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The cultivations of both Ankistrodesmus sp. and Scenedesmus sp. were
carried out in a large scale non-baffled flat plate airlift photobioreactor (NB-FP-
ARPBR). This placed a focus on the design effect of the reactor using the reactors
of different widths, i.e. 20, 30, 40 and 50 cm and different unaerated liquid heights
i.e. 40, 50 and 60 cm, operated under Thailand climate conditions. As a whole,
the configuration of the NB-FP-ARPBR had an influence on fluid flow behavior,
lisht availability, temperature and other factors affecting the livelihood of
microalgae. The size of reactor appeared to be statistically important for the
growth in NB-FP-ARPBR for both Ankistrodesmus sp. and Scenedesmus sp. that
grew best in NB-FP-ALPBR with the width of 50, followed by those with 40, 30 and
20 cm, respectively. However, Scenedesmus sp. was on exception at the
unaerated liquid height of 40 cm where the growth rate was ordered from high to
low as 50, 20, 40 and 30 cm, respectively. In terms of liquid height, both
microalgae grew best in NB-FP-ALPBR with the height of 50, followed by those
with 40 and 60 cm, respectively. There was no direct relationship between
biochemical compositions with the configuration of NB-FP-ALPBR. Protein seemed
to be the major composition (35-45%) whereas lipid was the minor. Carbohydrate
was found to be rich when there was adequate light for the growth. The total
cost was approx. 420.40 USS per year where the major costs for the cultivation of
Ankistrodesmus sp. and Scenedesmus sp. was the capital cost which contributed
almost 43% of the total investment cost, followed by those with electricity (32%),
nutrient (23%) and water (2%).
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CHAPTER |

Introduction
1.1 Motivations

Algae are unicellular microorganisms with high chlorophyll content and use carbon
dioxide in the Photosynthesis process. Algae have attracted much interest as an
alternative for several natural chemicals such as carbohydrates, proteins, vitamins,
minerals, and antioxidants. Some algae can accumulate a large quantity of oil which
is considered to be one of the future possible alternatives fuel source. With proper
control of environment, algae can grow with a faster growth rate than other in-land
plants. In addition, algae can be harvested daily; the culture did not require arable
land; and they can grow anywhere (Mata et al., 2010). This is why algae were
considered to become potential bio-fuel in the future compared with other potential
sources such as soybean, corn, oil palm and others. In addition, algae are regarded as
one alternative source of food, bioactive compounds and also for their usefulness in
cleaning the environment (Ugwu et al., 2008). Ankistrodesmus sp. is a unicellular
green microalga, which can accumulate the total lipid content up to 24% (Mata et
al, 2010). On the other hand, Scenedesmus sp. effectively produces useful

substances like carbohydrates, proteins and lipid (Singh et al., 2011).

Airlift photobioreactors have been proven to be an effective alternative for
the cultivation of microalgae (Krichnavaruk et al., 2007, Kaewpintong et al., 2007,
Issarapayup et al., 2009). This system might be due to several main advantages over
the other types of reactors. For example, the operation causes lesser stress force,
good mixing, well-defined fluid flow pattern, relatively high gas-liquid mass transfer
rate and low cost (Krichnavaruk et al., 2005). Also, this system is easy to maintain.
The mixing in the airlift photobioreactor could be obtained without causing too
much shear force in the liquid phase, which could inhibit the growth of the algae. In
addition, it was mentioned that the well-defined circulation pattern between riser
and downcomer result in a better light utilization particularly for the system with
high density of algal cell (Merchuk et al., 1998). Moreover, airlift was also proven to
be successfully scaled up without losing much of the cultivating performance.
However, typical performance of large-scale systems is significantly different from the
small scale (Wongsuchoto et al., 2003, Ugwu et al.,, 2008, Ruen-ngam et al., 2008)
and quite often the productivity of the alga varies inversely with the size of the
reactor (Harker et al., 1996, Rio et al., 2005, Del Rio et al., 2008, Kaewpintong et al.,


http://protist.i.hosei.ac.jp/PDB/images/Chlorophyta/Scenedesmus/index.html

2007, Garcia ~ Malea et al., 2009, Garcia-Malea et al., 2005, Loépez et al., 2006,
Ranjbar et al., 2008). However, flat plate airlift photobioreactor with draft tube
growth has decreased in size possibly due to the inevitable non-uniformity of fluid in
the large scale (Issarapayup et al., 2009). For this reason, airlift photobioreactor

without draft tube will be suitable for culture of algal cell.

This study aimed to investigate the optimal growth behavior of
Ankistrodesmus sp. and Scenedesmus sp. in  non-baffled flat panel airlift
photobioreactors (NB-FP-ALPBR) under outdoor condition using solar energy as a sole
lisht source under Thailand climate conditions. This placed a focus on the design
effect of the reactor using the reactors of different widths, i.e. 20, 30, 40 and 50 cm
and different unaerated liquid heights i.e. 40, 50 and 60 cm. As a whole, the
configuration of the NB-FP-ARPBR had an influence on fluid flow behavior, light
availability, temperature and other factors affecting the livelihood of microalgae. The
properties of the obtained microalgae also were analyzed as well as economic

analysis for the cultivation.

1.2 Objectives

1.2.1 Optimize the configuration of the large scale non-baffled flat panel airlift
photobioreactor, i.e. width and height of the airlift, for the growth of green algae

(Ankistrodesmus sp. and Scenedesmus sp.) under outdoor condition

1.2.2 Evaluate economics of large scale NB-FP-ALPBR on the cultivation of

both algae

1.3 Scopes

- The large scale cultivation system under outdoor condition with sunlight and

environmental temperature.
® Ankistrodesmus sp. and Scenedesmus sp. was chosen for this study.
® The algae were cultivated in batch cultivation.

® The experiment was performed with non-baffled flat panel airlift

photobioreactor located in Bangkok Thailand.
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The effect of the reactor width was investigated using the reactors
with different width, i.e. 20, 30, 40 and 50 cm (working volume 65-220
L).

The superficial gas velocity (Us) was fixed at 0.16 cm s
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Backgrounds and literature review
2.1 Microalgae

The size of most microscopic algae ranges from about 3 - 100 micrometers.
Microalgae can live in a wide range of environmental conditions, not only aquatic but
also terrestrial. Microalgae live in saline and fresh water and convert sunlight, water
and carbon dioxide to biomass. All microalgae contain protein, carbohydrate, lipid,
nucleic acid, vitamin including antioxidants while the proportions are vary with the
species of algae. Many microalgae species can accumulate substantial amount of
compositions (Demirbas & Fatih Demirbas, 2011). Chemical compositions of the
microalgae are different from species to species as show in Table 2.1. Utilization of
these chemical composition variables, e.g. use as raw material for biodiesel or
bioethanol production, or as protein supplement in food and animal feed as well as

application in  cosmetics and pharmaceutical industry as well.

Table 2.1 composition of green microalgae

Strain Protein Carbohydrate  Lipid Reference

(%) (%) (%)
Scenedesmus obliquus 50-60  10-17 12-14  (Singh et al,, 2011).
Scenedesmus quadricauda 47 = 1.9 (Singh et al., 2011).
Scenedesmus dimorphus 8-18 21-52 16-40  (Singh et al., 2011).
Ankistrodesmus sp. - - 24-31  (Mata et al., 2010)
Ankistrodesmus TR-87 - - 28-40  (Demirbas & Fatih

Demirbas, 2011).
Chlorella vulgaris 51-58  12-17 14-22  (Singh et al,, 2011).
Spirogyra sp. 6-20 33-64 11-21  (Singh et al,, 2011).

Dunaliella bioculate 49 q 8 (Singh et al., 2011).




The advantages of microalgae are as followings: (Demirbas & Fatih Demirbas, 2011,
Gong & Jiang, 2011, Mata et al., 2010)

v Microalgae grow rapidly and contain high content of lipids.
v Microalgae grow anywhere and live in harsh conditions.

v The culture could be used to treat agricultural wastewaters that contain

excess nitrogen and phosphorus nutrients.
v Microalgae can be harvested daily.

v Microalgae produce useful by-products including long-chain polyunsaturated

fatty acids, carotenoids for foodstuffs.
v" The cultivation of microalgae does not require arable land.

v Microalgae can be used to fix CO, and reduce carbon emission via

photosynthetic process.

v When used as biofuel, algae release minimal concentrations of sulfur dioxide,

nitrous oxide and other contaminants.

2.1.1 Ankistrodesmus sp.

Ankistrodesmus sp. is a green alga under the scientific classification as

detailed in Table 2.2. Ankistrodesmus cells are long and needle or spindle-shaped, or

sometimes curved or slightly crescent-shaped depending on the growth conditions
(Figure 2.1). The cells lack mucilage and may be found individually, clustered, twisted
around each other, or in tufts among other algae. The parietal chloroplasts
sometimes have pyrenoids. Ankistrodesmus is a form of asexual reproduction by
autospore formation and colony fragmentation, the parent cells divides to give the
new cell. Cells rarely solitary, mostly in few to many celled colonies with 4-16 cells
that develop into new cells. Ankistrodesmus have contained essential nutrients such
as protein, minerals, lipid, minerals, fiber, essential amino acids, and polyunsaturated
fatty acid. The amount of crude protein and lipid of Ankistrodesmus convoiutus
cultured in effluent mediums were higher than control. Ankistrodesmus convoiutus
contained most of the polyunsaturated fatty acids of C18 and C20 (Habib et al,
2004). Sipauba-Tavares & Pereira, (2008) reported that Ankistrodesmus gracilis was
used as food source for fish larvae due to its relatively high protein content.

Radakovits et al, (2010) reported that Ankistrodesmus densus secretes



polysaccharides when exposed to light during stationary phase. National institute for
environmental studies (2011) reported that Ankistrodesmus densus TISTR 8505 found

at the first time at Nakornpathom, Thailand, which appropriate cultivation conditions

as temperature is 28°C and light intensity is 60 pumol photons m’s.

Table 2.2 Scientific classification of Ankistrodesmus sp.

Domain Eukaryota
Kingdom Viridiplantae
Division Chlorophyta
Class Chlorophyceae
Order Sphaeropleales
Family Selenastraceae
Genus Ankistrodesmus

2.1.2 Scenedesmus sp

Figure 2.1 Ankistrodesmus sp.

