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ABSTRACT

Full Name : Mohammed Kazeem Ayodeji

Thesis Title :  Optimization of Microalgae’s Culture Conditions for CO, Fixation, Biomass Productivity and
Wastewater Treatment.

Major Field : Chemical Engineering

Date of Degree  : December 2017

Microalgae based biofuels have been reported as an attractive alternative for fossil fuel. However,
producing biofuel from microalgae still not economic viable. Therefore, it integration with other
applications like CO> capture and wastewater treatment would reduce the cost of production.
Nevertheless, producing biofuel from microalgae strongly depends on the lipid productivity of the
microalgae which in turn depends on the microalgae strain and culture conditions. However, the
adeptness to optimize microalgae biomass productivity and CO> biofixation especially under the
varying conditions is crucial for evaluating the profitability and sustainability of their cultivation
at large scale for biofuel industries. Therefore, this study first investigates the effect of CO-
concentration on microalgae growth rate, atmospheric CO. capture rate and efficiency of
wastewater treatment. Four different microalgae strains, Chlorella vulgaris, Chlorella kessleri,
Chlorella prototheocoides and Neo oleoabundans, were studied to ascertain the most
advantageous regarding the preferred applications. However, the results showed that C. vulgaris
have the highest CO, uptake rate of 150 _mg/L/day. Multi-objective optimization of some
microalgae’s culturing parameters (i.e. COz concentration, nutrient ratio and culturing
temperature) was further carried out on biomass productivity and CO: fixation rate for C. vulgaris.
Quadratic regression models were developed and employed to estimate the optimal sets of input

factors for biomass productivity and CO- fixation rate operated in batch mode. The obtained

XV



optimal values were 4% CO; concentration, 6:1 Nutrient (NP) ratio and 25°C culturing temperature
for 183_mg/L/day CO; fixation rate and 0.0785_g/L/day biomass productivity. Multi-objective
optimization also was performed to maximize CO; fixation rate, wastewater treatment efficiency
of the microalgae. The predicted optimal values of 4% CO2, 7:1 NP ratio and 28°C culturing
temperature gave maximum CO; fixation rate of 127.7 + 5.1 mgL'day?, nitrogen removal
efficiency of 99.9 + 7.7 % and phosphorus removal efficiency of 88.5 £ 3.6%. The maximum
percentage error between the predicted and experimental values was less than 12% indicating a
good agreement between the predicted and the actual data. Hence, these findings have the potential
to be used in the design and scale-up of industrial microalgae cultivation with the aim of CO;

fixation, wastewater treatment and generation of biomass for biofuel industries.
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CHAPTER 1

INTRODUCTION

1.1. Background and Statement of Problem

The demand for world second most vital commodity, energy after water (Kevin, 2011) continue
to increase as a result of increase in the world population growth, urbanization and
industrialization. Fossil fuels remain one of the world major sources of energy. However, recent
studies reiterated that continue utilization of fossil fuel can no longer be sustained due to rapid
dwindling of our fossil fuel reserves (i.e. crude oil, coal etc.) and environmental problems linked

to combustion of fossil fuel (Razzak et al., 2013).

Fossil fuel combustion contributes largely to the emission of CO; in to the atmosphere which is
one of the major greenhouse gasses known resulting to global warming. Kyoto protocol among
others as an example of the international pacts in 1997 mooted global efforts to cut down the
emission of CO». However, the global daily mean concentration of CO2 was been reported to be
above 400ppm for the first time in July 2016 as shown in Fig. 1-1. This rapid increase in the
atmospheric CO> concentration could result to a derelict planet and irreversible phenomenon for
the upcoming generations. At present, the society we live in is faced with the challenges of
concomitantly increasing the supply of energy and reducing CO emission. Conversely, due to the
CO2 emission level in the year 2000, about 50-80% global reduction in CO2 emission is required

to maintain 2 - 2.4°C rise in global mean temperature (Zimmerman and Faris, 2011).
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Fig. 1-1: Global trends in atmospheric Carbon dioxide concentration (Mauna, 2016)

