table 3 - Comparison of biomass and protein productions of Chlorella sorokiniana
CY1 and Chlorella vulgaris ESP-31 with other studies

Culture Culture Culture Biomass Protein
Microalgae Medium Type Time® Conc.* Pr.d Content Pr. Reference
(d) (g/L) (g/L/d) (% w/w) (g/L/d)

Chlorella sp. F B (10L) 5 ~3.00° 0.60 38.9 0.2332 (Guccione

CH2 et al.,
2014)

Chlorella sp. BG-11 B (10L) 5 ~2.15° 0.43 40.5 0.1742 (Guccione

F&M-M49 etal.,
2014)

Chlorella sp. BG-11 B (10 L) 5 ~1.60° 0.32 41.3 0.132° (Guccione

PROD1 et al.,
2014)

Chlorella BG-11 B (10 L) 5 ~2.05° 0.41 39.8 0.1632 (Guccione

sorokiniana et al.,

IAM C-212 2014)

Chlorella Mwwh B (7.51L) - 0.76 - 55.0 - (Li et al.,

vulgaris C9- 2013)

JN2010

Chlorella Modified Be(11L) 4.5 3.17 0.699 52.3 0.365 (Chen et

vulgaris Basal al., 2015)

FSP-E

Chlorella Modified B (50 L) 10 ~3.25° 0.268 ~52 0.155 (Chen et

vulgaris Basal al., 2016)

FSP-E

Chlorella Modified SBf(50L) (3 Repl) ~3.25° ~0.269° 52.2 0.125 (Chen et

vulgaris Basal w/ 50% 6 al., 2016)

FSP-E MRR?

Chlorella Modified B(1L) 2 6.61 £ 4.35 % 25.9 £ 1.126 + This study

sorokiniana Basal 0.13 0.09 1.3 0.035

CY1

Chlorella Modified B(1L) 2 7.06 £ 4.64 * 26.8 £ 1.243 = This study

vulgaris Basal 0.15 0.10 1.3 0.084

ESP-31

Considering the combination of high biomass and protein productivities, the
light intensity of 750 umol/m?/s was chosen as the optimum. This was because the
biomass and protein productivities at light intensity of 750 pmol/m?2/s were
significantly enhanced compared to light intensities of 100 to 600 pmol/m?/s (p >
0.01), while insignificantly different compared to light intensity of 1000 umol/m?/s
(p > 0.05). The lower light intensity of 750 pmol/m?/s was also easier to implement

for experiments and consume less electricity to operate when compared with 1000
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pumol/m?/s. The growth values of both Chlorella sorokiniana CY1 and Chlorella
vulgaris ESP-31 can be found in Table 1, together with a comparison of the
performance of different microalgal species in literature. Although the biomass
concentration, biomass productivity, and protein productivity of both Chlorella
sorokiniana CY1 and Chlorella vulgaris ESP-31 were greater than the other species
in Table 3, the protein contents of both species were lacking. This disparity could
be due to difference in culture media, cultivation time, choice of optimization
parameters, and priority of chosen parameters. For instance, in the case of
Chlorella vulgaris FSP-E, the selected medium was modified Basal medium with
urea as the nitrate source rather than potassium nitrate (KNO3). The performance
of different photobioreactors, light intensity, and urea concentration were
investigated for 1 L indoor culture, whereas the urea concentration, inoculum size,
aeration rate, and partial medium replacement were optimized for 50 L outdoor
culture with sunlight as the light source. Optimizing these parameters resulted in
high protein contents of around 52%, but the trade-off would be longer cultivation
time as well as lower biomass and protein productivities. Despite this, it is
undeniable that the protein contents of Chlorella sorokiniana CY1 and Chlorella
vulgaris ESP-31 were mediocre and should be improved before they could be

considered as potential producers of microalgal protein.
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4.2, Study 2 - Strategies for enhancing lipid production from

indigenous microalgae isolates
4.2.1. Aim and objective of study
In this study, five different indigenous microalgal strains from Taiwan were
characterised in terms of their lipid contents and productivities. The strain with the
highest oil productivity was chosen for optimization strategies, which included
altering the initial nitrate concentrations, LED light intensity and initial cell
concentrations. The information obtained from this study would be useful for
evaluating the potential of using the strain as feedstock for the production of
biodiesel. The performance of recent research on microalgal biodiesel production is

listed in Table 4.

Table 4 - Comparison of oil productivity with recent research in lab-scale cultures

Strain Medium g:/lo (::;t:’:; (n?: /T;;) f:; Reference
Ankistrodesmus 3N BBM¢ 12.0 55.0 14 (Griffiths et
falcatus (UTEX 242) al., 2012)
Chlamydomonas sp. 3.5% sea salt 33.1 169.1 7 (Nakanishi et
Jjsc4 HSM¢ al., 2014)
Chlorella sorokiniana 20% DSWe- 61.0 189.3 12 (Chen et al.,
CY1 amended medium 2013)
Chlorella vulgaris 3N BBM 57.0 67.0 14 (Griffiths et
UTEX 395 al., 2012)
Dunaliella tertiolecta Erdschreiber’s 23.4 11.4 8 (Tang et al.,
UTEX LB 999 medium 2011b)
Nannochloropsis sp. f/2 medium 35.0 63.0 14 (Griffiths et

al., 2012)
Scenedesmus sp. 3N BBM 43.0 106.0 14 (Griffiths et
al., 2012)
Scenedesmus Seawater 31.6 107.8 10 (Lin et al.,
rubescens 2012)
Thalassiosira sp. Enriched SWf - 248.5 6 (Nurachman
medium et al., 2012)
Chlamydomonas sp. BG-11 medium 28.6 124.1 8 This study

Tai-03

@ = Productivity, ® = Cultivation time, ¢ = Bold’s basal medium, d = High salt medium, e = Deep seawater,

f = Seawater
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4.2.2. Microalgae selection
The five microalgal strains were cultured using BG-11 medium, Basal medium and
BBM. Their resulting lipid content and productivity were compared (Table 5). This
step served to eliminate the strains with low lipid content and productivity, so the
best strain can be selected for further lipid optimization. First the microalgae were
pre-cultured at 24 - 26°C for 4 - 7 days. Upon reaching the appropriate cell
concentration, the microalgae were inoculated into 1 L PBRs.

From Table 5, it can be seen that among all five microalgal strains,
Chlamydomonas sp. Tai-03 had a high biomass growth and the highest oil
productivity in both BG-11 and Basal medium. Chlamydomonas sp. Tai-03 achieved
a biomass and oil productivity of 3.08 £ 0.09 g/L and 82.4 = 6.0 mg/L/d
respectively in BG-11 medium, compared to 5.52 £ 0.01 g/L and 66.8 £ 5.9 mg/L/d
in Basal medium. In both BG-11 and Basal medium, Chlamydomonas sp. Pin-01
and Tai-01 ranked second and third in terms of biomass production and oil
productivity. Although the biomass growth of Pin-01 and Tai-01 were significantly
higher in Basal medium compared to BG-11 medium, the lower oil contents in Basal
medium resulted in overall lower oil productivity. On the other hand, both the
Scenedesmus sp. ESP-05 and ESP-07 achieved similar biomass growth in BG-11
and Basal medium. ESP-05 had higher oil productivity (56.7 £ 5.9 mg/L/d) in BG-
11 medium compared to ESP-07 (39.7 = 6.3 mg/L/d).