Scenedesmus sp. is a green photoautotrophic and unicellular microalgae
under the scientific classification as detailed in Table 2.3. Scenedesmus sp. is
commonly found in the plankton of freshwater rivers, ponds, and lakes, and
sometimes in brackish habitats. This is a genus of green algae whose coenobia are a

flat plate of ellipsoidal to spindle-shaped cells that are arranged in a single,
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alternating or double series with their long axis parallel to one another (Figure 2.2).
The number of cells per coenobium is always a multiple of two, usually 4, 8, 16 or
32. The cell walls may be smooth, corrugated, granulate or spicate. Some are with
marginal or lateral spines or teeth. The chloroplast in young cells is laminate that has
a single pyrenoid. The chloroplast in old cells fill up the entire cavity. Growth may
be dense in nutrient- rich waters but is not typically considered a nuisance. Like
many other algae, Scenedesmus is an important primary producer and food source
for higher trophic levels use as animal feed due to its relatively high protein content.
Yoo et al., (2010) and Tang et al., (2011) reported that Scenedesmus sp. could grow
as a dense culture using carbon dioxide in the range of 5-20%. Scenedesmus
almeriensis can produce high value antioxidant, i.e. lutein at approximately 0.53% of
its dry weight which could reach a high productivity of 3.8 mg of lutien L>1day_1
(Sanchez et al., 2008). Scenedesmus almeriensis a potential candidate make lutein
production for commercial scale. For outdoor cultivation, the selecting strain should
grow reasonably well under normal environmental conditions. For Thailand, the
culture of Scenedesmus armatus TISTR 8591 is quite interesting because this specie
of alga is a rapid growing local species with minimum requirement for system

maintenance.

Table 2.3 Scientific classification of Scenedesmus sp.

Domain Eukaryota
Kingdom Protista

Division Chlorophyta
Class Chlorophyceae
Order Chlorococcales
Family Scenedesmaceae

Genus Scenedesmus
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Figure 2.2 Scenedesmus sp.

2.2 Photosynthesis in microalgae

Photosynthesis are light energy is converted into chemical energy stored in
chloroplasts. Four major classes of pigments consist of chlorophylls, carotenoids,
phycobilins and phycoerythrin which absorb light in the range of 450-475 (green),
630-675 (green), 400-550 (yellow, orange) , 500-650 (blue, red) and 500-600 nm
(yellow), respectively (Carvalho et al, 2011). This is shown in Figure 2.3. All
photosynthetic  organisms (plants, certain protistans, prochlorobacteria, and
cyanobacteria) have chlorophyll a. Accessory pigments include chlorophyll b (also c,
d, and e in algae and protistans), xanthophylls, and carotenoids (such as beta-

carotene) are absorb some of the energy in the green wavelength.

Chlorophyll b \“thcoerﬁhrin
i

Phycocyanin

 Chlorophyll a

Absorption .

[ - crres 12624 i ]‘\_
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Figure 2.3 Absorption spectrum of several plant pigments



Photosynthesis is a two steps mechanism, light-dependent reaction occured
in thylakoids membrane and light-independent reactions or known as the Calvin
cycle or carbon dioxide fixation process occur in stoma (Figure 2.4). Photosynthesis
uses light energy, carbon dioxide and water to produce end products, e.g.

carbohydrate (sugar) and oxygen. The chemical equation of reaction is shown below

6CO, + 6H,0 + light energy —— CeH1,04 + 60, (2.1)

In light dependent processes, light strikes chlorophyll a in such a way as to
excite electrons to a higher energy state. In a series of reactions the energy is
converted into ATP and NADPH. Water is split in the process, releasing oxygen as a
by-product. The ATP and NADPH are used to make C-C bonds in the light
independent process (dark reactions). Photosystems are arrangements of chlorophyll
and other pigments packed into thylakoids. Algae have Photosystem Il plus
Photosystem I. Photosystem | use chlorophyll a, in the form referred to as P700.
Photosystem Il uses a form of chlorophyll a known as P680. Both "active" forms of
chlorophyll a function in photosynthesis due to their association with proteins in the

thylakoid membrane.

In the light independent process, carbon dioxide from the captured and
modified by the addition of hydrogen to form carbohydrates. The incorporation of
carbon dioxide into organic compounds is known as carbon fixation. The energy for
this comes from the first phase of the photosynthetic process. Living systems cannot
directly utilize light energy, but can, through a complicated series of reactions,
convert it into C-C bond energy that can be released by glycolysis and other

metabolic processes.

(C; cycle) occur
in stroma.

G3P

end product = siucose

Figure 2.4 Major products of the light and dark reactions of photosynthesis
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2.3 Process factors

The biochemical composition of algae is generally affected by cultivation
conditions and many other factors such as nutrient composition, light intensities, pH,

aeration, gas mass transfer and shear, inoculum and temperature, etc.

2.3.1 Light

Light intensity plays an important role for algae, light is the source of energy
which drives photosynthetic reaction. The intensity of light, spectral quality and
photoperiod should be considered. A long lighting period can increase biomass
concentration including the amount of proteins, carbohydrates and lipid in cell
(Fabregas et al., 2002, Seyfabadi et al., 2011). The light intensity must be increase at

higher depth and cell concentration of algae.

2.3.2 Temperature

Temperature is also an important parameter influencing the biochemical

composition of algae in outdoor culture. The temperature range for the growth of
microalgae is between 15 and 32°C. Generally, the optimal temperature ranges
between 22 and 30°C and are species dependent (Ong et al., 2010). At temperature

above 35°C, the growth rate decreases, perhaps due to inactivation of intercellular
enzymes, cell damage and solubility of gases. Lower temperature results in
suboptimum growth. Most large scale microbial cell are exothermic with heat

generated due to growth, activity and power input by aeration.

2.3.3 pH

Generally, microalgae grow well at neutral pH but some species can grow at
higher and lower pH such as Spirulina platensis (pH 9) (Sydney et al., 2010) and
Chlorococcum littorale (pH 5.5) (lwasaki et al., 1996), respectively. In outdoor culture,
carbon dioxide is consumed by the algae and end products from light reaction such
as ATP and NATPH are used as energy sources. This reduction in CO, resulted in a
decrease in the pH level of the solution. At night however, there is no light reaction
and therefore CO, cannot be up taken, and an increase in the solution pH can be

observed. The pH is also indicative of the growth of the microalgae. A high pH
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indicates that the microalgae have a high carbon dioxide uptake that may be due to

microalgae proliferation.

2.5.4 Gas-liquid mass transfer and shear

Optimum cultivation of algae in any bioreactor requires proper supply and
distribution of nutrients, carbon dioxide transfer as well as a means to prevent cell
sedimentation. The problems encountered such as some anaerobic zones,
heterogeneous mixing and low cell mass can lead to suboptimum mixing
characteristics and lower growth efficiency (Scragg, 1995). The use of high air
superficial velocity in most instances has resulted in high shear, more turbulent-like
flow and low productivity (Acién Fernandez et al, 2001, Tanaka, 1981). During
process scale-up, the size and the geometry of tank are altered and so one must
consider and take into account these change because they also result in increased
hydrostatic pressure between the top and the bottom of the tank. However, for large
scale operation, such modifications have influenced the solubility of gas (Scragg,
1995, Tanaka, 1987).

2.3.5 Nutrients

- Carbon

Carbon supplied as inorganic substrate in form of carbon dioxide (CO,), bicarbonate
(NaHCO3) and carbonate (Na,COs) is most important for high rates of autotrophic
production as algal biomass contains up to 50% of carbon. In water, CO, may occur
as H,COs;, HCO; and CO32_ depending on pH as demonstrated in Figure 2.5. The
gaseous CO, can be produced from the bicarbonate and carbonate buffer system for

photosynthesis.
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Figure 2.5 pH-dependency of H,CO/HCO /CO,” equilibrium (Steel et al., 2013)

- Nitrogen

Nitrogen is an important nutrient associated with the primary metabolism of
microalgae and this also constitutes cell protein in algal biomass. The range of
nitrogen content of the biomass is between 1 and 10%. Nitrate (NO3), ammonium
(NH,") and urea (NH,CONH,) are commonly used as nitrogen source for algal

cultivation.

- Phosphorus

Phosphorus is essential for algae growth as it plays an important role for
many cellular processes such as energy transfer, synthesis of nucleic acid. Although
algal biomass contains less than 1%Phosphorus, it is one of the most important
growth limiting factors. Most algae acquired phosphorus in inorganic forms, either as
H,PO, or HPO, .

- Other nutrients

Many inorganic elements and organic compounds can be utilized for algal
nutrition. Other macronutrients are important for algal cultivation also potassium (K),
sulfur (S), sodium (Na), Magnesium (Mg) iron (Fe), and calcium (Ca). In addition, many
trace elements are important in enzyme reactions such as boron (B), manganese
(Mn), copper (Cu), zinc (Zn), cobalt (Co) and Molybdenum (Mo). The functions of the

minerals in algal cells are summarized in Table 2.4
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Table 2.4 Elements required for algal growth (Graham & Wilcox, 2000)

element examples of function and location in algal cells

N amino acid, nucleotides, chlorophyll, phycobilins

P ATP, DNA, phospholipids

S some amino acids, nitrogenase, thylakoid lipids

Na nitrate reductase

Ca alginates, calcium carbonate, calmodulin

Mg chlorophyll

Fe ferrodoxin, cytochromes, nitrogenase, nitrate and nitrite reductase,

catalase, glutamate synthetase

K agar and carrageenan, osmotic regulation (ionic form), cofactor for many
Mo enzymes
Mn nitrate reductase, nitrogenase
7n oxygen-evolving complex of photosystem I
Cu carbonic anhydrase, Cu/Zn superoxide dismutase, alcohol dehydrogenase
Co plastocyanin, Cu/Zn superoxide dismutase, cytochrome oxidase

vitamin B12

2.3.6 Inoculum

Minimum inoculum is essential for optimum growth of microalgae cell and
product expression. In most instances, a minimum of 0.5% (wet weight/volume)
serves the purpose. The reason for this minimum level is not clear, but several
studies on inoculum have suggested the presence of a stimulation metabolite in
spent media. Substituting spent media with fresh media have resulted in longer lag
phase, lower growth rate, and heterogeneous population. Beside the inoculum, the
physiological stage of inoculum is also critical for batch processes (Srinivasan et al.,
1996).
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2.4 Batch cultures

The batch culture consists of a single inoculation of cells into a Duran bottle
of fertilized water followed by a growing period of several days and finally harvesting
when the algal near-maximum density. Then, algae are transferred to larger culture
volumes prior to reaching the stationary phase and the larger culture volumes are

then brought to a maximum density and harvested.