1.2. Brief State of Art on Different Approaches

An approach initiated to reduce the emission of CO; in the atmosphere includes those that are
based on the technologies like adsorption, cryogenic distillation, absorption and membrane
separation which are being studied to capture carbon dioxide from units where they are emitted
(Stepan et al., 2002). Captured Carbon dioxide is then channeled and saved at high concentrations
in geological formations (Kasiri et al., 2015a). Since the capturing and storage technology are
temporary solution, therefore, environment sustainability of the above mentioned methods became
problem (Pires et al., 2012). However, a biological method for capturing of CO2 using microalgae
became one of the best option since it’s an Eco friendly process and does not need further

disposition of the captured carbon dioxide (Cheng et al., 2013).

Moreover, since it has been established that energy and transportation sector represents the major

fraction of CO2 emissions, so it makes sense if alternate sources of energy are provided for those
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sectors. Renewable energy sources became the option that worth looking into. Examples of these
sources include solar (which is thermal or electrical energy derived from the sun), wind (which is
the energy derived from the power of moving air), geothermal (which is the energy derived from
heat beneath the earth crust), hydropower (which represent the energy derived from the power of
moving or flowing water) and biofuels. Biofuels as the name Implies are fuels derived from bio-
origin which include bioethanol, biodiesel, bio hydrogen and biogas. Although the combustion of
these biofuels also emit CO, but the growing biomass would capture the CO> and therefore leaves
net zero CO2 emission or even negative, consequently, the maintenance of CO; level in the

atmosphere would be achieved (Rhodes & Keith, 2008; Mathews, 2008; Farrelly et al., 2013).

Several biomasses including plants and agricultural wastes have been investigated for their
potential use of biofuel production. However the research interest on the use of microalgae as a
substitute for conventional biofuel feedstock continue to increase (Mata et al., 2011) because they
have no competitive use as food unlike the other plants. Also, they can be continuously cultivated
and harvested all year round as they require no fertile land and little space for their cultivation
therefore eliminating seasonal challenges that could be facing biofuels industry. Microalgae
photosynthesis efficiency is about ten times higher than that of terrestrial plants exhibiting rapid
growth rate thereby producing much higher valued biomass materials which can serve as a
feedstock for varieties of sectors like animal or fish feed, human food, fertilizer, cosmetics and
biofuels (Pires et al., 2012). Also, they have the ability to used up nutrients from waste stream (i.e.
wastewaters or emissions of flue gasses) which therefore help in reducing environmental effect

and cost of their cultivation (Mata et al., 2013).

Nevertheless, microalgae cultivation still presents high process costs. In addition, microalgae
require large amounts of nutrients and water, this is a very important factor to be considered, which

3



has a high environmental impact (Lundguist et al., 2010; Sialve et al., 2009). To overcome these

disadvantages, microalgae production can be joined alongside wastewater treatment.

Studies in wastewater treatment using microalgae started since the mid-1970s (Al Ketife et al.,
2016). Photobioreactors provide a more sustainable option to the conventional biological nutrient
removal method from the economical point of view. The conventional method requires energy
during aeration and transfer of sludge from one tank to the other along the treatment scheme, and
also additional chemical dosing with coagulants to arrive at the desired phosphorus removal
(Maher et al., 2015). Wastewater treatment by microalgae is a process which results to a
sustainable solution for combined nutrient and CO: obliteration, the footprint from this technique
can be higher than second orders of magnitude to that from the conventional process (Judd et al.,
2015). Ji et al., (2013) reported approximately 100% removal of phosphorus from tertiary
municipal wastewater by using three different strains of microalgae, namely Chlorella vulgaris,
Scenedesmus obliquus and Ourococcus multisporus. Novel technology for improving and

optimising the process to aid the CO> fixation and wastewater treatment, is thus crucial.