Upon culturing in BBM all five strains showed a low biomass accumulation
compared to BG-11 and Basal medium (Table 5). The oil contents for all strains
were also low (9 - 17%) except for ESP-05, which accumulated an oil content of
35.29 £ 1.61%. But due to the low biomass production of ESP-05 (1.36 £+ 0.04
g/L), its oil productivity (59.7 = 1.0 mg/L/d) was similar to Pin-01 (60.1 £+ 1.0
mg/L/d). In BBM, Pin-01 had the highest biomass production (2.61 + 0.18 g/L)

and highest oil productivity, but the second lowest oil content of 11.6 £ 0.6 %.
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Table 5 - Biomass and oil analysis of five microalgae in BG-11, Basal and BBM

. : a oil
Medium Species B'("g“/‘f)ss BI??/aE/sdl;r. Oil Content (%) Oil Pr. (mg/L/d)
Tai-01 1.80 + 0.11 0.238 + 0.015 27.62 £ 1.27 65.93 + 7.66
Tai-03 3.08 £ 0.09 0.282 + 0.008 29.20 £+ 1.05 82.44 + 5.97
BG-11 Pin-01 3.25+0.07  0.298 + 0.006 25.85 + 0.71 76.97 £ 1.07
ESP-05 2.61 £ 0.04 0.187 + 0.003 30.35 £+ 3.56 56.68 + 5.94
ESP-07 2.43 £ 0.07 0.187 £+ 0.006 23.41 £+ 3.57 39.68 + 6.28
Tai-01 4.28 + 0.09 0.425 + 0.009 11.27 £ 0.41 47.97 £ 2.72
Tai-03 5.52 £ 0.01 0.499 + 0.001 13.38 £ 1.08 66.78 + 5.88
Basal Pin-01 543 +£0.11  0.543 + 0.011 11.15 + 0.55 60.41 £+ 1.91
ESP-05 2.75 £ 0.08 0.196 + 0.006 12.19 + 0.86 24.55 + 1.84
ESP-07 2.83 £ 0.25 0.177 £ 0.015 13.82 £ 1.85 24.16 £ 1.24
Tai-01 1.07 £ 0.01 0.268 + 0.003 9.03 £+ 0.53 24,17 £ 1.71
Tai-03 2.45 + 0.08 0.350 £ 0.012 14.39 £ 1.50 50.58 + 6.92
BBM Pin-01 2.61 +£0.18 0.521 + 0.036 11.57 + 0.59 60.10 + 1.03
ESP-05 1.36 = 0.04 0.170 £+ 0.005 35.29 £ 1.61 59.73 £ 0.96
ESP-07 0.92 + 0.05 0.154 + 0.009 16.93 + 1.30 25.96 + 0.53

@ = Productivity

Overall all five strains accrued higher oil contents in BG-11 medium
compared to both Basal medium and BBM, except for the case of ESP-05 in BBM.
All five microalgal strains achieved the highest biomass production in Basal medium,
but the resulting low oil content led to low oil productivity. When cultured in BG-11
medium, the moderate biomass production and high oil contents gave the highest
lipid productivities. This might be due to the presence of salt stress (Na*) in BG-11
medium, dampening the biomass growth but increasing the accumulation of lipids.
Freshwater isolates can generally withstand up to about 2% NaCl concentration,
compared to 8 - 10% NaCl in marine isolates. Meanwhile, the Na* concentration
for essential growth in freshwater microalgae is typically 1 mg NaCl/L, whereas that
of marine microalgae ranges from 10 - 100 mg NaCl/L (Batterton and Van Baalen,
1971). High concentrations of Na* ions dampen microalgae growth more by ionic
stress than osmotic stress. The ionic stress causes a direct reduction in
photosynthesis, but instead promotes the accumulation of metabolites (such as
lipids, carbohydrates and pigments) in microalgal cells (Takagi and Yoshida, 2006;

Pal et al., 2011). The lower lipid productivities in Basal medium were due to the
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very low concentration of Na* in the medium. The lower lipid productivities in BBM
were because of a low nitrate concentration available in the medium. The best
performance was obtained by culturing Chlamydomonas sp. Tai-03 in BG-11
medium. Therefore, Chlamydomonas sp. Tai-03 and BG-11 medium were selected

for the next experiment.

4.2.3. Effects of initial nitrate concentration on the cell growth and
lipids production of Chlamydomonas sp. Tai-03
It is well known that the availability of nitrogen source in microalgae culture
strongly affects the accumulation of lipids in microalgae (Fidalgo et al., 1998; Mata
et al., 2010). Lipid accumulation is usually triggered when nitrogen starvation in
the microalgae culture occurs (Roessler, 1990; Breuer et al., 2012) However, when
the nitrogen source is depleted, the cell growth rate significantly decreases. The
stunted cell growth will also lead to a decrease in the lipid productivity of microalgae.
Therefore, adjusting the initial nitrogen concentration of the culture medium was
shown to be an effective way to control and optimise the lipid content and lipid
productivity of microalgae (Chen et al., 2010; Ho et al., 2012; Ho et al., 2014). In
this study, the effects of different initial nitrate concentration on the growth and
lipid production of the Chlamydomonas sp. Tai-03 strain were explored. The initial
nitrate concentration was set as 100%, 75%, 50%, 25%, and 12.5% of the original
nitrate concentration (1.5 g/L) in BG-11 medium.
From Figure 16, when the nitrate concentration was decreased from 100%
to 75% and 50%, the biomass production increased from 3.08 + 0.09 g/L to 3.48
+ 0.04 g/L and 3.57 = 0.04 g/L respectively. However, the resulting oil
productivities at 100%, 75%, and 50% nitrate concentration were similar due to
slight decreases in oil contents. At 25% nitrate concentration, the biomass
production declined to 2.73 £ 0.03 g/L but its oil content reached 30.2 + 1.5%.
Because Chlamydomonas sp. Tai-03 at 25% nitrate concentration only needed 8

days to reach maximum oil content (compared to 11 days for 75% and 50% nitrate
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concentration), its oil productivity increased to 110.0 = 4.6 mg/L/d. Further
reducing the nitrate concentration to 12.5% resulted in a sharp decrease in biomass
production to 2.05 £ 0.15 g/L. The highest oil content and oil productivity were
also reduced sharply to 19.5 £ 0.9% and 57.3 £ 6.8 mg/L/d. After performing a
one-way analysis of variance (ANOVA), it was found that the biomass productivity
(p < 0.0254) and oil productivity (p < 0.0336) were significantly influenced by

initial nitrate concentration.
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Figure 16 - Influence of differing initial nitrate concentration on (a) biomass and
biomass productivity; (b) oil content and oil productivity of Chlamydomonas sp.
Tai-03.

The lower initial nitrate concentration of 25% caused Chlamydomonas sp.
Tai-03 to enter nitrogen starvation stage faster, thus allowing a more rapid
accumulation of lipids. The ionic stress caused by Na* ions in BG-11 medium also

further enhanced its lipid content (Takagi and Yoshida, 2006; Pal et al., 2011). The
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reason for continual accumulation of lipids might be because lipids do not contain
nitrogen; hence they continued to be synthesized in the absence of nitrogen source.
The synthesis of nucleic acids and proteins would have stopped, minimising further
biomass growth (Roessler, 1990). Since Chlamydomonas sp. Tai-03 achieved the
highest oil productivity at 25% nitrate concentration, this combination was chosen

for the next study.

4.2.4. Effects of light intensity on the cell growth and lipids
production of Chlamydomonas sp. Tai-03

Light intensity play a pivotal role in the growth of phototrophic microalgae since
light energy is the major energy source required for the microalgal growth and lipid
synthesis (Napolitano, 1994). Literature also shows that there exists an optimal
light intensity for the microalgae to exhibit the best lipid accumulation and
productivity (Cheirsilp and Torpee, 2012). Therefore, the effects of different light
intensity (100, 200, 400 and 600 pumol/m?/s) on the biomass and lipid productivity
of Chlamydomonas sp. Tai-03 were investigated.

As seen in Figure 17, the harvested biomass, biomass productivity and oil
productivity increased with increasing light intensity. The oil content was 11.3 +
0.05% at a light intensity of 100 pmol/m?/s; but increased to 30.2 = 1.5% above
200 pmol/m?/s. Due to the low biomass (2.61 + 0.07 g/L) at 100 pmol/m?/s, the
biomass productivity (0.326 £ 0.008 g/L/d) and oil productivity (36.8 £ 0.68
mg/L/d) suffered. Although the biomass at 200 ymol/m?3/s (2.73 + 0.03 g/L) was
lower than that of 400 ymol/m?2/s (2.90 + 0.13 g/L) and 600 pmol/m?/s (2.91 =
0.07 g/L), the respective oil productivities did not vary significantly. The oil
productivities at 200, 400, and 600 pymol/m?2/s were 110.0 £ 4.6, 117.4 + 15.2,
and 124.1 £ 5.8 mg/L/d respectively. An analysis using ANOVA revealed that the
harvested biomass (p < 0.0401) and biomass productivity (p < 0.0168) were
significantly affected by light intensity. Higher light intensity allowed the microalga

to grow more rapidly, hence reaching nitrogen starvation in a shorter time. As the
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biomass concentration increased, the light penetration of the PBRs reduced. Little
light could travel into the dense medium, which led to a relatively small increase in
biomass and oil content (Chen and Johns, 1991). Since the focus is on high oil
productivity, the initial light intensity of 200 pmol/m?2/s offered the best oil
productivity against electrical energy consumed. Hence, the light intensity of 200

pumol/m?/s was chosen for the next experiment.