Batch culture systems are the most common culture system and widely
applied for cultivation of microalgal cells because of their simplicity and flexibility,
allowing to change species and to remedy defects in the system rapidly. In batch
cultures, a limited amount of culture medium is given at the beginning of the culture
and no further input of nutrients. The algal cell density increases with time, leading
to a denser cell culture which decreases light transmission and finally limits its own
growth.

The growth of microalgal cell can be classified into several different phases
which also indicate the change in biomass quantity. The several different phases can
be divided into 4 major phases as illustrated in Figure 2.6. The different phases of the
growth curve may alter in length and slope according to the condition prevailing in

the culture.

A). Lag phase: At the beginning, the algal cell culture adjusts itself to altered
environmental condition. During this phase, the algal growth rate is close to zero as

algae synthesize inducible enzymes whilst using stored food reserves.

B). Log phase: the cell growth rate is increasing rapidly. The rate of

multiplication is almost constant, and the cell density increases as a function of time.

C). Stationary phase: the equilibrium is reached between the cell growth and
death rate. This phase normally describes the maximum attainable concentration of

algal biomass in a closed system.

D). Death phase: the algal cells begin to die at a more rapid rate than that of

reproduction and exhaustion of nutrients or high toxic concentration.
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Figure 2.6 Growth phase of algal under batch culture conditions

2.5 Photobioreactors for microalgae cultivation
2.5.1 Open ponds

Cultivation of algae in open ponds has been extensively studied in the past
decades (Boussiba et al., 1988, Tredici et al., 1991, Hase et al., 2000). Nowadays,
open ponds system are often used for commercial algal production, especially tank,
shallow ponds, raceway ponds and circular ponds it agitated or circulated by
mechanical equipments such as paddle wheel or rotating scraper to produce the
circulation of water (Suh & Lee, 2003)(Figure 2.7). The major advantage of open pond
systems are that they are easier to construct, cleaning up and operate than closed
systems. However, this system has many disadvantages of cultivation including low
cell densities resulting in a large area requirement which it is difficult to distribute
nutrients and dark zone appearance, poor light utilization by the cells, case of
contamination, poor batch consistency and unpredictable culture crashes caused by
changes in weather, sunligsht or water quality. Including increase the capital and

operating costs of these systems.
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Figure 2.7 Open pond on top view (Singh & Sharma, 2012)

2.5.2 Enclosed photobioreactors

To avoid problems in open ponds systems, much attention is now focused
on the closed systems which are believed to give high biomass productivity and easy
to control of culture condition. There are different types of photobioreactor, where

the majors are flat-plate, tubular, bubble column and airlift photobioreactor.

® Tubular photobioreactors

Tubular photobioreactors are designed as short radius and long cylindrical shape
in order to provide a larger ratio of surface area to culture volume for effective
growth. Tubular cylindrical geometry allows the system to work as solar collectors to
capture sunlight for photosynthesis. The tubular type airlift is the most successful on
large scale to produce algal biomass (Chisti, 2007). They can be in several forms such
as horizontal/serpentine (Gudin & Chaumont, 1991, Molina et al.,, 2001), vertical
(Henrard et al., 2011), near horizontal (Chini Zittelli et al., 1999), conical (Watanabe &
Saiki, 1997), inclined (Lee & Low, 1991, Ugwu et al, 2005) photobioreactors, as
present in Figure 2.8 (Chisti, 2007). However, it is difficult to control culture
temperature, poor mass transfer and limited by oxygen accumulation, carbon dioxide
depletion and pH variations (Eriksen, 2008).
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Figure 2.8 Horizontal tubular photobioreactor (Singh & Sharma, 2012)

® Bubble column photobioreactors

Bubble-column bioreactors are simple devices that have gained wide
acceptance in gas-liquid contacting, higsh mass transfer and low shear stress. The
introduction of gas takes place at the bottom of the column and causes a turbulent
stream to enable an optimum gas exchange (Figure 2.9). However, the scale up of
bubble column photobioreactors has some limitation if scaled up increasing the
diameter and height of reactor effect to aeration rate are posed by considerations of
shear sensitivity (Acién Fernandez et al., 1999) and light penetration (Sanchez Mirdn
et al.,, 1999). A certain minimal aeration rate is essential so that the cells do not
stagnate for long in the dimly lit interior of the reactor (Sanchez Mirén et al., 1999).
At the same time, there is an upper limit on the acceptable level of turbulence,

because hydrodynamic forces affect certain algal cells (Acién Fernandez et al., 1999)

Air outlet

L —
[ —
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[ g 2

I"“---_____---'/
Air pump

Air inlet L e ;\

Figure 2.9 Bubble column photobioreactor (Krichnavaruk et al., 2005)
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® Flat plate photobioreactors

Flat-plate or flat panel photobioreactors have received much attention for
cultivation of photosynthetic microorganisms due to their large illumination surface
area is suitable for outdoor culture (Figure 2.10) (Ugwu et al., 2008). The preparation
of flat culture vessels for cultivation of algae was presented by (Ugwu et al., 2008).
Subsequently, the development of outdoor flat panel reactor was examined by
(Ramos de Ortega & Roux, 1986) by using thick transparent PVC materials. Afterwards,
extensive works on various designs of vertical alveolar panels and flat plate reactors
for mass cultivation of different algae were reported (Tredici et al., 1991, Wang et al.,
2013, Issarapayup et al., 2009). The flat-plate photobioreactors should be made from
transparent materials for maximum utilization of solar light energy. Characteristic
fluid-dynamic and mass transfer of the flat plate photobioreactors was investigated
and it was concluded that the main advantages of this reactor were low power and
high mass transfer capacity (Sierra et al., 2008). Furthermore, they can increase
volume by increase length of reactor. Nevertheless, the major disadvantage is high

stress damage from aeration.

Figure 2.10 Flat-plate photobioreactors

® Airlift photobioreactors

Airlift photobioreactors are generally classified as pneumatic reactors without any
mechanical stirring arrangements for mixing, similar to bubble column reactors.

However, airlift contains a draft tube (Figure 2.11) to separate the system to aeration
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and nonaeration compartments. This helps improve circulation and oxygen transfer
and equalizes shear forces in the reactor. The two separated fluid zones (riser and
downcomer) have different density due to the differences in gas holdup and this is
the main concept of such airlift. One advantage of airlift reactors is the elimination of
attrition effects generally encountered in mechanical agitated reactors. It is ideally
suited for aerobic cultures since oxygen mass transfer coefficient are quite high in
comparison to stirred tank reactors. Furthermore, the fluid is well mixed and
becomes homogeneously distributed to the algae. Major energy requirements for
airlift are electricity used to aerate the system, but without agitator. This simple
design aids in the maintenance and cleaning up of the system. Our previous work by
(Issarapayup et al., 2009) reported that the flat panel airlift photobioreactor (FP-
ALPBR) could be scaled up simply by extending the length of the reactor without
losing growth behavior.

Air outlet

— Liquid flow direction

Downcomer

-

— _Riser

¥R JY |
Alr pum|
A[rin:[, ,-—I?\ P
_D< A
/ Y

Figure 2.11 Airlift photobioreactor (Krichnavaruk et al., 2005)
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CHAPTER Il

Materials and methods
3.1 Microalgae in batch culture

Green microalgae used for this study were Ankistrodesmus sp. and Scenedesmus sp.
These were obtained from Microbiological Resources Centre (MIRCEN), Thailand
Institute of Science and Technology Research (TISTR). Both microalgae were cultured
with BG11 medium which contains the components as shown in Table 3.1. The
incubation was cultured in 250 mL flask at 25°C, lisht intensity at 350 Lux. for 7 days.
This was then transferred to 2 L Duran bottle containing sterilized BG11 medium. The
cultivation contained approximately 5x10° cell mL" starter as the same initial
condition for the subsequent cultivation and aerated with sterile air (filtered through
0.2 micron filter, Gelman Acrodisc 50). The batch cultivation was cultured until the

stationary growth was reached (Figure 3.1).

Figure 3.1 Batch cultivation of green microalgae in 2 L Duran bottle


http://protist.i.hosei.ac.jp/pdb/images/chlorophyta/Ankistrodesmus/index.html
http://protist.i.hosei.ac.jp/PDB/images/Chlorophyta/Scenedesmus/index.html

Table 3.1 Composition of BG11 medium (1 Liter) (Stanier et al., 1971)

Stock  Compositions

Amount of chemicals

(1
2
(3)
(@)
(5)
(6)
(1)
(8)
)

NaNO;

K,HPO4*3H,0

MgSOy* 7TH,O

CaCl,*2H,0

Citric acid (C¢HgO7)
Ammonium ferric citrate (C¢HgO7nFe:nNH; )
EDTANa,

Na,COs

Microelement stock solution
HsBO,

MnCl,+4H,0

ZnS0O4* 7H,0

Na,MoO,*2H,0

CuSO,4+5H,0

Co(NOs),*6H,0

pH=7.4

15 ¢
0.040 ¢
0.075¢
0.036 ¢
0.006 ¢
0.006 ¢

0.001 g
0.020 g

2.860 mg
1.810 mg
0.220 mg
0.390 mg
0.080 mg

0.050 mg
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3.2 Experimental setup

The configuration of airlift photobioreactor chosen for both green microalgae
culture was non-baffled flat panel airlift photobioreactor (NB-FP-ALPBR) under
outdoor condition with sunlight and atmospheric temperature. The reactor was made
from fiberglass with the following dimension: 80 cm height, 100 cm length and
different widths, i.e. 20, 30, 40 and 50 centimeters, where the bottom was sloped 30°
(Ritcharoen, 2014, Sintharm, 2014) as illustrated in Figure 3.2. Air flow was supplied
through to a long porous gas sparger (filtered through 0.2 micron filter, Gelman
Acrodisc 50). The light intensity and the temperature were measured and collected
by HOBO Temperature Light (3500 DP Logger UA-002-08) apparatus. The pH value

was measured by portable pH meter.