In terms of removing nutrient by Chlorella vulgaris, a number of studies have been studied and

reported as shown in Table 1-1



Table 1-1: % Removal of Nitrogen and Phosphorus by Chlorella Vulgaris

Nitrogen Phosphorus
Nutrient ratio Productivity removal removal

(NP) (g/L/day) efficiency (%) efficiency (%) References
3:1 0.234 67.2 97.8 (Ruiz-Martinez et al., 2012)
5:1 0.230 97 96 (Feng et al., 2011)

4:1 0.080 97.1 87.6 Present study

19:1 0.072 82.5 85.9 (Gao et al., 2015)

8:1 - 93 - (Kapdan and Aslan, 2007)
6:1 0.070 97.2 88.2 Present study
2:1 0.062 99.5 24.4 Present study

21:1 0.054 70 100 (Silva-benavides and Torzillo, 2012)
7:1 - 86 70 (Lau et al., 1996)

10:1 0.003 78 89 (Choi and Lee, 2015)

20:1 0.002 84 81 (Choi and Lee, 2015)

193:1 - 44 84.2 (Boonchai et al., 2012)

It is important to note that optimization of several input parameters (e.qg., strain of microalgae used,
initial CO2 concentration or organic carbon liquid load, light intensity, temperature, pH and feed
water nutrient load) for several responses or outputs (e.g., the biomass productivity, CO fixation
rates, efficiencies in wastewater treatment) could be difficult due to a requirement of large number
of experimental runs (Ghosh et al., 2015; Skorupskaite et al., 2015). For instance, the optimisation
of three parameters in five levels would require 5° or 125 individual runs. To avoid such large
number of runs, a statistical design of experiment (i.e. DOE) could be employed. This approach
includes central composite design and Box-Behnken design, in which a considerable number of
experiments is decreased. At the same time, synergetic effects among the various parameters are
considered and thereby a true optimum set of conditions (Toktas et al., 2014) is achieved.
Therefore, DOE could be an elegant and efficient approach for optimization study of any complex

and multi-parameter system.



1.3. Research Goals

This study aimed to first investigate the effect of CO. concentration on the growth of Chlorella
vulgaris, Chlorella kessleri, Chlorella prototheocoides and Neo oleoabundans) taking into
account: (i) specific growth rate; (ii) biomass productivities; (iii) CO; fixation rate; and (iv)

nitrogen and phosphorus uptake.

Secondly, a central composite response surface design was then employed to develop quadratic
regression models for the specific growth rate, CO. biofixation rate and rate of nutrient removal
by altering the initial nutrient concentration (i.e. nitrate and phosphate), culturing temperature and
CO- concentration of Chlorella vulgaris cultivated in BBM media (batch process). Multiobjective
optimization method was employed to determine the maximum specific growth rate, CO;

biofixation rate and biomass productivity concurrently.

1.4. Structure of Thesis

+ Chapter 1. This section introduces the reader to the general concept of the thesis
objectives. It illustrates where the problem begins, gave brief state of art on different

approaches to tackle the problem and was concluded with the study goals.

+ Chapter 2: This chapter contain the detail literature review in the field of microalgae

culturing. Highlights clearly the researches shortcomings to declare the thesis objectives.

+ Chapter 3: The overall and specific thesis objectives were listed.



Chapter 4: This section involves demonstration of the method for culturing microalgae,
and the composition of culture media used. It also presents the detail description of the

analytical methods in these investigations.

Chapter 5: This chapter contains the investigations on the effect of CO, concentration on

the rate of microalgae growth, CO> uptake and wastewater treatment efficiency.

Chapter 6: Optimization study of the culture’s conditions to enhance their CO> fixation

rate and maximum biomass productivity. A statistical approach.

Chapter 7: The concurrent investigation of CO- fixation rate, and wastewater treatment

by microalgae.

Chapter 8: Justification for accepting the regression models.

Chapter 9: Conclusion and recommendations.