3.5 0.45
a _ >
) - 1035 B
o> 25+
P 10.30 8
0
20 F _ o
< 0 0.25 ”
2 15t 1020 85
m g—l
1ol 1015 3
4 0.10
05 10.05 I
0.0 0.00
b
__30¢t () 1120
< 2
< >
= 25| 1100 5
o 55
S 20 180 83
@) & B
I 10 + 1 40 H
5t 120
0 0

100 200 400 600

Different Light Intensity (umol/mzls)

Figure 17 - Influence of differing light intensity on (a) biomass and biomass

productivity; (b) oil content and oil productivity of Chlamydomonas sp. Tai-03.
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4.2.5. Effects of initial cell concentration on the cell growth and lipids
production of Chlamydomonas sp. Tai-03

Initial cell concentration (or inoculum size) of the microalgae culture is considered
as an effective factor influencing microalgal cell growth, especially for outdoor
cultivation. Using an appropriate inoculum size is critical in promoting cell growth
when the culture is exposed to full sunlight with very high light intensity
(Hallenbeck et al., 2015). Higher initial cell concentration also increased the
microalga growth rate and nutrient uptake efficiency (Lau et al., 1995). The
microalga Chlamydomonas sp. Tai-03 was selected to examine the effects of

different initial amounts of inoculation (i.e., 0.03, 0.06, 0.09, 0.12, and 0.15 g/L).
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Tai-03.
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According to Figure 18, as the initial cell concentration increased, the
biomass also increased. However, at an initial cell concentration of 0.06 g/L, the
biomass saw a slight decrease to 2.73 £ 0.03 g/L; whereas the biomass of 0.03
and 0.09 g/L initial cell concentration were 3.05 £ 0.19 and 3.07 £ 0.11 g/L. The
biomass further rose to 3.48 + 0.03 and 3.57 £ 0.10 g/L at initial cell
concentrations of 0.12 and 0.15 g/L. According to Student’s t-test, there was no
significant difference between the biomass values for initial cell concentration of
0.03 and 0.06 g/L. The variance for the biomass of 0.03 g/L (0.013) was higher
than that of 0.06 g/L (0.0014). This shows that the higher biomass for 0.03 g/L
was due to experimental errors. Apart from experimental errors, biological systems
may still exhibit varying growth in isolated environments even though all five
experiments were conducted using identical medium composition and the same
pre-culture. However, the biomass productivity increased steadily from initial cell
concentration of 0.03 to 0.15 g/L. The oil content for the 0.03 g/L was low (24.4 £
2.4%), but the oil contents for 0.06, 0.09, 0.12, and 0.15 g/L were in 30.2 £ 1.5%,
27.2 £ 1.2%, 28.6 £ 1.0%, and 28.5 £ 1.1% respectively. As a result, 0.03 g/L
had the lowest oil productivity of 83.8 £ 4.7 mg/L/d; followed by 0.06 and 0.09
g/Lat 110.0 £ 4.6 and 104.6 =+ 8.4 mg/L/d; and finally 0.12 and 0.15 g/L at 124.1
+ 5.4 and 127.1 £ 8.3 mg/L/d respectively. The oil productivities saw significant
improvements at initial cell concentrations of 0.06 g/L (29% increase compared to
0.03 g/L) and 0.12 g/L (13% increase compared to 0.06 g/L). Since the oil content
was in the range of 27 - 30%, an initial cell concentration of 0.12 g/L was
considered the optimum due to its higher oil productivity. A one-way ANOVA study
showed that the harvested biomass (p < 0.0442), biomass productivity (p <
0.0024), and oil productivity (p < 0.0282) were significantly influenced by initial
cell concentration.

The FAME profile of Chlamydomonas sp. Tai-03 was shown in Table 6, and
the FAMEs were composed mainly of palmitic acid, oleic acid and linoleic acid. These

fatty acids are suitable for biodiesel production (Knothe, 2008). The oil productivity
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of Chlamydomonas sp. Tai-03 is relatively high compared to the results of most
other research (Table 4), making it a potential strain for large-scale outdoor
cultivation to generate biodiesel. The future prospect for this research will be to
investigate the performance of Chlamydomonas sp. Tai-03 in outdoor mass culture
systems. A detailed economic analysis will shed light on the financial feasibility of
large-scale operations, while a life cycle assessment (LCA) will evaluate the self-

sustainability of biodiesel synthesis from Chlamydomonas sp. Tai-03.

Table 6 - Fatty acid methyl ester (FAME) profile of Chlamydomonas sp. Tai-03

Type of FAME Percentage per dry cell weight
Palmitic acid (C16:0) 12.56%
Palmitoleic acid (C16:1) 1.59%
Margaric acid (C17:0) 0.97%
Oleic acid (C18:1) 6.87%
Linoleic acid (C18:2) 4.58%
Alpha Linoleic acid (C18:3) 1.99%
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4.3. Study 3 - Exploring the potency of integrating semi-batch
operation into lipid yield performance of Chlamydomonas sp.

Tai-03

4.3.1. Aim and objective of study
The aim of this study is to further optimise the culture conditions of a microalgal
strain Chlamydomonas sp. Tai-03 to enhance lipid production compared to our
previous optimization study (Study 1). In this study, investigation on further
optimization parameters will be carried out, including the effects of different
concentrations of organic carbon (OC) sources and CO2 gas on the microalgal
biomass and lipid productions. Then, semi-batch operations with different medium
replacement ratios (MRRs) was conducted to enhance the biomass and lipid

productivities.

4.3.2. Effects of organic and inorganic carbon on microalgal biomass
and lipid production of Chlamydomonas sp. Tai-03

Based on the uptake and assimilation of carbon by microalgae, their metabolism
can be of three types, namely photoautotrophic, heterotrophic, and mixotrophic
modes. In photoautotrophic culture, microalgae use light and inorganic carbon
source (CO:2 or soluble carbonates) for growth via photosynthesis (Huang et al.,
2010). In heterotrophic culture, microalgae consume OC (like glucose and acetate)
for growth in the absence of light via aerobic respiration (Xiong et al., 2008). In
mixotrophic culture, microalgae utilise both organic and inorganic carbon sources
for growth in the presence of low light intensities (Heredia-Arroyo et al., 2011).
Many studies have demonstrated that mixotrophic cultivation of microalgae, using
appropriate amounts of OCs, could yield higher biomass and lipid production. The
growth rate of microalgal cells in mixotrophic mode is known to be the sum of

autotrophic and heterotrophic modes combining their advantages and overcoming
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light limitations of autotrophic mode (Zhan et al., 2017). For instance, Cheirsilp
and Torpee found that the biomass of Chlorella sp. and Nannochloropsis sp.
increased with increasing initial glucose concentration. The maximum lipid
production for Chlorella sp. and Nannochloropsis sp. were observed when glucose
concentration was increased to 10 g/L and 15 g/L respectively (Cheirsilp and Torpee,
2012). Therefore, the effects of mixotrophic (2.5% CO2 and different
concentrations of OC) and autotrophic (1.25, 2.5, 5, and 7.5% CO:2 in air)
cultivation on the biomass and lipid production of Chlamydomonas sp. Tai-03 were
investigated. The selected OCs were glucose (Gly), sucrose (Su), glycerol (Gly),
acetate (Ac), and fructose (Fru). The OCs were normalized based on their molecular
weight to obtain 2 g carbon equivalent and 4 g carbon equivalent OCs for all the
tests, and they are denoted as 2-OC and 4-0OC. The other culture conditions were
identical to the optimal conditions (stated in Section 3.1.2) determined in our
previous study (PS), which is Study 1.

As shown in Figure 19a, the highest biomass productions were achieved by
7.5% and 5% CO2 (4.26 £ 0.07 and 4.14 + 0.08 g/L/d), which were improvements
of 23% and 19% compared to the biomass production of PS (3.48 + 0.04 g/L/d).
The addition of OC did not show a significant effect on biomass production, but the
addition of an appropriate type and amount of OC significantly increased biomass
productivity. This is because the addition of OC reduced the number of cultivation
days needed for Chlamydomonas sp. Tai-03 to reach maximum lipid productivity
compared with PS (shown at the top axis of Figure 19a). From Figure 19a, the
biomass productivities of 4-Glu, 4-Su, 2-Gly, and 4-Gly were the highest (0.66
+£0.02, 0.64 £ 0.02, 0.64 £ 0.01, and 0.64 £+ 0.01 g/L/d), showing enhancements
of 52%, 47%, 48%, and 48% compared to PS. This was followed by 2-Glu and 2-
Ac (0.56 £ 0.01 and 0.58 £ 0.02 g/L/d) which show an increase of 28% and 33%.
The biomass productivities of 2-Su, 4-Ac, 4-Fru, and 1.25% CO2 (0.47 £ .01, 0.49
+0.01, 0.48 £ 0.02, and 0.45 £ 0.01 g/L/d) were similar to PS (0.43 + 0.01 g/L/d),