3.3 Outdoor cultivation system
3.3.1 Effect of width of reactor
1. Fill freshwater into the non-baffled flat panel airlift photobioreactors

2. Check for residual chlorine with potassium iodide, the sample without

chlorine is clear in color, otherwise a yellow solution is formed

3. Add nutrients and initial cell inoculum at concentration 4><105 cell mLf1 for

Scenedesmus sp. and 1x10° cell mL™ for Ankistrodesmus sp.

4. Supply air at the bottom part of the reactor at the flow rate of 0.16 cm s
for both algae at the dark:light period of 12:12

5. Take sample and count for cell density using Haemacytometer at once a

day frequency until a stationary phase of growth is observed

6. Calculate specific growth rate using Equation 3.6 and productivity using
Equation 3.8

3.3.2 Effect of height of reactor

1. Fill freshwater into the non-baffled flat panel airlift photobioreactor with
width best condition from 3.3.1 at height of 40, 50 and 60 cm.


http://protist.i.hosei.ac.jp/PDB/images/Chlorophyta/Scenedesmus/index.html
http://protist.i.hosei.ac.jp/pdb/images/chlorophyta/Ankistrodesmus/index.html
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2. Check for residual chorine with potassium iodide, and if the water sample

without chlorine will be clear, On the other hand a yellow solution is formed

3. Add nutrients and initial cell inoculumn at concentration 4x105 cell ml__1

for Scenedesmus sp. and 1x10° cell mL™ for Ankistrodesmus sp.

4. Sparge a mixture of air flow rate 0.16 cm s for both algae for the dark:light
period 12:12

5. Take sample and count for cell density using Haemacytometer at once a

day frequency till stationary phase of growth

3.3.3 Evaluate economic

1. Analyse only the system with the best operating condition from Sections
3.3.1 and 3.3.2 for both microalgae

2. Calculate operating cost based on the production of 10 kilograms of dry

cell, generated in one year (based on 300 operating days per annum)

3.4 Analyses
3.4.1 Determination of cell concentration
3.4.1.1 Cell count with Haemacytometer

A haemacytometer was used to measure cell densities (cell should be more
than 10" cell mL_l). Haemacytometer consists of two chambers, each with a volume
of 0.1 mmg, containing a marked counting grid of 1 mm’ in area. The cell

concentration can be determined as follows:
1. Clean the counting chamber and cover glass

2. Fill the sample into counting chamber, the volume of sample for analyzed
is about 15 microliters

3. Cover the chamber with cover glass, avoid of bubbles and the cells stop
drifting around the chamber

4. Check grid under the microscope (x40 objective) and count the cell in 25

medium square on the grid (per 1 large square)


http://protist.i.hosei.ac.jp/PDB/images/Chlorophyta/Scenedesmus/index.html
http://protist.i.hosei.ac.jp/pdb/images/chlorophyta/Ankistrodesmus/index.html
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5. Calculate the average cell count and multiply by the conversion factor
(10) using equation 3.1

N=n x 10" (3.1)

where
N = cell concentration (cell mL_l)

n = cell number was calculation from haemacytometer.

3.4.1.2 Dry weight

Dry weight is an estimate of a cell dry weight when all water has been
removed, meaning the weight of the sample, excluding the weight of the water in
the sample.

1. Collect 40 mL samples

2. Dry the Whatman GF/C filter paper with 1.6 um pore size membrane and

50 mm of diameter in an oven at 80°C overnight or until weight is constant
3. Weight the filter paper

4. Filter 40 mL of the microalgae through the Whatman GF/C filter paper

5. Place the paper filter in an oven at 80°C overnight or until weight is

constant
6. Cool down the paper filter at room temperature in desiccator
7. Weight the filter paper

8. Calculate cell dry weight using Equation 3.2

vvtA Wy,

Algal dry weight (mg Lfl)z x 1000 (3.2)

\

where
Wt, is weight of filter paper and algae (mg)
Witg is weight of filter paper (mg)

V is volume of culture (mL)
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3.4.2 Determination of medium composition
3.4.2.1 Determination of Nitrogen

Nitrogen concentration was analyzed by UV-Visible spectrophotometer at

wavelength of 220 and 275 nm following the steps below.
1. Collect the sample (approximately 10 mL)

2. Filter the sample through the Whatman GF/C filter paper diameter 25 mm

and 1.6 um pore size membrane

3. Measure the concentration of Nitrogen by UV-Visible spectrophotometer at
wavelength of 220 and 275 nm, dilute the sample if the optical density is greater
than 1.0. Nitrate is calculated from

): (AbSZZOnm \ Ab5275nm) x A (3.3)

Nitrate | NO;-ppm
( 37PP ¥
where

A is concentration of nitrate in the standard curve (N-ppm)

B is the absorbance of the standard curve (220-275 nm).

3.4.2.2 Determination of other element

The amount of other element of BG 11 such as B, Ca, Co, Cu, Fe, K, Mg, Mn,
Mo, P and Zn were analyzed by ICP-OES (700 series Inductively Couple Plasma-

Optical Emission Spectrometer, Agilent technologies) as follow steps.
1. Collect the sample (approximately 10 mL)

2. Filter the sample through the Whatman GF/C filter paper (diameter 25 mm

and 1.6 um pore size membrane)
3. Prepare the standard solutions from standard mixture

4. Measure the concentration of elements by using ICP-OES
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3.4.2 Determination of cell composition
3.4.2.1 Determination of total lipid

1. Weigh the dried algae 1 gram into the thimble and record them, put it into
the soxhlet extractor

2. Weigh the round bottom flask and record them, fill Chloroform 120 mL

and methanol 60 mL as mixed solvent, after that heat over until colorless

3. Take a the round bottom flask to the evaporator until all solvent is
removed, leave it to cool in desiccator for 2 hours and then record the weight of the

sample with the flask

3.4.2.2 Determination of protein

The crude protein content is obtained by multiplying the amount of nitrogen
content by the factor of 4.44 (Gonzalez Lopez et al., 2010). The nitrogen content was
analyzed by CHNS/O Analyzer (Perkin Elmer, PE2400 Series Il) from Scientific and

Technological Research Equipment Centre. The crude protein content, w,, is

calculated as a percentage by mass, using the following equation:

Wy = wyxF (3.4)

where
wy = the nitrogen content of the sample, expressed as a percentage by mass

F = the factor to convert Kjeldahl nitrogen to protein, F = 4.44

3.4.2.3 Determination of carbohydrate

Calculate protein, lipid, ash, and moisture contents in the dry cell, then
calculate percentage of total carbohydrate in the dry cell by subtracting the sum of

percentages of protein, fat, moisture and ash from 100, as the following equation:

Total carbohydrates [%] = 100 — {(protein + fat + moisture + ash) [%]} (3.5



30

3.4.2.4 Determination of moisture

1. Keep crucible dried in an oven at 100°C for 2 hours and then put it in

desiccators for 2 hours after that record them.

2. Weight the dried algae 1 gram into the crucible and record, calcined at

100°C for 2 hours and then put it in desiccators for 2 hours after that record them.

3.4.2.5 Determination of ash

1. Keep crucible dried in an oven at 800°C for 2 hours and then put it in a

desiccators for 2 hours after that record them.

2. Weight the dried algae 1 gram into the crucible and record, calcined at

750°C for 2 hours and then put it in desiccators for 2 hours after that record them.

3.5 Calculations
3.5.1 Determination of specific growth rate

The specific growth rate can be calculated from Equation 3.6 as follows

nx, - lnxq

U= ? (3.6)
where
U is the specific growth rate (d’)
x; is the initial cell concentration (cell d ™)
X, is the final cell concentration(cell d"
t; is the initial time (d) of exponential growth phase

t, is the final time (d) of exponential growth phase
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3.5.2 Determination of doubling time

The doubling time is the period of time required for a quantity to double in
growth rate. When the relative growth rate (not the absolute growth rate) is constant,
the quantity undergoes exponential growth and has a constant doubling time or

period, which can be calculated directly from the growth rate.

n2  0.693
t=—=— (3.7)

where
tg is the doubling time (day)

W is the specific growth rate )

3.5.3 Determination of productivity

The productivity of the microalgae was calculated from Equation 3.8 as

follows:

X=Xy
P= XV X 1000 (3.8)
tty

where
P is productivity (cells d )
X; is cells concentration at t; (cells mL_l)
X, is cells concentration at t, (cells mL_l)
t; s first sampling time (d)
t, is second sampling time (d)

V' is harvest volume (L)
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3.5.4 Determination of specific productivity

The specific productivity for the cultivation of the microalgae in the NB-FP-
LPBR can be calculated from Equation 3.9

SP=
V x 86,400

where
SP s specific productivity (cells L™ s )
P is productivity (cells d )

V is harvest volume (L)

3.5.5 Determination of light energy

1. Measure and record light intensity (Lux) by HOBO Temperature Light meter
(3500 DP Logger UA-002-08)

2. Multiply the recorded value with 0.0015 to convert the unit from Lux to
Walt m”
3. Plot curve between Walt m ~ versus hour

4. Calculate area under the curve, and multiply by 3.6x10 to obtain the light

energy in the unit of MJ m’

3.6 Statistical analysis

The experimental results were evaluated by comparison of the growth curves
and analysis of variance (ANOVA) of the kinetic parameters, significance being tested
by the Tukey test at p < 0.05.
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CHAPTER IV
RESULTS AND DISCUSSION

The cultivations of Ankistrodesmus sp. and Scenedesmus sp. were investigated in a
large scale non-baffled flat plate airlift photobioreactor (NB-FP-ARPBR). This placed a
focus on the design effect of the reactor using the reactors of different widths, i.e. 20,
30, 40 and 50 cm and different unaerated liquid heights i.e. 40, 50 and 60 cm. As a
whole, the configuration of the NB-FP-ARPBR had an influence on fluid flow behavior,
lisht availability, temperature and other factors affecting the livelihood of microalgae.
The properties of the obtained microalgae also were analyzed as well as economical
analysis for the cultivation. In the following discussion, each of the conditions is

discussed in detail.