CHAPTER 2

LITERATURE REVIEW

2.1. Overview

In an approach to put microalgae as an agent for biological fixation of CO; in to competitive use
with other carbon capture and storage (CCS) technologies, various investigations have been carried
out to optimize the rate of CO> fixation by some strains. As it have been established in the
literature, factors that remarkably affect the rate of biofixation of CO, by microalgae are light
intensity, temperature, nutrients ratio, pH, photo bioreactors type, CO concentration, microalgae
species and gas flow rate (Cheng et al., 2013) and (Ho et al., 2012). The succeeding paragraphs
shall discuss on the significance of each factors and the state of art on the attempt to optimize them

to achieve higher microalgae specific growth rate and CO2 biofixation.

2.2.  Effect of Light Intensity on Microalgae Growth

Light demand for microalgae is one of the most significant factors to be dealt with, to be effective
for microalgae grow; it needs to be supplied at the adequate wavelength, intensity and duration.
Many facts from the literature acknowledged that excess intensity might result to photo oxidation
and photo inhibition while little light intensity would retard the growth rate. Let look at how

microalgae utilize the light energy.

Microalgae contains a number of pigment of which chlorophylls among others exhibit the ability
to capture the light energy and convey it to reaction centre where it is then placed on the particular
pigment pair situated in the photosystem (Carvalho et al., 2011). The reaction centre consist of 2
photosystem units which are photosystem 1 and 2. Photosystem 1 consists of mainly chlorophyll
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and photosystem 2 consist of meaning amount of chlorophyll b. Both the photosystems convey e
from H»O to nicotinamide adenine dinucleotide phosphate. The heart centre of photosynthesis is
the chlorophyll since it processes begins once photon from the light strike a molecule of the
chlorophyll. The process of photosynthesis occurs in 2 phases namely; the first phase is set of
reactions that can only occur in the presence of light and ATP to generate energy and
intermediately uses NADPH to decrease power and the second phase constitute sets of reactions
that occur in the dark or in the absence of light which include the Calvin cycle. Here, the
intermediates obtained in the first phase would be utilized in the generation of glucose by reacting

with Carbon dioxide. This would be illustrated in the diagrams below (Carvalho et al., 2011).
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Fig. 2-1: Phase 1 (i.e. set of reactions that occur in the presence of light) (Kasiri, 2015)
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Fig. 2-2: Phase 2 (i.e. Calvin cycle and fixation of carbon) (Kasiri, 2015)

In view of the above, the significance of light intensity in the any growth which depend solely on
photosynthesis can never enfeebled (LihaiFan et al., 2007). Although several studies has been done
as to determine the optimum light intensity to achieve the maximum growth rate possible for the
particular strain because, as observed, increase in light intensity is said to increase the
photosynthetic process which consequently increase the growth rate till it reaches saturation point
where further increase in light intensity result to no increment and therefore, drastically reduces
productivity because of the occurrence of a phenomenon called photo inhibition (LihaiFan et al.,
2007; Zheng et al., 2011). Some few microalgae species have been reported in the literature, i.e.
for Scenedesmus and Chlorella Sp., the saturation light intensity have been estimated to be 276
umol m2 s, and for chlorogleopsis sp., it optimum light intensity was observed to be 338 umol

m?s?(Zheng et al., 2011).

10



However, studying only light effect on the growth rate could not satisfactorily predict the response
of the outdoor large scale, especially when the nutrients lack some essential elements i.e. nitrogen
starvation period. To correct this, (Cheng et al., 2013) Optimized the light intensity together with
nutrients molar ratio (i.e. carbon to phosphorus, carbon to nitrogen, and carbon to magnesium) for
Chlorella PY-ZUL. Carbon dioxide of 15% was used and adjustment of nutrients ratios made were
from 0.17, 0.093 and 0.018 to 0.69, 0.096, and 0.0030 for N:C, P:C, and Mg:C respectively and as
reported, these alterations gave about 125% increase in microalgae biomass production. Light
intensity was then adjusted from 61 to 81 umol m s and the specific growth rate was observed

to have 99% increases.