whereas 2-Fru had the lowest biomass productivity (0.31 £ 0.01 g/L/d). In the
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case of inorganic carbon source, an increase of CO2 concentration to 5% and 7.5%

enhanced the biomass productivities by 19% and 23% compared to PS (which was
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Figure 19b shows that the highest lipid content was achieved by adding 2-
Fru (33.5 £ 4.8%), an increase of 17% compared to PS (28.6 £ 1.4%). The lipid
content of 4-Su, 2-Ac, 5% CO2, and 7.5% CO2 were similar to PS (29.2 £ 1.8%,
28.0 £ 2.0%, 29.8 £ 1.8%, and 30.8 £ 2.5%). On the other hand, from Figure
19b, the highest lipid productivity was obtained by adding 4-Su (186.4 £ 17.5
mg/L/d), an increment of 50% compared to PS (124.1 £ 7.6 mg/L/d). The lipid
productivity of 2-Ac, 4-Gly, 5% CO2, and 7.5% CO2 were similar to one another
(162.0 £ 17.9, 155.3 + 15.0, 154.1 + 12.5, and 163.8 + 10.4 mg/L/d), and
represent an improvement of 31%, 25%, 24%, and 32% compared to PS. The tests
using 2-Glu, 2-Su, 2-Gly, and 4-Fru showed similar lipid productivities as PS (125.4
+ 10.5, 116.5 £ 13.0, 115.4 £ 16.3, and 111.7 £ 18.9 mg/L/d). The lowest lipid
content and productivity were produced by 4-Ac (10.2 £ 1.2% and 49.8 £ 6.8
mg/L/d), although biomass concentration and productivities were not affected by
the increased concentration of acetate. During cultivation of Chlamydomonas sp.
Tai-03 with 4-Ac, the microalgae did not reach nitrogen depletion state, which is
defined as the state where the medium nitrate concentration is less than 10% of
the initial amount. In this case, the 4-Ac culture was harvested after the biomass
growth reached stationary phase (data not shown). The use of 4-Ac also increased
the amount of Na* ions (due to the sodium acetate salt) in the culture, causing
greater osmotic stress to the microalgal cells. Higher osmotic stress could induce
the build-up of ROS which could degrade the thylakoid lipids and PS II complex in
the microalgal cells, decreasing the cells’ photosynthetic efficiency (Liu et al., 2012).
This could be the reason for the lower absorption of nitrate and less accumulation
of lipids (Pancha et al., 2015).

In the case of inorganic carbon source, from Figure 19b, even though the
highest lipid productivity was obtained using 7.5% CO32, the increment in lipid
productivity from 5% CO2 was only 6%. Meanwhile, the lowest CO2 concentration
of 1.25% gave the lowest lipid content and productivity of 17.5 £ 1.0% and 87.6

+ 8.1 mg/L/d. The low CO2 concentration in the aeration stream could have
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restricted the availability of inorganic carbon in the culture medium, thereby
minimising the ability of microalgal cells to accumulate lipids (Gardner et al., 2013).
But when the CO2 concentration was increased to 5% and 7.5%, the lipid content
was maintained while biomass growth was increased. This shows that a higher
dosage of CO:2 assisted Chlamydomonas sp. Tai-03 in higher cell growth rather than
higher lipid content. This growth pattern is similar to a study done by Ji et al. (2015),
where Scenedesmus obliquus was cultured in municipal wastewater supplemented
with 0.5% food wastewater (Ji et al., 2015). When the CO: concentration was
increased from 5% to 10% and 14.1%, the biomass production increased from
about 0.39 g/L to 0.43 and 0.44 g/L, whereas the lipid contents were similar
(18.4%, 19.7%, and 20.0%) (Ji et al., 2015). However, in another study, Sun et
al. (2015) had shown that both the biomass and lipid content of Chlorella
sorokiniana CS-1 increased from about 2.5 g/L and 17.5% under 1% CO2 to 3.3
g/L and 28.0% under 10% CO2z (Sun et al., 2015). This implies that the
enhancement of biomass and lipid productions under a higher dosage of CO: varies
among different microalgal strains.

In this section, the best mixotrophic cultivation condition is the addition of
4 g C/L equivalent of sucrose, demonstrating high biomass and lipid productivities
and lipid content (0.64 + 0.02 g/L/d, 186.4 £ 17.5 mg/L/d, and 29.2 £ 1.8%),
with moderate biomass growth (3.19 + 0.10 g/L). ANOVA study between PS and
4-Su shows that the addition of 4-Su significantly affected biomass productivity (p
< 0.005) and lipid productivity (p < 0.044). Meanwhile, the best autotrophic
condition is 5% CO: in terms of high biomass growth, lipid productivity, and lipid
content (4.14 £ 0.08 g/L, 154.1 £ 12.5 mg/L/d, and 29.8 £ 1.85%), with moderate
biomass productivity (0.52 £ 0.01 g/L/d). ANOVA test between PS and 5% CO:
reveals that increasing CO: dosage to 5% significantly increased biomass
concentration (p < 0.009) and biomass productivity (p < 0.009). These results
have shown that Chlamydomonas sp. Tai-03 can flourish under both autotrophic

and mixotrophic cultivation without the need for any conditioning steps.
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4.3.3. Cost analysis of the use of different organic carbon and CO:
concentrations on microalgal biomass and lipid production of
Chlamydomonas sp. Tai-03

In Table 7, the cost of the five OCs and CO:2 gas cylinder used in this study as
acquired from local chemical and gas suppliers are presented and the cost analysis
of carbon for a single run of a 1L PBR is given. The cost of using CO2 gas only at
5% concentration was higher than mixotrophic cultivation with most OCs, with the
exception of fructose. Out of the four cheaper OCs, 4-Su was the best performing
but the most expensive option. On the other hand, 4-Gly was the second best
performing yet cheapest OC. When compared to 4-Gly, 4-Su had 21% better lipid
content yield and 20% better lipid productivity yield despite a 19% increased cost.
Looking at 4-Su and 5% CO2, the biomass and lipid productivities of 4-Su were
higher because the cultivation time with 4-Su was 5 days, whereas with 5% CO: it
was 8 days. But the lower cultivation time of 4-Su also translated to lesser biomass
growth compared to 5% CO2. Although using 4-Su was cheaper than 5% CO2, the
use of OC may escalate the extent of culture contamination by bacteria when
scaling up, especially into an open pond system. Upon exposure to air,
contamination of microalgal culture with heterotrophic bacteria is unavoidable
(Erkelens et al., 2014). Although the bacteria species may not be harmful, this co-
existence may lead to a need for additional preventive measures and purification
processes depending on the intended application of the microalgal biomass (Chisti,
2016). Even though 5% CO2 system was more expensive than 4-Su system, CO:
can be sourced from fermentation off-gas or flue gas, which are free. Flue gas
normally contains about 10-20% CO2 concentration (Ono and Cuello, 2003;
Douskova et al., 2008) and comes out at high temperatures. In this case, as
Chlamydomonas sp. Tai-03 is not a thermotolerant strain, the temperature of the
flue gas will need to be reduced first. If large-scale cultivation is involved, the hot
flue gas can be cooled by heat exchangers before passing through the culture

medium. This method serves to conserve operational heat energy in the process
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chain and provide high CO2 gas stream for the culture. In consideration of large
scale microalgae cultivation for biodiesel production, most facilities employ open
ponds or raceway tracks due to their easy installation and low cost (Borowitzka and
Moheimani, 2013). In open systems, CO2 gas is more suitable as the carbon source,
but if closed systems are used, mixotrophic cultivation using sucrose becomes the
better choice. In light of the fact that most biodiesel-related cultures are open

systems, 5% CO2 was chosen to be used in the next study.