4.1. Effect of width on cultivations of Ankistrodesmus sp. and Scenedesmus sp.

in NB-FP-ALPBR

The growths of Ankistrodesmus sp. in NB-FP-ALPBR of various unaerated liquid
heights are shown in Figures 4.1 - 4.2 and Appendix A. The growths were typically
started with a 1 day lag phase, after which Ankistrodesmus sp. entered its
exponential growth period at approx. 5-7 days. To examine the effect of reactor
width, the discussion is only limited to the cultivation of 40 cm unaerated liquid
height. It is noted that similar growth pattern curve was obtained from the reactors

with other unaerated liquid heights.

The cultures of Ankistrodesmus sp. grew best in NB-FP-ALPBR with the width of 50,
followed by those with 40, 30 and 20 cm, respectively. For this culture, the dry
weight consistently followed the cell density. The experiment was repeated two
times (1" and 2™ Runs in Fig. 4.1 - 4.2 and Appendix A, but at a different time period
in a year. Hence, depending on the environmental conditions, different growth
patterns might be obtained from the two different Runs. However, the relative
effects of reactor widths from the two Runs did not differ from each other, indicating

that the effect of reactor width did not change with environmental conditions.


http://protist.i.hosei.ac.jp/PDB/images/Chlorophyta/Scenedesmus/index.html
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Table 4.1 Comparison between cell concentration, dry weight, specific growth rate,
productivity, specific productivity and doubling time in a non-baffled flat plate airlift
photobioreactor (NB-FB-ALPBR) in the various widths at fixed height of culture was

maintained at 40, 50 and 60 centimeters for Ankistrodesmus sp.

Maximum cell Maximum Specific Productivity Specific Doubling
density x10° dry weight growth rate x10' productivity time
(cell mL™) (gDWL'l) (; day'l) (cells day'l) (cells L' s™) (day)
Condition 1 2 1 2 1 2 1 2 1 2 1 2
a a a a a a a a a a a a

AHaOW20 | 3.68° 440" 023" 019" 014 023 018 044 031° 058 494 3.00
AHAOW30 | 6.18°  597° 027 0200 026" 026" 074" 094" 086" 082° 270° 270°

AHA0W40 | 7.75 6.10 0.30 0.23 0.29 0.27 1.19 1.20 1.17 0.88 241 255

AHAOWS0 | 11.96°  7.13 0.44 0.27 0.37 0.29 1.89° 150 1.86 1.00 190 238

AH50W20 | 594 5.10 0.20 0.22 0.25 0.25 058 054 0.76 0.70 281 277

AH50W30 | 6.79 6.80 0.22 0.22 0.27 0.30 1.06° 113 093 0.99 259 235

[ c a c (d b c c d b (d b

AH50W40 | 8.71 8.25 0.25 0.26 0.30 0.32 175  1.73 1.17 1.19 232 216

AH50W50 | 10.00° 1020° 034 030" 033"  034° 202 226° 129° 148’ 210° 206

a a a a a a a a a a a a

AH60W20 | 3.01 3.83 0.15 0.16 0.16 0.19 032 045 0.33 0.46 442" 374

a a ab ab a a a b a a a a

AH60W30 | 3.30 4.20 0.16 0.18 0.16 0.19 050 0.73 0.35 0.51 439 3.66

c c b ab (d ac c c c c c c

AH60W40 | 4.75 5.48 0.18 0.20 0.20 0.24 1.000 131 0.53 0.70 343 293

C c d b (@ © d d c C C C

AH60W50 | 5.10 6.05 0.21 0.23 0.22 0.26 1.30 1.62 0.65 0.86 3.09 270

* Mean in columns with the different alphabets were statistically different at the significant level

of 0.05 when compared by Tukey's test

*Remark: Light energy

ATH40 = 38.086 MJ m A2H40 = 25872 MJ m”
ALH50 = 24.439 MJ m” A2H50 = 32.619 MJ m”

ALH50 = 21.852 MJ m” AZH50 = 32.204 MJ m~
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Similar findings were obtained from the culture of Scenedesmus sp. as
Illustrated in Figures 4.3 - 4.6 and Appendix A. However, the growth at unaerated
liquid height of 40 cm exhibited a slightly different pattern where the growth at
unaerated liquid height of 40 cm could be ordered from high to low as 50, 20, 40

and 30 cm, respectively.

4.1.1 Ankistrodesmus sp. culture

Ankistrodesmus sp. was cultivated in various airlift reactors with different
widths and heights. Only the system with the unaerated liquid height of 40 cm is
discussed here as the cultures at 50 and 60 cm unaerated liquid height gave results

with similar trends and the same discussion can be applied.

Table 4.1 demonstrates that the reactor width statistically affected the growth
performance (p<0.05). The highest growth of Ankistrodesmus sp. was observed in the
50 cm width airlift. Several possible reasons might be responsible for this as

described in the following items:

A. Fluid flow direction

The fluid flow directions in NB-FB-ALPBRs at different heights are illustrated in
Figures 4.7, 4.8 and 4.9. It was shown that the reactor with larger width had a larger
downcomer cross sectional area (Ad) and induced a clearer recirculation pattern.
Wongsuchoto et al., (2003) reported that airlifts with larger riser had a high tendency
to create a non-ideal circulation where internal fluid circulation might take place
which resulted in a less effective recirculation pattern. Also, recirculation pattern
might be enough to stabilize the temperature for microalgae. Therefore this
suggested that a better fluid flow occurred in the culture system with larger width

when compared with the smaller airlifts.

B. Gas holdups (&, &)

To promote a better circulation of the fluid within the airlift system, it was
recommended that there should exist a larger difference between downcomer and
riser gas holdups or hydrostatic pressure difference (& - &) (Rujiruttanakul &
Pavasant, 2011). Data from Sintharm, (2014) (shown in Table 4.2) as quoted in the
tabulation below shows that the airlift with larger width had a larger gas holdup
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difference than the smaller ones. Noted that there was no data available for the

reactor with 50 cm width, but the trend could be extrapolated from such dataset.

Table 4.2 hydrostatic pressure difference (&, - &)between downcomer and riser

Height (cm)
Width (cm) 40 50 60
20 0.023 0.015 0.023
30 0.027 0.016 0.017
40 0.030 0.029 0.030

This suggested that NB-FP-ALPBR with 50 cm width induced a better fluid flow than

the other reactors.

C. Light intensity

The experiment was repeated twice at the same height but with different light
intensity. For example, the highest of growths in the first and second Runs in
ALHAOW50 and A2HAOW50 were 11.96 x 10° and 7.13 x 10° cell mL'. This
discrepancy could be because the two Runs were exposed to the different light
intensity (38.086 and 25.872 MJ m” for the 1™ and 2" Runs, respectively). The area
per volume of the 50 cm of width was greater than those of the other three sizes of
width, this allowed a better light utilization for the growth of the microalgae. Light is
the sole source of energy which drives photosynthesis for microalgae, and as a result,

the maximum growth increased with more energy from sun light.

D. temperature

Most algae can grow well in their suitable temperature range. A much too
high temperature could easily inhibit the algal growth perhaps due to inactivation of
intercellular enzyme, cell damage and solubility of gases. For Ankistrodesmus sp., the
growth ceased at temperature higher than 35°C. Therefore any condition, either

reactor configuration or environmental condition, that led to this high temperature in
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the system would have a negative effect on the growth, for instance the system with
small width such as 20 cm in a very hot day where the liquid volume might not be
enough to stabilize the temperature.

To sum up, when compared the growth of the culture of Ankistrodesmus sp.
in NB-FB-ALPBR with different widths, statistics indicated that the width of 50 cm
provided the highest values of cell density, dry weight, specific growth rate,

productivity and specific productivity and the lowest values of doubling time.
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Table 4.3 Comparison between cell concentration, dry weight, specific growth rate,
productivity, specific productivity and doubling time in a non-baffled flat plate airlift
photobioreactor (NB-FB-ALPBR) in the various widths at fixed height of culture was

maintained at 40, 50 and 60 centimeters for Scenedesmus sp.

Maximum cell Maximum Specific Productivity Specific Doubling
density x10° Dry weight growth rate x10' productivity time
(cell mL™) (Gowl ) (M; day’) (cells day ™) (cells L™ s™) (day)

Condition 1 2 1 2 1 2 1 2 1 2 1 2
SHaOW20 | 11.55° 1048° 032" 029" 048" 047" 099" 098 170" 168" 145 147
SHaow30 | 7.70°  7.40° 024" 024" 044° 043" 102" 101" 118 117 159" 161
SHaOW4o | 997" 988" 027 026 048" 047 170° 167 1467 144" 146 148
sHaowso | 1578° 1358° 039" 033" 053" 050" 265 224" 2517 215 130" 1.37°
SH50W20 | 6.11°  7.80° 025"  031° 040" 041" 130° 134" 096 122" 174 1.68°
SHsOW30 | 7.25°  9.80° 025 031 041 043 110° 139 115 141° 1700 163
SH50W40 | 10.65° 11.05"° 028 035 046 046 160" 201° 1715 1765 150° 1.51%
sHsows0 | 13437 12957 032" 042" 050" 0517 318" 305" 2247 192 139 136
SHeOw20 | 538" 573" 018" 018" 038" 039" 082° 088 084 090" 1.82° 176
SHeOW30 | 5507 598" 018" 019" 0370 037 131° 132° 092° 093 185 189
SHeOW40 | 6.22° 663 021 021° 0407 042° 173 176" 099 1.01° 173 1.65
sHeowso | 7.16° 768" 024  022° 041 o046’ 2177 240° 1157 124" 169" 1.51°

* Mean in columns with the different alphabets were statistically different at the significant level

of 0.05 when compared by Tukey's test

*Remark:Light energy

S1HA0 = 42,348 MJ m~
S1H50 = 19.993 MJ m~

S1H50 = 41.099 MJ m™

S2HA0 = 21.352 MJ m~
S2H50 = 25.568 MJ m™~

S2H50 = 31.147 MJ m~
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4.1.2 Scenedesmus sp. culture

Similar to the discussion above, this section examines the effect of reactor
width on the growth of Scenedesmus sp. and the results with statistical evaluation
are displayed in Table 4.3. The growth of Scenedesmus sp. in NB-FB-ALPBR followed
the same trend with that of Ankistrodesmus sp. where the growth was best in the
reactor with the width of 50 cm followed in order from high to low by those with the
widths of 40, 30, and 20. This was on exception at the unaerated liquid height of 40
cm where the growth rate was ordered from high to low as 50, 20, 40 and 30 cm,
respectively. The reason for this is still unclear but it was possible that the
temperature of the culture might play a significant role here. The reactor with 20 cm
width and 40 cm unaerated liquid height possessed the highest temperature of all
reactors employed in this work, and our unreported data (Ritcharoen, 2014)

suggested that this culture might favor such condition for their growth.