Although all this studies are conducted at a specific temperature, and failed to realize that outdoor
or sunlight intensity is inseparable with the temperature which means, the higher the light intensity,
the higher the temperature and from literature, its established that, each microalgae strain show a
particular growth rate correlation curve at a specific temperature (Carvalho et al., 2011). Therefore,

there is a need to study the effect of temperature simultaneously with the other factors reported.

2.3. Effect of CO, Concentration on Microalgae Growth

Just like the terrestrial plants, microalgae also utilize carbon dioxide to carryout photosynthesis in
the presence of light. Broadly speaking, raising the carbon dioxide concentration enhances the
process of photosynthesis in several microalgae strains since, higher availability of CO; increases
it diffusion from bulk concentration to the active site of Rubisco as shown in Fig. 2-2. But it should
be asserted that the increase in CO2 concentration should not be above optimum level where the
strains can endure (Sato et al., 2003). Microalgae uses HCOs™ which is formed from dissolution of

CO: in the media as shown in the Eqg. 2-1 (Moroney & Somanchi, 1999) below and excess
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accumulation of these carbonic acid could make the media toxic of which it degree of effect vary
from one strain to another (Razzak et al., 2013). Although, most strain exhibit optimal growth at
pH near neutral, however, some prefer acidic environment while others prefer alkaline medium

(Kumar et al., 2010).

CO, + H,0 & H,C0; « H* + HCO3 2-1

The effect on CO; fixation and obtainable oil by Nannochloropsis oculata and TetrasImis chuii
have been studied by (Purba and Taharuddin, 2010) through the manipulation of CO>
concentration from 3 — 9% and light intensity from 5 — 23 umol m2 s, This study shows that both
factors have significant effect on the CO: fixation rate. In the study, it was observed that increase
in both CO> concentration and light intensity gives a corresponding increase in CO> biofixation
and lipid content of both strains. According to the author, he asserted that 9% carbon dioxide
concentration and 17 umol m? st of light intensity are the optimum. Also, the obtainable lipid
content at these conditions is 11.37% for Nannochloropsis oculata and 9.50% for Tetraselmis

chuii.

The drawback here is that, at light intensity of 17 umol m s that the author claimed to be the
optimal value to achieve a high CO- fixation rate by the species studied, however, at outdoor large-
scale system, the culturing temperature is expected to be raised higher than at 5 umol m?2 s,
Therefore, in view of this, the study might not accurately give the optimistic result for outdoor

large-scale application.
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2.4. Effect of Temperature

The main principal factor that significantly affect the growth of microalgae is the temperature
(Kasiri et al., 2015). This affects the rate of growth by directly influencing the rate at which enzyme
catalyzed reactions occurs. In general, increment in culturing temperature results to an explosive
increment in the microalgae growth since the rate of metabolic activities would the enhanced.
However, a drastic reduction in the growth would occur if temperature continue to arise above it
tolerance level (Singh and Dhar, 2011). Also, at higher temperature, the solubility of gasses
decrease in water (Stepan et al., 2002). Moreover, as said earlier, the optimum value for culturing
temperature changes from one microalgae strain to another and is influenced by other factors

discussed or yet to be discussed, I.e. light intensity.

However, (Kumar et al., 2010) claimed that from literature, temperature ranging from 77°F to 95°F
is the best for most microalgae strain while some few strains shows higher adaptability at

temperature range of 59°F to 78.8°F.