Table 7 - Analysis of cost for organic carbons (OCs) and CO: in 1 L batch operation
(as of July 2018), and comparison of biomass and lipid production yields using 5%

CO:2 condition as a reference

Best Costof  oiomass Biomass  Lipid  Lipid

Carbon Source (R(h:llo/slzg) Operating CIanr::tn Growth Pr.? Content Pr.
Condition (RM/L)® Yield Yield Yield Yield

Glucose 50.00 4-Glu 0.91 0.64 1.27 0.73 0.93
Sucrose 48.00 4-Su 0.96 0.77 1.23 0.98 1.21
Glycerol 30.00 4-Gly 0.81 0.77 1.24 0.81 1.01
Sodium Acetate 70.00 2-Ac 0.86 0.70 1.12 0.94 1.05
Fructose 100.00 4-Fru 1.97 0.70 0.93 0.78 0.72
CO:2 Gas Cylinder 4.50 5% CO2 1.62 1.00 1.00 1.00 1.00

@ Pr. = Productivity
b Cost of carbon input for all OCs include the cost of continuous sparging of 2.5% CO. (mixotrophic
cultivation), calculated from the start of culture to day of harvest

4.3.4. Effects of different medium replacement ratio on microalgal

biomass and lipid production of Chlamydomonas sp. Tai-03

In order to assess the economic feasibility of culturing Chlamydomonas sp. Tai-03,
a semi-batch system mode with partial culture harvest was performed for the same
1L cultivation system. Three different medium replacement ratios (MRRs) of the
culture were tested, as shown in Figure 20. Continuous sparging was carried out
using 5% CO:2 concentration at a flow rate of 0.2 vvm. When Chlamydomonas sp.
Tai-03 was grown using 25% MRR, the biomass returned to peak value after 1 day
(Figure 20a), whereas under 50% and 75% MRRs, the biomass took 5 days to

reach the peak value (Figure 20b and Figure 20c). The mean peak biomass
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concentration in both replacement cycles of 25%, 50%, and 75% MRR were 4.15
+ 0.12, 4.18 £ 0.08, and 4.27 £ 0.14 g/L. Meanwhile, the average biomass
concentration after medium replacement in both replacement cycles of 25%, 50%,
and 75% MRR were 4.36 £ 0.13, 3.81 £ 0.48, and 3.73 £ 0.78 g/L. From the
observations of biomass concentration, 25% MRR had the lowest mean peak
biomass but the highest average biomass after replacement. During each
replacement cycle in all three MRRs, the cultures returned to nitrogen depletion
state after 1 day. The rapid absorption of newly added nitrogen by the microalgal
cells was reflected by high biomass productivities after 1 day, and the mean
biomass productivities of 25%, 50%, and 75% MRR were 1.23 £ 0.02, 0.96 £ 0.03,
and 1.21 + 0.08 g/L/d. From Table 8, it can be seen that 25% MRR yielded the
highest biomass and lipid productivities (1.23 + 0.15 g/L/d and 239.6 £ 24.8
mg/L/d). In contrast, the biomass and lipid productivities of 50% and 75% MRR
were relatively low. This was because, in 25% MRR, the microalgal biomass
bounced back to maximum growth in one day after the replacement was done.
Since 75% of the culture was still retained after intermittent harvest, 25% MRR
provided a higher initial biomass loading which promoted maximal growth. For 50%
and 75% MRR, the microalgal biomass and lipid productivities reached their
respective maximum five days after replacement. Since there were more nutrients
available in 50% and 75% MRR compared to 25% MRR, the mean peak biomass of
50% and 75% MRR were higher than 25% MRR. Even though Chlamydomonas sp.
Tai-03 was capable of reaching maximum biomass growth regardless of different
MRRs and replacement cycles (Fig 2a, 2b, and 2c), the lipid contents could not
return to the maximum amounts (28 - 31% obtained before replacement starts)
after each replacement cycles (as shown in Table 8). This phenomenon may be due
to nutrient limitation caused by partial medium replacements. The available
nutrients were mostly utilised for biomass growth, and insufficient nutrients
remained for the microalgal cells to synthesize and accumulate lipids. Therefore,

25% of MRR was chosen as the best medium replacement treatment for
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Chlamydomonas sp. Tai-03. Upon performing ANOVA analysis of 25% MRR and 5%
CO2 batch culture, it was found out that biomass productivity (p < 4.47 x 107),
lipid content (p < 0.003), and lipid productivity (p < 0.012) were significantly

affected under 25% MRR operation.
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Figure 20 - Biomass growth and medium nitrate profile of Chlamydomonas sp.
Tai-03 under semi-batch operation with medium replacement ratios of (a) 25%,

(b) 50%, and (c) 75% (Arrows show the days of medium replacements)
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In one study, Desmodesmus sp. F2 was cultivated using modified bold 3N
medium in semi-batch cultivation with 50% MRR. Desmodesmus sp. F2 achieved a
high biomass concentration and lipid content of 3.99 g/L and 45.6%, with biomass
and lipid productivities of 0.67 g/L/d and 302 mg/L/d (Ho et al., 2014). In another
study, Chlorella sp. was cultured using modified f/2 medium supplemented with
artificial seawater in semi-batch mode with 50% MRR. A six-parallel
photobioreactor design was used, and the growth rates of Chlorella sp. were the
sum of six photobioreactors. Chlorella sp. attained a moderate lipid content of 32
- 34% with high biomass and lipid productivities of 3.20 g/L/d and 1065 mg/L/d
(Chiu et al., 2008). In comparison, when Chlamydomonas sp. Tai-03 was switched
to semi-batch mode, its biomass concentration (4.15 + 0.12 g/L) was comparable
to Desmodesmus sp. F2, whereas biomass productivity (1.23 £ 0.02 g/L/d) was
higher than Desmodesmus sp. F2 (Ho et al., 2014). Looking at lipid production, the
lipid content of Chlamydomonas sp. Tai-03 is lower than both species (19.4
2.0%). However, due to the rapid biomass growth of Chlamydomonas sp. Tai-03
after medium replacements, its lipid productivity rose to 239.6 + 24.8 mg/L/d and
is comparable to Desmodesmus sp. F2 (Ho et al., 2014) but lower than Chlorella

sp. (Chiu et al., 2008).

Table 8 - Comparison of different medium replacement ratio (MRR) on biomass and

lipid production of Chlamydomonas sp. Tai-03

Biomass Lipid
MRR (%) Culture
Time® (d) Growth (g/L) Pr.? (g/L/d) Content (%) Pr. (mg/L/d)
25 8 4.21 £ 0.10 0.53 £ 0.01 27.6 £ 2.1 145.2 + 14.4
(2 Replh) 1 4.15 £ 0.11 1.23 £ 0.15 194 +£ 2.0 239.6 £ 24.8
50 8 4.13 £ 0.11 0.52 £ 0.01 31.1+2.3 160.5 £ 7.7
(2 Repl) 5 4,18 + 0.08 0.44 £ 0.02 219+ 2.4 95.6 £ 9.9
75 8 4.26 = 0.08 0.53 £ 0.01 28.3 2.5 150.9 + 16.0
(2Repl) 5 4.27 £ 0.14 0.65 + 0.02 13.4 £ 2.7 87.5 + 15.6

@ = Productivity
b Culture time of replacement cycles follows (X Repl) Y, where X = total number of replacements, and
Y = the number of days after replacement
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In Table 9, the FAME profile of Chlamydomonas sp. Tai-03 under different
culture conditions are listed. Under all four culture conditions, the three major
FAMEs (palmitic acid (C16:0), oleic acid (C18:1), and linoleic acid (C18:2)) were
the same. When Chlamydomonas sp. Tai-03 was cultured under 4-Su, the three
minor FAMEs (palmitoleic acid (C16:1), heptadecanoic acid (C17:0), and a-linoleic
acid (C18:3)) were also the same as PS. But when Chlamydomonas sp. Tai-03 was
cultured using 5% CO2 and 25% MRR, the minor FAMEs shifted to a-linoleic acid
(C18:3) and eicosanoic acid (C20:0). The high biomass and lipid productivities of
Chlamydomonas sp. Tai-03, coupled with the availability of three short-chain major
FAMEs (C16:0, C18:1, and C18:2), makes this microalgal strain a suitable

candidate for biodiesel production (Nascimento et al., 2013).

Table 9 - FAME (fatty acid methyl ester) profile of Chlamydomonas sp. Tai-03

FAME (% weight per biomass dry weight)

Condition

C16:0 Clé6:1 C17:0 C18:0 C18:1 C18:2 C18:3 C20:0
psa 12.56 1.59 0.97 - 6.87 4.58 1.99 -
4-Sub 9.76 1.22 1.04 - 8.64 6.68 1.86 -
5.00% CO2 11.53 - - - 9.34 5.08 1.80 2.04
25% MRR€ 8.31 - - - 5.37 3.96 1.07 1.08

a = Previous study, ® = 4 grams of carbon equivalent of Sucrose per liter of culture, ¢ = Medium
replacement ratio
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4.4, Study 4 - Design of semi-closed thin layer cascade

photobioreactor for microalgal culture

4.4.1. Aim and objective of study
In this study, the aim is to design a PBR suitable for different microalgal strains
that can be easily fabricated, operated, cleaned, and maintained. For these
purposes, a design that integrates the open TLC system with a semi-closed setup
is proposed. The advantages of this semi-closed TLC PBR are:
e High surface to volume ratio of TLC system
e Reduced risk of contamination and water evaporative loss due to semi-closed
setup
e Better control of growth parameters
e Using a semi-closed cover on the retention tank can protect the microalgal

culture from environmental conditions while providing gas exchange via natural

purging

To better understand the workings of the proposed PBR system, the benefits
of using a computational fluid dynamics (CFD) program was considered. Therefore,
CFD analysis was conducted to simulate the behaviours of culture flow and mixing
in the proposed PBR system. The information from CFD was used to improve mixing

in the semi-closed TLC PBR.