To sum up, the culture of Scenedesmus sp. in NB-FB-ALPBR in the different of
width indicated that 50 cm of width at unaerated liquid height 40, 50 and 60 cm the
highest values of cell density, dry weight, specific growth rate, productivity and
specific productivity and the lowest values of doubling time statistically significant
(p<0.05)
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4.2 Effect of an unaerated liquid height on cultivations of Ankistrodesmus sp.

and Scenedesmus sp. in a NB-FB-ALPBR

Section 4.1 demonstrates that both microalgae grew best in the system with
the width of 50 cm. Hence, the discussion in this section will only be confined to the
50 cm width airlift. Figures 4.10 - 4.13 illustrate that, among the unaerated liquid
height investigated in this work, i.e. 40, 50 and 60 cm, NB-FP-ALPBR with the liquid
height of 50 cm exhibited the best growth for both cultures (11.51x10° (1™ Run) and
9.18x10° (2™ Run) cell mL" for Ankistrodesmus sp. and 14.08x10° (1" Run) and
13.45><1O6 (an Run) cell mL " for Scenedesmus sp.), followed by those with the

heights of 40 and 60 cm. In fact, the growth at the height of 50 cm was only slightly
higher than that at the height of 40 cm where the culture started with a 1 day lag
phase and reached the stationary phase within 6-7 days. On the other hand, the
growth at the height of 60 cm was relatively poor where the cells entered its
stationary phase within only 3 - 4 days. The results of cell density were consistent

well with cell density and dry weight indicating the uniformity of cell texture.
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Table 4.4 Comparison between cell concentration, dry weight, specific growth rate,
productivity, specific productivity and doubling time in a non-baffled flat plate airlift
photobioreactor in the various heights at width of culture was maintained at 50

centimeters for Ankistrodesmus sp. and Scenedesmus sp.

Maximum cell Maximum Specific Productivity Specific Doubling
density x10° dry weight growth rate x10' productivity time
(cell mU) (gDWL'l) (M day ) (cells day'l) (cells L' s (day)
Condition 1 2 1 2 1 2 1 2 1 2 1 2

a a a a a a a a a a a a

AH40W50 | 8.28 8.30 027 033 031 029 124 122 122 120 221 242

AHSOWS0 | 11.51°  9.18° 033" 034" 035" 030" 2570 1960 176 131° 200° 231°

C C C C C C C a C C C C

AH60W50 | 6.68 4.35 023 017 027 022 182 109 097 051 261 320

a a a a a a a a a a

SHaOWS50 | 13.43° 1320° 032" 032" 050" 050" 234" 219" 218" 215 139" 139

a a a a b b a a a a

SH50W50 | 14.08° 13.45° 034" 034" 051" 052" 318 321 228° 2200 136 133

SHeOWs0 | 6.89°  678° 021 022° 042" 040" 2115 204 112° 202° 164° 173

* Mean in columns with the different alphabets were statistically different at the significant level

of 0.05 when compared by Tukey's test
*Remark: Light energy
AIWS50 = 36.371 MJ m” A2W50 = 25.131 MJ m”

ALW50 = 19.993 MJ m A2W50 = 25.568 MJ m

The growth rate of both Ankistrodesmus sp. and Scenedesmus sp. at different

unaerated liquid heights, i.e. 40, 50 and 60 cm are given in Table 4.4. For
Ankistrodesmus sp., this unaerated liquid height seemed to have significant effect on
cell growth where the height of 50 cm provided the best growth. Nevertheless, the

growths rate of Scenedesmus sp. at unaerated liquid heights of 40 and 50 cm were

not statistically significant (p<0.05) and both were better than the growth at 60 cm.
As the reactor with higher liquid height has a greater volume than the reactor at
lower height, and therefore if they give the same growth performance, it is better to
select the system with a greater volume as it gives a larger productivity. The height
below 40 cm was not considered here as there were adequate research indicating
that, for the culture even in normal outdoor ponds, effective growth could be
obtained even for the liquid height of 40 cm (Sutherland et al., 2014). The
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differences in the growth performance of each reactor could be described in the

following discussions:

A. Light intensity

One of the main effects for the cultivation of the both microalgae in large-
scale systems was the light intensity. In particular, for the system with the same
width, when cells grew high in density, poor light penetration became a serious
problem that retarded the effective growth of the both microalgae. Although the NB-
FP-ALPBR was made from translucent fiber, the penetration of light through the wall
of this fiber was quite small, and measurement showed that about 70-80% of light
was filtered out. Therefore most light came from the top surface. Light intensities
measured at the bottom of the airlift at different unaerated liquid heights were
compared in Figure 4.14. The light energy (from 7 days of cultivation) at the bottom
of NB-FP-ARPBR with 40 cm of unaerated liquid height (1.188 MJ m_z) was almost
twofold of that with 60 cm of unaerated liquid height (0.582 MJ m?). Hence, it
became quite obvious that the performance of the system with 60 cm of unaerated
liquid height was lower than others. The light energy measured at the bottom of the
airlift with 50 cm unaerated liquid height was 0.774 MJ m” which was also less than
that at 40 cm. However, the growth rate from such system (50 cm unaerated liquid
height) was slightly higher than that at 40 cm. This could be due to the fact that cells
were already in a light saturation zone (at 50 cm) and increasing light intensity above
this level no longer affected the algal growth. Note that light-saturation region for
Scenedesus sp. was reported at 8.428 - 25.285 MJ m’ (ShihHsin et al., 2012) and
18.729-74.918 pmol m s for Ankistrodesmus sp. (Kessler et al., 1957)

B. Temperture

The temperatures in the systems compared in this section were only slightly
different from each other. However, the differences in light intensity and liquid
volume could have an effect on the temperature buffering capacity of the system. In
other words, high light intensity and low liquid volume could raise the temperature
of the system. However, this difference of only 2 - 4°C as observed here was not

enough to have significant effect on the system performance.
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C. Gas and liquid transfer

Increasing the unaerate liquid height provided a longer riser section and also a
longer contract time between liquid and gas, promoting high liquid velocity through
the momentum and energy transfers. However, Sintharm, (2014) stated that, in airlift
with configuration as employed in this work, the unaerated liquid height in the range
of 40-60 cm did not have significant differences in the gas and liquid mass transfer.
However, a faster liquid velocity might exert a larger shear force on the algal cell
which might adversely affect the growth as perhaps seen in the system with 60 cm
liquid height.

1500 |

1000 |

Ol
o
o

W50H50 b H60

360 ¢ | W50H40

Time (day)

Figure 4.14 Time courses of light intensities in NB-FP-ALPBR with various with heights and
fixed width of 50 cm: (a) light intensities at reactor surface; and (b) light intensities at the

bottom of reactor
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4.3 Influence of reactor configuration on biochemical compositions of the

microalgae
4.3.1 Effect of reactor width

The biochemical composition of Ankistrodesmus sp. and Scenedesmus sp. in

NB-FP-ALPBR of various unaerated liquid widths are shown in Figures 4.15 - 4.20. In
fact, the biochemical content of microalgae is influenced by the culture conditions
such as temperature, nutrient concentration, pH, CO, level, irradiation, etc. (Converti
et al., 2009, Li et al, 2008, Xin et al, 2011). Changing reactor configuration was

anticipated to affect these parameters and also the composition of microalgae.

For Ankistrodesmus sp., at 40 cm unaerated liquid heights, Ankistrodesmus sp.
had protein as the main chemical component (range 32.08-35.16, 38.79-41.55 %dry
weight for the 1" and 2nOI Runs, respectively), carbohydrate (range 34.51-40.36, 27.60-
31.04 %dry weight for the 1" and 2" Runs, respectively) and lipid (range 27.08-31.76,
27.41-31.63 %dry weight for the 1" and 2™ Runs, respectively). At this height, the
cultivation was repeated twice but at different time of the year. The results turned
out to be different, one with high carbohydrate and the other with high protein. This
discrepancy could be because the two Runs were exposed to the different light
intensity, high light intensity (also high temperature) from Run 1 gave the microalgae
with high carbohydrate, and low light intensity (and low temperature) from Run 2
gave high protein. Carvalho et al., (2009) demonstrated that an increase in light
intensity could slightly increase the accumulation of carbohydrate which agreed with
the finding here. The drop in protein content of microalgae culture was also reported
for the culture in the upper extreme temperature range (Tomaselli et al., 1988, De
Oliveira et al., 1999) as this was associated with the breakdown of protein structure
and interface with enzyme regulation (Pirt, 1975) and disruption of cell metabolism
(Richmond, 1986). However, when considered the effect of reactor width on the
biochemical composition in the algal cell, no significant results could be drawn
suggesting that the effect of width in the range of 20 — 50 cm was not visible. The
differences in the productivity at different widths were due to the different growth
rates which was quite high at the width of 50 cm.

At 50 cm unaerated liquid heights, the performance of the system became
more stable and the difference between the biochemical compositions from the
different Runs became small. This was because the system held a larger quantity of

water which could stabilize the temperature of the culture more effectively and
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yield a more stable behavior. Small deviation might be observed from the reactor
with various width particularly from the 1" Run where reactors with small width
seemed to give a slightly higher level of protein but more carbohydrate was found
from reactor with large width. This could be the effect of temperature which was
hish when the width of the reactor was small, and as the width increase, the
overshoot in temperature was not found and therefore a higher carbohydrate was
observed. This was not apparent in the 2" Run as the irradiation was relatively high

and the temperature was generally high in this condition in all cases.

At 60 cm unaerated liquid heights, the system performed differently as this
high liquid level decreased the level of light penetration as discussed earlier. In this
condition, carbohydrate accumulation was small whereas the lipid content was
enhanced. However, the effect of reactor width was not seen at all at this liquid

level.