An investigation on the effect of CO, concentration varying from ambient (0.0036%) to 20% and
culturing temperature varying from 30-50°C on the growth rate of Chlorella vulgaris have been
studied by (Chinnasamy et al., 2009) and established that 6% CO> concentration and culturing
temeperature of 30°C gave the highest chlorophyll and biomass concentration of 11 pg mL™ and
210 ug mL™* respectively. Meanwhile the author explicated that no growth was observed at 50°C.
Another study by (Converti et al., 2009) shows that an increment in the culturing temperature
from 20-25°C of two microagae species resulted in double increase in lipid content obtained i.e.,

for Nannochloropsis oculata (88% increase was observed) and a further increase in culturing
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temperature from 25-30°C resulted in drastic reduction in lipid content for Chlorella vulgaris

l.e.(about 59% decrease).

The drawback here is that the author failed to realized that at harsh higher temeperature, some
microalgae strain might still show good adaptability at richer nutrient ratios or much higher CO>
concentration which has not been reported in earlier studies. Therefore, more investigations are
needed in this area to comprehend what other parameters or factor could be altered at higher
temperature seasons (i.e. summer period) in order to sustain their production at large scale

cultivation for biofuel industries.

2.5. Effect of Some Nutrients

2.5.1. Significance of Nitrogen

Nitrogen which is available inform of nitrate represent on of the most crucial macroelements
needed for microalgae growth. The element is a constituent of the materials which are directly
linked with the principal metabolism of these algae. Alteration in the availabilty of nitrogen results
to reduction in the generation of carbohydrates and amino acids. It deficiency has been linked to
drastic reduction in fixation of carbon because of low production of bio-catalyst which aids e
transfer photosynthetically in the chloroplast of a vascular plant as it causes chlorophyll a pigment
and hence enhances increment carotenoids (Kumar et al., 2010). Moreover, as reiterated earlier,
nitrate among others i.e. urea and ammonium or compounding them remain the most frequently

source of nitrogen used.

Prolonging the exponential growth phase is necessary in order to obtain a higher carbon dioxide

biofixation rate and specific growth rate (Jin et al., 2006). A study conducted by (Jin et al., 2006)
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to investigate the effect of nitrogen on CO: fixation rate of microalgae by intermittently controlling
the availability of nitrogen in a batch photo bioreactor. The author inferred that supplying of
nitrogen intermittently would be a better way achieve higher CO, fixation rate in a photo
bioreactor. In another study by (Choul-gyun, 2002) , Chlorella kessleri was investigated for its
efficiency in the removal of nitrogen in treatment of wastewater with small nitrogen to carbon
ration (N:C) and the response obtained indicate that, the strain could use up the surplus nitrogen
and uses CO2 bubbled in the media through HCO3 ions. Therefore, concluded that the removal

would continue so far CO2 mass transfer is not hindered.

In another study carried out by (Converti et al., 2009), the authur ascertained that in an attempt to
optimize the specific growth rate by reducing the concentration of nitrogen by 75% resulted in an
increment in lipid content of both species i.e. Nannochloropsis oculata and Chlorella Vulgaris by

93.7% and 178% respectively.

2.5.2. Significance of Phosphorus

Phosphorus, which is available to microalgae cells in form of phosphate, represents another most
crucial macroelement needed for their growth and intrinsic metabolism (Kumar et al., 2010). Availability
of phosphorus has been directly linked to the generation of energy required for carbon transport by
producing ATP. Also, linked to the utilization of carbon for synthesizing protein through the process of
phosphorylation and thereby affecting microalgae’s ability to influence CCMs (carbon dioxide
concentration mechanisms) (Xu et al., 2010). However, one significant report which solely studied the
effect of phosphorus together with different CO2 concentration (Xu et al., 2010). In the report, it is
explicated that excess availability of phosphorus enhances microalgae growth due to increasing in the rate

of photosynthesis process. A Red alga (Gracilaria lemaneiformis) used in the study showed it ability to be
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photosynthetically enhanced (by 0.072%) at higher CO, concentration and phosphorus level. But the study

fails to view the response at higher temperature.

However, two different studies (Cheng et al.,, 2010; Yeh & Chang, 2012) also reported on
enhancing lipid accumulation of chlorella vulgaris by varying conditions of cultivation which
include light intensity, CO> concentartion, and nutrient concentration. The results shows a great

influenced of these factors and therefore need for optimization arise.