4.4.2. Initial desigh concept of semi-closed thin layer cascade
photobioreactor

Figure 21 shows the initial design concept of the semi-closed TLC PBR. The design

is divided into three parts, the upper platform, the lower platform, and the retention

tank. The transition basin highlighted in both upper and lower platforms is actually

one unit (there is no wall in between). The function of the transition basin is to

direct fluid flow from the upper platform towards the lower platform. The lower
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basin is used to reduce the culture thickness from 5 cm to 3 cm. This is achieved
by placing a 3 cm baffle on the far side of the lower basin (shown in Figure 23)
before releasing the culture into the retention tank. The presence of the lower basin
helps to ensure culture thickness of 5 cm is maintained in the sloping region of
lower platform. The cascade outlet cover is attached onto the empty space on the
retention tank, allowing fluid flow into the retention tank and providing shelter from
the environment. During operation, the culture is pumped from the retention tank
to the upper platform, where it travels down to the lower platform and back into
the retention tank. When the culture returns to the tank, this cycle repeats again.
Mixing is done passively via the movement of the culture through the PBR. Rubber
pipes are inserted into the retention tank via openings (shown in Figure 24) for

aeration with air and CO2 gas.

Full Cascade Design Trimetric .
Upper Platform Cascade Qutlet ~ The end of lower cascade is

Cover above the opening of tank
(avoid spillage of water)

Inlet

Rubber pipes
for aeration
g

Lower Basin

/ Upper Platform
Front View :

Transition Basin

55cm

Horizontal direction
(represented by dotted lines)

15cm
Pump /

- 20cm -

Retention
Tank

Figure 21 - Trimetric view of semi-closed thin layer cascade photobioreactor

design
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Figure 22 - Trimetric view of upper platform
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water flow)

Hole (for
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Figure 23 - Trimetric view of lower platform
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Figure 24 - Trimetric view of retention tank

In Figure 22, Figure 23, and Figure 24, the different fittings within each part
of the PBR have been labelled and their functions briefly described. Apart from
utilising detachable transparent covers (made from acrylic), another feature of this
design is the use of rectangular baffles which allow fluid flow below and above the
baffles. In both the upper and lower platforms, all the baffles have a clearance
height of 0.5 cm below them. This baffle feature may aid in mixing when the culture

thickness is maintained at 3 - 6 cm. This culture thickness range was chosen
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because there would still be sufficient light penetration in cultures less than 5 cm

thickness (Masojidek and Prasil, 2010).

Upper Cascade Trimetric View

Figure 26 — Dimensions of lower platform
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Tank Trimetric View
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2cm & I ¥¥2cm
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2.54 cm L’"
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Figure 27 — Dimensions of retention tank

Figure 25, Figure 26, and Figure 27 shows the dimensions of the upper
platform, lower platform, and retention tank respectively. In Figure 25, the upper
platform is divided into two regions, where the sloping part has a chosen length of
64 cm and an incline of 3 cm (2.7°). The main sloping portion of both the upper
and lower platforms were arbitrarily chosen as 50 cm as a starting point. However,
on the upper platform, and additional 14 cm was added to its length. This 14 cm
would give more room to install an additional pipe to direct the culture flow at the
upper platform inlet. Since the culture velocity was calculated as 0.99 m/s, the

installed pipe would aid in slowing down and directing the culture flow. Another
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reason for the 14 cm extension was to provide room for the installation of a support
stand to hold the PBR in place. The degree of inclination of both platforms were
recommended to be around 0.5 - 3° so that the culture flows down the platforms
at a moderate speed, increasing the amount of time the culture was exposed to
light (Masojidek et al., 2015). Taking this into consideration, the degree of
inclination was chosen to be close to 3°. In this case, the incline was taken to be 3
cm (2.7°) because whole numbers are easier to deal with during fabrication process.

In Figure 26, the lower platform is divided into 4 regions, and the sloping
region has a chosen length of 50 cm with an incline of 3 cm (3.4°). Small holes of
diameter 0.7 cm are located on both the upper and lower platforms as a means of
ventilation. The diameter of the holes was chosen as 0.7 cm because 1/8” rubber
tubes (with total diameter of about 0.63 cm) can be fitted properly for pressure
relieve purposes. Another function of the rubber tubes would be to minimise the
amount of external contaminants (such as rain water, atmospheric air, and insects)
that can enter the PBR and mix with the microalgal culture. The entire PBR was
designed to be sealed except for the 0.7 cm holes found along the body of the PBR.
The cylindrical rods of 0.7 cm are placed 1 cm vertical from the surface of both
platforms to promote mixing of microalgal cells and minimise sedimentation. The
stop block in the lower platform would serve as a way to position the sloping
platforms properly onto the retention tank. The wall height of both platforms are 8
cm, taken to be 2 cm greater than the highest baffle height of 6 cm. The allowance
of 2 cm helps to ensure that the culture does not come in contact with the
transparent covers, and the culture is still close to any external light source placed
above the transparent covers.

In Figure 27, the retention tank was designed with the net positive suction
head available (NPSHa) of the pump in consideration, which is a Hailea HX6530
model centrifugal pump (Hailea Group Co., Ltd, RaoPing County, GuangDong
Province, China). The centrifugal pump can be used as an external pump or a

submerged pump. Although the net positive suction head required (NPSH;) of the
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pump is not given by the manufacturer, but considering that a submerged pump
must be fully underwater for it to operate properly and efficiently, it is thought that
the NPSHa of the retention tank will have to be greater than the height of the pump.
Given that the maximum height of the pump is 17 cm, the minimum culture height
in the retention tank must be above 17 cm. From the dimensions of the retention
tank in Figure 27, the maximum volume of the retention tank is 16.5 L. From the
dimensions of the upper platform in Figure 25 and lower platform in Figure 26, the
total working volume of both platforms during steady-state operation is close to 6
L. If an initial culture volume of 13 L is prepared, the remaining culture volume in
the retention tank during steady-state operation would be close to 7 L, which
translates to a culture height of 23 cm. The 1” outlet valve of the retention tank is
located 2 cm from the bottom of the tank (Figure 27). After deducting the vertical
height of the centre point of the outlet valve (3.27 cm), the final culture height with
respect to the pump’s centre point is roughly 20 cm. The centre point of the tank
outlet valve is in line with the centre point of the impellers of centrifugal pump. The
final culture height of 20 cm satisfies the 17 cm head estimation. The total volume
and dimensions of the retention tank were chosen (as in Figure 27) so that the
maximum volume (16.5 L) exceeds the operation volume (13 L) by a factor of
about 1.2 and the final culture height (20 cm) exceeds the estimated head required
by the pump (17 cm).

At the start of the semi-batch TLC PBR, the microalgal culture would be
pumped from the retention tank to the sloping platforms above. This indicates that
the centrifugal pump is the heart of the operation, and choosing a suitable pump
takes priority. For this design, Hailea HX6530 centrifugal pump was selected. Hailea
HX6530 centrifugal pump has a rated pump capacity of 1750 L/h. The hose inlet
diameter to the upper platform (as shown in Figure 25 as the hole to install 1”
valve) was chosen to be 1” (2.54 cm) so that the culture velocity was not
excessively high. By using the following equation, the culture inlet velocity was

calculated to be 0.99 m/s.
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Q (17)

Where v, Q, A refer to the velocity of the fluid, volume flow rate of the fluid, and

cross-sectional area of the pipe.

As microalgae are best cultivated in liquid medium which are properly mixed
and aerated, Bernoulli’'s equation is important in the calculation of steady-state
fluid flow across baffles in the PBR. Bernoulli’'s equation is represented as:

1 1 18
Py +5pvi +pghy = Py +5pv; +pgh, (18)

Where P;,v4, hy refer to the pressure, velocity, and height of the fluid at point 1,

while P,,v,, h, refer to the pressure, velocity, and height of the fluid at point 2.