For Scenedesmus sp., Figures 4.18 - 4.20 demonstrate that the effect of

reactor width (in the range employed here in this work) was very small and could
not be concluded. The differences in the productivity of the various biochemical
components were due primarily to the differences in the biomass productivity which

was discussed earlier.
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4.3.1 Effect of reactor height

Light plays central role in microalgae, providing the photon energy required in
photosynthesis reaction to convert dissolved inorganic nutrient into organic
molecule. The efficiency of light energy supply thus becomes one of the major
limiting factors for outdoor or large-scale microalgae cultivation. Thereby, the
configuration of microalgae cultivation systems should be designed to provide
uniform and sufficient irradiance to microalga cells. Design with different light
intensity could lead to differences in culture temperature which resulted in a
variation in biochemical composition of the algal biomass. Generally, design with high
light intensity would be associated with the operation with high temperature, and a
high level of carbohydrate could be expected. On the other hand, if the temperature
could be kept low, cells would accumulate more of protein or lipid rather than
carbohydrate (Cuhel & Lean, 1987, Scott, 1980)

For both microalgae, Figures 4.21 - 4.22 demonstrate that the height of the
system increased, the system was then operated with higher amount of liquid which
could then maintain the level of temperature at low level. Therefore a low
accumulation of carbohydrate was generally obtained as can be seen from the airlift
with 60 cm unaerated liquid height. At low liquid height, either protein or lipid was
accumulated. For Ankistrodesmus sp, more protein was found in such condition,
whereas a larger lipid was accumulated for Scenedesmus sp. Having mentioned so,
protein was still among the major biochemical components in Scenedesmus sp.

culture regardless of the growth condition.
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4.4 Economic analysis for outdoor cultures of Ankistrodesmus sp. and

Scenedesmus sp. in NB-FP-ALPBR

In this section, the economics of the outdoor cultivations of Ankistrodesmus
sp. and Scenedesmus sp. in NB-FP-ALPBR as discussed in this work were evaluated. It
is noted that the analysis was only performed to the system with the best operating
condition, i.e. with the unaerated liquid height of 50 cm and the column width of 50
cm (the same for both cultures). The major factors determining the total production

costs are identified and strategies are discussed to reduce those costs.

The results of the analysis are shown in Table 4.5. This analysis was based on
10 kilograms of dry cell which was generated in one year (based on 300 operating
days per annum), and the calculations were performed using the local utility costs in
Thailand in 2014. The life-span of the reactor, pump, sparger was assumed to be 5
years. The total cost was approx. 420.40 USS year>1 (42.04 USS kg>1) where the major
costs for the cultivation of Ankistrodesmus sp. and Scenedesmus sp. was the capital
cost which contributed almost 43% of the total investment cost, followed by those
with electricity (32%), nutrient (23%) and water (2%) (illustrated in Fig. 4.23). (1 USS$ =
32.30 Thai Baht (rate at 8th April 2014))

Kutrient

Electricity
32%

water

2%

Figure 4.23 Major costs for the cultures of Ankistrodesmus sp. and Scenedesmus sp.
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Table 4.5 Economical analysis for the cultivation of Ankistrodesmus sp. and

Scenedesmus sp. in NB-FP-ALPBR

Detials Symbol NB-FP-ALPBR
Effective volume (m’ batch ') [A] 0.169
Cultivation period time (day batch ) [B] 7
Number of cycle (batch year'l) [C=300/B] 42.86
Dry weight cell (gpy L) [D] 0.34
Productivity (goy year ) [E=D x 1000 x A x 300/B] 2494.76
Target productivity (gpw yearrl) [F] 10000
Reactor requirements (unit) [G=F/E] 4.0
Electricity requirements

Number of air pumps (unit) [H] 1
Power of air compressor (W) 1] 33.33
Electricity consumption (KWh yearil) [J=(1/1000) x 300 x 24 x H] 961.92
Electrical cost, 0.1393 US$ Kwh' (USS yearrl) [K=0.1393 x J] 134.02
Nutrient requirements

Nutrient charge, 0.0033 US$ L" (uss yearil) [L=A x G x 1000 x 0.0033 x C] 96.47
Water requirements

Nutrient solution (m’ year ) [M=Ax G x (] 29.03
Water charge, 0.3 US$ m” (US$ yearil) [N=M x 0.3 1] 8.71
Instruments

Reactor cost, 123.85 US$ unit* (US$ year ) [0=(123.85 x G)/5] 99.28
Pump cost, 46.44 US$ unit* (US$ year ) [P=(46.44 x G)/5] 37.23
Sparger cost, 55.73 US$ unit’ (US$ yearil) [Q=(55.73 x G)/5] 44.68
Total capital cost (US$ year ) [R=0+P+Q] 181.19
Total operating cost (US$ year ) [S=K+L+N] 239.20
Total cost (US$ year ) [T=R+S] 420.40
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CHAPTER V

Conclusions and Recommendation
5.1 Conclusions

The culture of Ankistrodesmus sp. and Scenedesmus sp. in the non-baffled flat plate
airlift photobioreactor (NB-FP-ALPBR) was shown to be possible. Main findings

obtained from this work can be summarized as follows:

1. The size of reactor appeared to be statistically important for the growth in
NB-FP-ARPBR for both Ankistrodesmus sp. and Scenedesmus sp.

2. The cultures of Ankistrodesmus sp. grew best in NB-FP-ALPBR with the
width of 50 (0.64 gpy L), followed by those with 40 (0.30 gpy L), 30 (0.27 gouw L)
and 20 cm (0.23 gpy L>1), respectively.

3. The cultures of Scenedesmus sp. grew best in NB-FP-ALPBR with the width
of 50 (0.42 gy L), followed by those with 40 (0.35 gpy L), 30 (0.31 gy L) and 20
cm (0.31 gpw L>1), respectively. However, this was on exception at the unaerated
liquid height of 40 cm where the growth rate was ordered from high to low as 50
(0.39 gpu L), 20 (0.32 go L), 60 (0.27 gpy L) and 30 cm (0.28 gy, L), respectively.

4. The cultures of both microalgae grew best in NB-FP-ALPBR with the height
of 50, followed by those with 40 and 60 cm, respectively. (0.34, 0.33 and 0.27 gpy L
for Ankistrodesmus sp. and 0.34, 0.32 and 0.22 gpy L™ for Scenedesmus sp.)

5. There was no direct relationship between biochemical composition with
the configuration of NB-FP-ALPBR. However, the system with high liquid height would
be subject to a slightly lower light penetration, especially through the top surface of
the system.

6. For both microalgae, protein seemed to be the major composition (35-45%)
whereas lipid was the minor. Carbohydrate was found to be rich when there was
adequate light for the growth particularly for Ankistrodesmus sp; a similar trend (but

less clear) was found for Scenedesmus sp.

7. The total investment cost was approx. 420.40 USS yeari1 (42.04 USS kgfl)
where the major costs for the cultivation of Ankistrodesmus sp. and Scenedesmus
sp. was the instruments cost which contributed almost 43% of the total investment
cost, followed by those with electricity (32%), nutrient (23 %) and water (2 %).



73

5.2 Contributions

This work has achieved a steady and successful culture of Ankistrodesmus sp.
and Scenedesmus sp. in flat plate airlift photobioreactor without draft tube under
Thailand climate conditions. The results suggest that there exist cofactors or various
induction design parameters, e.g. width and height, which could affect the growth of
Ankistrodesmus sp. and Scenedesmus sp. The maximum height of the reactor
employed in this work is limited at 50 cm as it could practically allow a more
effective control of light intensity. Nevertheless, the scale up would be feasible
achieved simply by expansion the length of NB-FP-ALPBR. In addition, NB-FP-ALPBR
could be installed, operated, and maintained with ease. In other words, the results

from this work help fulfill the culture of the production of both microalgae.

5.3 Recommendations

This cultural system still suffered from the height energy consumption especially for
the electricity requirements, amount of water and high cost of nutrients, which
rendered the system not economically attractive. To reduce the production cost, any
options regarding the use of alternative or renewable energy could be considered
such as biogas from some specific wastewater (Hadiyanto & Hendroko, 2014).
However, although this could effectively reduce the electricity cost, this does not
have anything to do with the culture cultivation efficiency. The use of alternative
nutrients could also be employed to ensure the cheapest, but still effective, nutrient
recipe. There are reports of success in using wastewater from some specific industry
such as coal seam gas industry (Hamawand et al., 2014), pharmaceutical industry (Yu
et al., 2014) which might help reduce the nutrient costs. However, how well the
microalgae could grow in such nutrients or how to effectively use such wastewater
as alternative nutrient still needs to be examined. The addition of CO, for the growth
of the algae might also give a beneficial outcome for the economics of the culture as
long as CO, can be freely obtained. The use of CO, has been investigated and
reported quite extensively (Talec et al, 2013, Li et al,, 2013, Arbib et al., 2013,
Nakanishi et al., 2014). The reuse of nutrients or the adjustment of the medium
composition could also give better economical outcome. (Rodrakhee, 2014) reported

that the reuse of nutrient could effectively reduce the nutrient cost for
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Ankistrodesmus sp. whereas (Kim et al., 2011) reported the success in the use of
medium for Scenedesmus sp. Such cost reduction options will need to be

further investigated.
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Appendix B-1 Specific consumption rates of nutrients and trace elements for

Ankistrodesmus sp. in NB-FP-ALPBRs with various widths at fixed height (Mgaiements

971

/mgcell)