2.6. Methods of Optimization

Method employed in the literature can be broadly categorize into two which are:

1. The mathematical method

2. The statistical method

2.6.1. The Mathematical Method

Many investigations have been carried out to mathematically model microalgae systems where it
has been regarded that rate of growth of microalgae is a function of nutrient ratios concentration
by Monod equation. In addition, a model known as Michealis — Menten model, has represented
the kinetic of nutrient uptake rate. Many other studies proposes several equations by modifying

Monod equation in an attempt to incorporate the effect of light intensity (Kasiri et al., 2015).

2.6.2. Statistical Method

Designing of experiment by statistical methods are generally categorize as part of RSM (respond
surface method). However, little studies have been reported on optimal experimental design for
optimization of microalgae growth rate and CO- biofixation rate by microalgae (Ho et al., 2012),

(Yewalkar et al., 2011; Zheng et al., 2011). The most common statistical methods on optimal
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experimental designs are categorized as part of response surface methodology. Desirability
function and response surface metholodogy have be used by (Zheng et al., 2011) to optimize the
CO: biofixation rate together with starch content of a microalgae Tetraselmis Subcordiformis
cultivated in a rectangular shaped photo bioreactor by changing the initial concentration of
biomass, CO> concentration and gas flow rate. Also, (Ho et al., 2012) employed the statistical tool,
response surface methodology to optimize CO. biofixation rate and specific growth rate by
changing the culturing conditions of a strain Scenedesmus obliquus. Factors which serves as the
input factors for the RSM includes light intensity, carbon dioxide concentration, Mg concentration
and gas flow rate. The optimization of NaNOs, PO.*, Fe-EDTA and micronutrients concentration
for Chlorella pyrenoidosa has also been studied by (Yewalkar et al., 2011) grown in 95% oil sand
process- affected water media. (Béchet et al., 2013) reported a review on various models that have
been developed for studying the effects of temperature and light intensitiy on microalga biomass

productivity in an outdoor cultivation.

Several studies concerning the biofixation of CO2 by microalgae have only been riveted on growth
rate of biomass cell and its productivity since there are correlations between CO> biofixation rate
and the parameters (Zheng et al., 2011; Ho et al., 2012; Anjos et al., 2013; Cheng et al., 2013;).
Also, some few studies have been reported on directly evaluating of CO uptake rate from the
media (Purba and Taharuddin, 2010) and optimal experimental design of microalgae strains
nurtured in oil sand process affected water to optimize the rate of CO, uptake rate which
measurement is based on directly measuring Carbon dioxide level and concurrently optimizing
the specific growth rate and biofixation rate of CO2 by chlorella Kessleri (Kasiri et al., 2015a).

Again, the same author but in another study uses nonlinear dynamic model to estimate the optimal
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level of carbon dioxide concentration, light intensity and phosphate level concentration to achieve

maximum growth rate and CO> biofixation rate chlorella kessleri (Kasiri et al., 2015).

However, the adeptness to optimizely model microalgae productivity and CO: biofixation
especially under the varying conditions of temperature, nutrient availability and CO2 concentration
is crucial for evaluating the profitability and sustainability of their cultivation at large scale for
biofuel industries and to the best of our knowlegde, no investigation has been done on the optimal
experimental design to optimize microalgae specific growth rate, CO. biofixation rate and
efficiency of wastwater trratment by directly varying culture temperature, nutrient ratios and CO-

concentration simulteanously.

Therefore, this study aimed to first investigate the effect of CO2 concentration on the growth of
Chlorella vulgaris, Chlorella kessleri, Chlorella prototheocoides and Neo oleoabundans) taking
into account: (i) specific growth rate; (ii) biomass productivities; (iii) CO; fixation rate; and (iv)

nitrogen and phosphorus uptake.