The equation of continuity states that for an incompressible fluid flowing
across an enclosure with different cross-sectional area, its mass flow rate is the
same across all cross-sections. The equation of continuity is used to calculate
overflow rate of fluid over the baffles. The equation of continuity is represented as:

p141V1 = P24V, (19)
Where p;,A,,v; refer to the density of the fluid, cross-sectional area of the
enclosure, and velocity of the fluid at point 1, while p,, 4,, v, refer to the density of

the fluid, cross-sectional area of the enclosure, and velocity of the fluid at point 2.
4.4.3. CFD simulation of initial concept

4.4.3.1. Drawing of upper and lower platforms in ANSYS
ANSYS CFX was used for the CFD analysis of the semi-closed TLC PBR to study fluid
flow patterns and mixing in the PBR. ANSYS DesignModeler software was employed
to draw the required geometry for the PBR. When drawing in DesignModeler, it is

often better to represent the object or domain of interest in simple ways. For
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instance, in this study, rectangular blocks were drawn to model the real-life PBR,
and all the blocks were joined into a single body. The property of the body was
then changed to fluid domain (Figure 28). In light of the high fluid inlet velocity in
the upper platform, an inlet tube was simulated as well (shown in Figure 30). In
real-life, the inlet tube could be made using rubber tube with larger internal

diameters than the upper platform inlet diameter.

0.300 (m)

0.075 0.225

Figure 28 - Drawing of initial concept of semi-closed thin layer cascade
photobioreactor in ANSYS DesignModeler

4.4.3.2. Meshing of drawing in ANSYS
The mesh was done using ANSYS Meshing software. Under Mesh > Sizing, the
options “relevance centre” and “span angle centre” were changed from the default
values of "medium” to “fine”. Changing these settings increased the mesh quality
of the upper and lower platform, as shown in Figure 29. These settings gave a total
number of nodes and elements of 45,580 and 237,602. The rest of the options
were left at their default settings. In Figure 30, upon selecting the drawing in
Meshing, the areas of interest became highlighted in green. The geometry and

features that was drawn in DesignModeler became clear this way.
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0300 (m)

0.075 0.225

Figure 29 - Meshing of initial concept of semi-closed thin layer cascade

photobioreactor in ANSYS Meshing

0.300 (m)

0.075 0.225

Figure 30 - Green highlight of initial concept of semi-closed thin layer cascade

photobioreactor in ANSYS Meshing
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4.4.3.3. Setup of simulation in ANSYS

The simulation setup was done in ANSYS CFX-Pre software. The simulation was run
as steady state. This was because the culture volume was expected to reach a
maximum and steady state (controlled by the height of the rectangular baffles) as
the time of operation proceeded. The PBR drawing was divided into 4 different
groups, namely FreeTop (Figure 31a), Outlet (Figure 31b), Walls (Figure 31c), and
Waterlnlet (Figure 31d). The “FreeTop” here referred to the covers of the PBR, in
this case the top surfaces of the drawing, and all the top surfaces were treated as
an opening. An opening-type boundary condition allows easier calculation and
convergence for the program since air could move freely in and out of the top
surfaces, as shown by the double-directional blue arrows in Figure 31a. The “Outlet”
condition was set at 0 atmosphere (atm) static pressure and was marked by black
arrows exiting the lowest part of the lower platform in Figure 31b. The outlet
condition ensured that air or water only flowed out of the lower platform. The “Walls”
condition was set to no-slip walls and smooth walls. This meant that fluid flow very
close to the walls of the system would experience zero flow, and the fluid velocity
would recover as the fluid moved away from the walls. The “WaterInlet” condition
was set as 0.485 kg/s of water flow, which was a conversion done by using 1,750
L/h capacity of the pump and water density of 997 kg/m3 at 25°C. Only the
specified fluid (in this case water) could enter the “"WaterlInlet” boundary, and this
was marked by the black arrow pointing into the system in Figure 31d.

The entire PBR system was configured to contain only air and water. This
was because the PBR was thought to have only air and culture during operation.
The culture was thought to be mostly water as even highly-dense microalgal
cultures contain only a maximum of 30 g/L dry biomass in autotrophic cultures
(Perez-Garcia et al., 2011). If there were 30 g/L of microalgal biomass present in
water, that would only increase the total density of the fluid system (water +
microalgal cells) by 3%. This density increase of 3% was thought to be negligible

when running the simulation. In the simulation, both air and water were simulated
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at 25°C, with gravity acting in the negative Z-direction (the compass could be found
in the lower right corner of Figure 31). The PBR system was run as a multiphase
homogenous model. According to the user guide within ANSYS, if in a multiphase
system, each fluid has distinct profiles but share an interphase region, homogenous

model is recommended for faster convergence.

Figure 31 - The four main boundaries in ANSYS CFX-Pre, namely (a) FreeTop, (b)
Outlet, (c) Walls, (d) WaterlInlet

The initial conditions set at the start of the simulation was 100% air volume
fraction and 0% water volume fraction. The "mesh adaption” function was also used
to refine the mesh at areas affected by the adaption criteria specified. In this case,
the adaption criterion was set as “water volume fraction”. This would help to solve
for clear boundaries between air and water volume fractions in the simulation

results.
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4.4.3.4. Results of simulation in ANSYS
As shown in Figure 32, there was a clear distinction between water volume fraction
and air volume fraction from the simulation results. This showed that mesh
adaption was very helpful in calculating and segregating the water and air fractions
in the PBR. From Figure 33a, it could be seen that water inlet velocity was very
high, but was slowed significantly upon exiting the inlet tube. Although most of the
water flow region in the upper platform had velocities of around 0.25 m/s, there
was still significant areas with close to zero flow, such as areas close to the opening
of the rubber tube, behind the rubber tube, and close to the bottom of the upper
platform. These areas would result in microalgal cells sedimentation if not treated
properly. The water velocity in the transition basin was around 0.25 m/s, and close
to zero flow near the bottom of the basin. In Figure 33b, although the water velocity
was mostly around 0.25 m/s and reached more than 0.5 m/s when overflowing

across the baffles, the close to zero flow near the bottom of the lower platform

would still pose an issue for cell sedimentation.

1.326e-014

Figure 32 — A clear representation of water volume fraction in ANSYS CFD-Post
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Figure 33 - Water velocity of (a) the upper platform and (b) the lower platform in
ANSYS CFD-Post

4.4.4. Improvement of the initial concept of semi-closed thin layer
cascade photobioreactor

To solve the issue of zero flow near the bottom of the sloping platforms and behind
the inlet tube, the initial concept was proposed to be improved by adding more
mixing rods in both upper and lower platforms (as shown in Figure 34). The addition
of mixing rods was thought to aid in increasing water velocities near the bottom of
the platforms, thereby minimising cell sedimentation. The opening of the inlet tube
was elevated slightly so that its water output was aimed more towards the centre
of the upper platform rather than towards the bottom of the platform. Altering the
inlet tube was thought to aid mixing in the upper platform. A portion of the PBR
below the inlet tube was also cut away to minimise the area where stagnant flow

occurred behind the inlet tube.
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Figure 34 - Improved concept design by addition of more mixing rods, slight
elevation of the opening of inlet tube, and cutting away of portions of the
photobioreactor below the inlet tube (to minimise the stagnant flow behind the
inlet tube)

4.4.4.1. Meshing and setup of the proposed improvements in
ANSYS

The meshing of the improved PBR was done using the default settings of "medium”
value in both the “relevance centre” and “span angle centre” functions. This was
because the addition of mixing rods increased the complexity of the PBR, and this
would lead to large numbers of nodes and elements for the simulation to run. This
would increase the run-time of the simulation and burden on the computer. With
the mesh settings on “medium”, the total number of nodes and elements were
54,435 and 282,246. If the mesh settings were on “fine”, the total number of nodes
and elements would jump to 256,135 and 1,381,483. The medium mesh could be
used to first obtain good results, after which the mesh could be refined to a higher
quality and solved to find out if the simulation results were sensitive to mesh quality.
The medium mesh of the new PBR is shown in Figure 35. In CFX-Pre, all the
parameters of the simulation remain unchanged from the previous run.
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Figure 35 - Mesh of the improved photobioreactor concept design

4.4.4.2. Simulation results of the proposed improvements in
ANSYS

As seen in Figure 36a, the elevated inlet tube and four mixing rods in the upper
platform caused a rise in water velocity close to the bottom regions of the upper
platform. Similar to the results in Section 4.4.3.4, the middle region of the upper
platform still experienced close to zero flow. The reason for this could be due to the
direction of water from the inlet tube, which pushed water further near the bottom
region rather than the top region of the upper platform. From Figure 36a and Figure
36b, the inclusion of two mixing rods in the transition basin had encouraged higher
water velocities in the bottom region near the upper plate. In the region before the
lower plate, the inner region of the transition basin showed zero flow. This could
be due to the direction of water flow down into the sloping region of the lower
platform. However, the increased water velocities in the transition basin could
promote circulation of microalgal cells and reduce sedimentation. In Figure 36b,
the addition of mixing rods in the lower sloping platform and lower basin had

increased the water velocities near the bottom of both areas in the lower platform.
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Mixing would become better since the higher velocity of water would circulate any
microalgal cells and return the cells back into the retention tank. The microalgal
cells could restart their travel through the TLC PBR system. The improved PBR
system had performed satisfactorily in preventing microalgal cell sedimentation by
having considerable water velocities throughout the water-filled regions in the PBR.