Bx10° Cax10® Cox10° Cux10° Fe x10° K x10° Mg x10° Mn x10° Mo x10° N x10° P x10° Zn x10°
AlHAOW20 | 1019 1597 529 4412 794 390 719 904 1451 13089 748 0.3
ALHAOW30 | 9.99 1098 293 585 1683 358 1602 2393 1098 13209 514  0.06
AlHdowdo | 4679 1119 9.08 1580 2252 307 982 17.08 393 12313 565 0.5
ALHAOWS0 | 2477 5574 2237 3390 1582 1438 1234 1476 1177 13293 659  0.09
AZHAOW20 | 47.79 868 2263 2263 3421 900 1621 526 263 11694 950 0.1
AZHAOW30 | 29.90  7.14 2380 238 4612 554 1929 769 17.80 10398 1646 0.17
A2Hdowdo | 1689 236 1971 1971 1114 272 1303 364 733 11111 1251 0.12
A2HAOWS0 | 3355 1102 3811 3811 1321 279 1291 283 1192 10133 527 0.14
ALHSOW20 | 68.11 46.87 3934 7574 49.18 7178 2373 2282 19.03 87.39 1266 807
ATHSOW30 | 49.44 3979 4376 6722 1218 7119 1853 2957 2211 9320 569 6.72
AlHS0W40 | 5228 1564 2240 4920 2000 8479 1215 17.64 2032 9123 338 7.3
ALHSOWS0 | 60.49  24.08 30.83 4072 1425 9525 1841 1233 1828 87.29 436 1.14
A2H50W20 | 65.68 2295 779 49.47 1328 30473 1226 2661 902 5649 1193 0.1
AZHSOW30 | 5445 2593 2920 6224 627 37299 5540 3022 6036 9023 504 031
AZHSOW40 | 3392 1823 3059 5529 275 13384 5665 21.80 5075 6756 617 023
AZHSOWS0 | 892 1353 2373 4168 1356 11047 4601 2858 4159 77.44 691 0.21
ATH6OW20 | 2979 1117 2207 5310 4897 33034 1448 076 1014 151.05 7.75 027
ATH6OW30 | 2656 1350 3281 5000 2063 29063 425 069 738 18364 9.14 033
AlH6OW40 | 8274 1274 857 4400 41.14 21600 1526 063 1183 14114 970 0.26
ALH6OWS0 | 47.72 956  9.84 4688 2686 109.69 9.05 084 1097 10468 431 0.0
AZH6OW20 | 10054 27.88 1835 7271 1622 16221 4496 805 1299 12851 10.76 0.26
AZH6OW30 | 111.09 3143 2571 8171 517 10886 4315 21.14 1975 13239 954 021
AZH6OW40 | 9476 1805 595 5603 405 10493 1661 3576 972 13530 501 0.16
AZHEOWSO | 7399 3026 24.17 38.68 997 9078 1947 294 1455 12849 544 046




Appendix B-2 Specific consumption rates of nutrients and trace elements for

Scenedesmus sp. in NB-FP-ALPBRs with various widths at fixed height (Mgeiements

98

/mgcell)

Bx10° Caxl10® Co x10° Cux10® Fe x10° Kx10° Mgx10° Mn x10° Mo x10° N x10° P x10° Zn x10°
SiHaow20 | 330 733 1143 5206 7143 260 17.65 2305 552 8753 926 0.5
SIHAOW30 | 76.64 1370 17.87 56.60 8894 369 2485 3285 9.02 110458 10.60 0.17
S1HAOWA0 | 36.89  9.06 1534 2338 84.02 277 2391 3054 7.2 11930 1136 0.14
SIHAOWS0 | 3537 520 540 2958 5579 396 1412 2060 514  107.22 919  0.10
SoHAOW20 | 3570 11.09 1043 4335 1078 309 1470 4985 591 3498 432 440
SoHAOW30 | 23.75 1636 1232 4694 977 302 841 4129 667 8498 457 249
SoHaoWao | 23.81 21.85 1885 7400 1227 290 1773 4104 723 7699 442 590
SoHAOWS0 | 1327 991 545 3678 539 311 1262 1909 815 6509 643 803
SIHS0W20 | 54.52 1279 444 1392 9524 7619 525 5246 803 7690 661 0.3
SIHS0W30 | 59.10 735 694 3020 129.18 7151 9.4 3449 445 9829 1083 0.16
SIHs0W40 | 11232 1195 2037 17.62 8634 7200 1650 57.8 2041 3434 964 0.17
SIHS0WS0 | 33.15 837 1333 2698 78.14 7678 750 4744 946 6745 779 0.0
SoHSOW20 | 42.20 1315 4098 17.64 6197 6295 636 5928 1561 9948 619 0.1
SOHSOW30 | 2572  6.65 2562 2692 6032 12714 379 7515 896 10923 520 0.18
SOHS0WA0 | 36.61  6.68 24.45 2067 39.81 5005 589 6500 508 8690 653  0.09
SOHSOWS0 | 3555 562 1176 3024 6283 3288 386 5042 439 11123 356 0.14
SIH6OW20 | 39.80 2220 13.06 59.62 2896 15773 1363 5848 590 7809 1224 027
SIHOW30 | 1957 17.36  7.38  49.93 2826 12840 624 6479 119 6735 1658 0.1
SIH6OWd0 | 50.49 1686 3.83 4024 2414 13672 460 4556 081 6598 883 0.6
SIH6OWS0 | 33.08 913 667 4050 21.13 11900 4.83 4200 283 7109 898 0.1
SoHEOW20 | 87.77 1691 1429 4571 2343 6537 1846 5823 811 3498 1006 0.13
S2H6OW30 | 3223 11.01 19.87 4671 2362 8241 596 5686 623  29.89 1512 0.18
SoHeOWA0 | 97.83 2125 1494 4145 2313 7098 929 54.65 357 2884 1284 0.19
SOHEOWS0 | 65.62  7.31 1156 4439 1956 7828 869 5443 430 3187 1053 0.4




Appendix B-3 Specific consumption rates of nutrients and trace elements for

Ankistrodesmus sp. in NB-FP-ALPBRs with various heights at fixed width (Mgaiements

99

/mgcell)

Bx10" Cax10® Co x10° Cux10° Fe x10° K x10° Mg x10° Mn x10° Mo x10° N x10° P x10° Zn x10°
AlHAOWS0 4011 4.89 598 1897 5038 47.34 520 7104 529 13022 1159 021
AIHS0WS0 4535 4.05 424 1694 4629 49.01 445 5022 917 12966 816  0.13
ALH6OWS0 4381 540 7.48 2327 6805 4566 676 T7.66 347 15848 1427 0.12
AZHAOWS0 2895 565 655 1012 2886 2469 366 1458 360 2446 826  0.12
AZHSOWS0 — 22.65 3.69 494 1423 2497 5168 134 1658 250 3191  7.65  0.06
AZHBOWS0 — 27.87 419 411 1244 2594 3497 219 1496 398 2911 739 0.8

Appendix B-4 Specific consumption rates of nutrients and trace elements for

Scenedesmus sp. in NB-FP-ALPBRs with various heights at fixed width (Mggiements

/mgcell)

Bx10" Caxl0® Cox10° Cux10®Fex10° Kx10° Mg x10° Mn x10° Mo x10° N x10° P x10° Zn x10°
SIHAOW50 2311 648 593 6939 9198 3019 397 7464 634 87.09 535 034
SIHS0W50 2270 4.48 387 8046 9935 2910 116 8157 297 7740 237 013
SIHAOWS0 2393 1077 1053 7821 9454 2920 570 9387 775 9159 1424  0.49
S2HAOWS0 3178 10.63  7.50 2472 3719  79.69 306 264 138 67.69 847  0.10
SOH50W50 1562 695 1455 4455 5103 3178 181 623 389 5159 441  0.39
SOHEOWS0  22.89 1139 1249 3139 4329 4344 294 197 099 5633 633 0.1
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Appendix C-1 Measurement of nitrogen concentration by spectrophotometer
(Strickland, and Parsons, 1972)

Blank

1 mL of distilled water is measured by spectrophotometer at wavelength of 220 and

275 nm and blank is set to zero.

Calibration

1. KNOj stock solution 100 mg NOs-N/L is prepared by dissolved 0.7128 g of KNO;
in 1000 mL of distilled water and keep with 1 mL of chloroform in dark glass.

2. KNOjs stock is diluted using distilled water as 0.15, 0.25, 0.75, 1.0, 1.25, and 2.0
mg NO3-N/L.

3. The solution is measured by spectrophotometer at wavelength of 220 and 275
nm.

Procedure

Samples are measured by wavelength of 220 nm to obtain NOs reading and

wavelength of 275 nm to determine interference due to dissolved organic matter.

N
(S}
T

y = 0.2459x + 0.0296
R? = 0.9993

N
T

—_

Absorbance @ 220-275 nm
o —
U U

o

0 2 4 6 8
Nitrate concentration (mg/mL)

Appendix C-1 Standard of nitrogen concentration by spectrophotometer
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Appendix D Hydrodynamic method (Sintharm, 2014)
D-1 Riser and downcomer cross section area

The estimate of the riser and downcomer cross section area depended on
the size of riser obtained from experiment. The shape of riser was assumed to be ring
cylinder for the circle column (with cone bottom) airlift and rectangular cylinder for
the flat panel airlift.

For circular column with cone bottom airlift, the riser cross section area is
A :n/qf D-1

R, was obtained from the experiment, and the downcomer cross sectional area (A,)

can be calculate from
Ay = Area of column - Area of riser D-2
For flat panel airlift; the riser cross section area is
A=W xL D-3
The width of riser (W,) was known from the experiment whereas the width of
downcomer (W,) is estimated from:
W, = width of reactor - W, D-4
and the downcomer cross section area is

where A = cross section area (sz)
R = radius (cm)
W = width of section (cm)
L = length of contactor (cm)
and the subscript
r=riser

d = downcomer.
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D-2 Determination of virtual riser and downcomer cross-section area

As the airlift had no solid partition to indicate the riser and downcomer area, the
sizes of riser and downcomer were variable. It was the purpose of this section to
propose a method employed to determine the ‘virtual’ cross sectional area of riser
and downcomer. This boundary between riser and downcomer was important for the

calculation of hydrodynamics and mass transfer in the system. The liquid flow

directions were observed by directions of light rope as follows:

- Turn on the air at a desired flow rate to the water-filled airlift contactors,
wait until the system operates at steady state (no further changed in fluid

movement)

- Inject pole with a light rope and analyze the characteristics of the light rope
directions. If the rope flow up show that, this point is defined in riser zone if

the rope flow down, this point is downcomer
- Repeat experiments at various height

- Estimate the distances of riser and calculate area of riser of each type of

contactor with Equations D-1 and D-3

- Calculate downcomer area by Equations D-2 and D-5

D-3 Overall gas holdup

The overall gas holdup could be calculated from the volume expansion which was
measured from the difference between aerated and unaerated liquid heights. The
definition of gas holdup is

Ve

E= D-6

VetV
The volume of gas could not be measured directly, so that we defined V, (volume in
system when aeration) as the total volume of gas phase plus volume of liquid phase.
Then
\/A_VL D_7
Va

g:
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4
E=1-— D-8
Va
h,A D-9
E=1-
h, D-10
E=\1-
hy
where & = overall gas holdup
h = liquid height (cm)
V = volume (cm’)
subscript L = liquid
G =gas

A = aerated

U = unaerated.
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