Therefore, the improved concept design was chosen for a mesh independence study

in the next section.

0.000e+000
[m s"-1]

0.000e+000
[m s"-1]

Figure 36 - Simulation results of the improved photobioreactor concept design

where (a) represents the upper platform and (b) represents the lower platform

4.4.4.3. Mesh independence study of improved PBR concept

design
A mesh independence study was conducted on the improved PBR concept design
to determine whether the simulation results in Section 4.4.4.2 were sensitive to
mesh quality. The mesh quality of the improved PBR design was enhanced so that

the total number of nodes and elements of the new mesh was increased by about
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two-fold compared to the previous mesh, as seen in Figure 37. The total number
of nodes and elements of the new mesh became 105,442 and 542,073. The
simulation results shown in Figure 38 was similar to the results in Figure 36. The
only difference between the two simulation results was the zero velocity flow at the
middle two mixing rods in upper platform in Figure 38. However, this difference
was not significant as the water velocity in the same region in Figure 36 was also
approaching zero flow. Therefore, the medium mesh produced reliable simulation

results and the results were not sensitive to mesh refinement.

0.300 {m)

0.075 0.225

Figure 37 — Refined mesh of improved photobioreactor concept design for mesh

independence study
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Figure 38 — Simulation results of improved photobioreactor concept design with
refined mesh where (a) represents the upper platform and (b) represents the

lower platform

4.4.4.4. Effects of dense microalgal cultures on simulation
results

At the start of cultivation, the properties of the microalgal culture closely resembles
the properties of water at the same temperature. However, when the culture has
been grown for a period of time, the concentration of microalgal cells increased
exponentially. The proliferation of microalgal cells would cause the properties of
the water system to change. Two properties of the water system that are directly
altered are density and viscosity (Petkov and Bratkova, 1996). At room
temperature of 25°C, the density and viscosity of water are 997 kg/m?3 and 8.9 x
104 Pa.s respectively. When the microalgal culture has matured, the density of the
water system would increase by the dry mass of the microalgal biomass suspended
in the culture, up to a maximum of about 30 g/L dry weight of microalgal biomass

(Perez-Garcia et al., 2011). For green and blue microalgae species, such as
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Scenedesmus sp. and Spirulina sp., the viscosity of the culture could be increased
to 0.9 - 1.2 mPa.s at the end of cultivation. In the case of microalgae species that
secrete polysaccharides into the surrounding medium, such as the red microalga
Porphyridium sp., the viscosity of the water system could increase higher to 1.8 -
2.6 mPa.s at the end of cultivation (Petkov and Bratkova, 1996). Hence, in this
section, the effects of dense microalgal cultures on the simulation results were
investigated. During the setup of the simulation model in ANSYS CFX-Pre, a new
fluid model named “Culture” was added and used to replace “Water” in the
simulation. The “Culture” fluid stream had properties identical to “Water”, but had
its density and viscosity values changed to match two different microalgal cultures,
the moderate viscosity culture and high viscosity culture. Under the moderate
viscosity culture, the density and viscosity were set to 1,027 kg/m3 and 1.2 x 1073
Pa.s. A maximum microalgal biomass of 30 g/L was used in the density calculation.
On the other hand, under the high viscosity culture, the density remained at 1,027
kg/m?3 but the viscosity was increased to 2.6 x 1073 Pa.s. The greater biomass
concentration and viscosity values were utilised in order to increase the extent of
changes that would occur in the simulation results.

Figure 39 and Figure 40 illustrated the simulation results of moderate
viscosity and high viscosity microalgal cultures by ANSYS. However, when
compared with the simulation results that used “Water” stream in Figure 36, there
were no significant changes in the culture fluid velocities or fluid flow patterns in
Figure 39 and Figure 40. This implied that the density and viscosity changes
brought upon by the maturation of microalgal cultures did not affect the physical

properties of the entire water system in any significant manner.
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Figure 39 - Simulation results of improved concept design with moderate
viscosity (1.2 x 1073 Pa.s) microalgal culture where (a) represents the upper
platform and (b) represents the lower platform
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Figure 40 - Simulation results of improved concept design with high viscosity (2.6
x 1073 Pa.s) microalgal culture where (a) represents the upper platform and (b)

represents the lower platform
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CHAPTER 5

CONCLUSIONS

In the area of protein production, the microalgae species Chlorella sorokiniana CY1
and Chlorella vulgaris ESP-31 had proven to be potential producers of protein for
feed purposes in the aquaculture industry. Given a short cultivation time of 2 days,
the biomass and protein production capabilities of both Chlorella sorokiniana CY1
and Chlorella vulgaris ESP-31 could be considered remarkable. It was observed
that both species could still withstand and flourish under high light intensity of 1000
pumol/m2/s when cultured in 1 L laboratory bottles. Despite these advantages, the
protein contents of both species were mediocre. The improvement of protein
contents in both species would be the main focus of future studies, followed by the
assessment of scaling up to larger photobioreactors. Upon scaling up, design of
experiments (DOE) software would be useful in reducing the number of
experiments and determining the optimum conditions more quickly. Another future
work would be a study of the effects of feeding small fish and shrimp species using
a mixed diet of fish feed and protein-rich microalgal biomass. A characterisation
study involving the amino acid profile of the microalgal biomass would prove useful
in monitoring the health of the small fish and shrimp species.

Apart from producing proteins from microalgae, another important product
from microalgae is biodiesel. Among the five microalgal strains tested, the best oil
producing strain was Chlamydomonas sp. Tai-03, achieving high oil content and oil
productivity of 28.6% and 124.1 mg/L/d respectively. The shorter chain FAMEs
produced (palmitic acid, oleic acid and linoleic acid) are suitable for biodiesel

production. Nitrate concentration was the main parameters affecting the lipid
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accumulation in Chlamydomonas sp. Tai-03. A low nitrate concentration (25% of
the original one) caused nitrogen starvation to occur earlier, thereby enhancing the
lipid productivity. The influences of light intensity and initial cell concentration on
maximum lipid accumulation in Tai-03 strain were still significant, but less
substantial compared to the concentration of nitrate.

In a follow-up study, the microalga Chlamydomonas sp. Tai-03 was further
optimised by altering the CO2 concentration and medium replacement ratio (MRR)
under semi-batch operation. The optimum condition was observed as 5% CO2
concentration using semi-batch operation with 25% MRR where Chlamydomonas
sp. Tai-03 was successfully cultured for two replacement cycles. Chlamydomonas
sp. Tai-03 bounced back to peak biomass growth in only 1 day after both
replacement cycles, achieving high mean biomass and lipid productivities of 1.23
+ 0.02 g/L/d and 239.6 £ 24.8 mg/L/d, and moderate mean lipid content of 19.4
+ 2.0%. This rapid growth pattern implies that after the first 8 days of batch culture,
25% of Chlamydomonas sp. Tai-03 culture could be harvested daily for biodiesel
production. This study has demonstrated that by combining MRR treatment with
suitable microalgal strains, this culture method could be applied to produce not
only lipids, but also other valuable products such as carbohydrates, proteins,
enzymes, and carotenoids. This operation mode could also enhance the efficiency
of microalgal biorefineries to produce a wide range of microalgal-derived products
Following this study, future works would involve the study of long-term behaviour
and stability of Chlamydomonas sp. Tai-03 cultures under 25% MRR operation.

Computational fluid dynamics (CFD) analysis of the proposed semi-closed
thin layer cascade (TLC) photobioreactor (PBR) had shown that sufficient mixing
and water velocities could be achieved using the improved concept design. The
addition of mixing rods strategically placed in the PBR were able to induce mixing
near the bottom of both the upper and lower platforms, which would sweep up any
cells sediment and circulate the microalgal cells through the PBR system. The

installation of the inlet tube and removal of a portion of the upper platform behind
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the inlet tube had served to reduce the stagnant regions in the upper platform.
Satisfactory results of CFD analysis of the improved design concept had
demonstrated the potential benefits of utilising this PBR for cultivation larger
volumes of microalgal cultures. This design concept could become useful as a
hybrid photobioreactor design that could be used in both indoor and outdoor
conditions. Future works following this PBR study would involve implementing and
testing other innovative methods to further improve the efficiency of this system.
The PBR system could also be fabricated and tested to better understand the
mechanism and performance of the system in real-life. This would provide valuable
insights into the future designs of PBR with better considerations and advanced

features.
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