Secondly, a central composite response surface design was then employed to develop quadratic
regression models for the specific growth rate, CO- biofixation rate and rate of nutrient removal
by altering the initial nutrient concentration (i.e. nitrate and phosphate), culturing temperature and
CO- concentration of Chlorella vulgaris cultivated in BBM media (batch process). Multiobjective
optimization method was employed to determine the maximum specific growth rate, CO;
biofixation rate and biomass productivity concurrently. These factors were choosen since it have
been reported that they have essential implication and effects on the above mentioned outputs (i.e.
microalgae specific growth rate, CO- fixation rate and it productivity (De Morais & Costa, 2007,

Yewalkar et al., 2011; Ho et al., 2012; Razzak et al., 2013).
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CHAPTER 3

THESIS OBJECTIVES

3.1 Overall Objective

The primary objective of the study is to investigate the effect of nutrient ratios (N:P), culturing
temperature and carbon dioxide concentration on the growth of microalgae biomass, CO> fixation

and efficiency of wastewater treatment.

3.2. Specific Objectives.

1. Individually and simultaneously study the effect of CO, (i.e. 0 - 12%), culturing
temperature (i.e. 25 - 60°C) and nutrient ratios (i.e. P from 1:1 — 8:1) on microalgae growth

rate, CO> fixation and efficiency of wastewater treatment.
2. Maximize CO; uptake rate, biomass productivity and efficiency of wastewater treatment.

3. To investigate the optimal levels of culturing temperature, nutrient ratio and CO:

concentration by multi-objective optimization.
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CHAPTER 4

MATERIALS AND METHODS

4.1. Microalgae Strains and Culturing Conditions

In this study, Chlorella vulgaris, Chlorella kessleri, Chlorella prototheocoides and Neo
oleoabundans were investigated for their potential use as a CO2 bio-fixation agent, biofuel
production, and wastewater treating agent. The species were obtained from Algae depot in USA

and culture in modified Bold’s Basal Medium (MBBM).

4.2. Media Composition

Modified Bold’s Basal Medium (MBBM) was used for their cultivation. The media consist of
NaNOs, CaCl2.2H20, MgS0.4.7H20, KoHPO4, KH2PO4, NaCl, EDTA, KOH, FeS04.7H20, H2S0s4,
H3BO3, ZnS04.7H,0, MnCl2.4H,0, CuSO04.5H;0, Mo00s, Co(NOs)2.6H.O dissolved in an

appropriate amount of de-ionized water as prescribed by (Andersen, 2013)

4.3. Experimental Procedure and Design

The microalgae species were initially pre-cultured to avoid studying the lag phase and were
incubated in batch photobioreactors (1L Erlenmeyer flask) filled up to 1000_ml as a working
volume. Four different photobioreactors were inoculated with 1_mg/L of the four different strains,
thereby setting the initial biomass concentration to 1_mg/L. The photobioreactors were placed on
a bench where Grolux fluorescents light are arranged parallel to the water bath that regulates the

culturing temperature between 23-25°C. The ambient air was filtered and mixed with CO2 with
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the aid of the mixing device. As it has been established in several studies that mixing or creating a
bubbling environment is required to keep the microalgae cells in suspension, to distribute loosely
the nutrients and to obtain equally exposure to the same light intensity and this is expected to be

achieved through this mixing device.

For the first study, the CO2 concentration was varied from 0 i.e. ambient concentration to 6% in
four steps. While for the second study, the CO, concentration was varied from 0 to 12%, culturing
temperature from 25 to 60°C, and nutrient ratio (NP) from 1:1 to 8:1 all in five steps. The set up
as shown in Fig. 4-1 was left for a maximum of 10 to15 days depending on when the growth of
each strain reaches their stationary phases just before the death phase set in. The photobioreactor
was illuminated with four vertically oriented lux bulbs that provide a light intensity of 60~70 umol
m s, The microalgae biomass was harvested by centrifuging at 9000RPM for 5min and dried by
freeze dryer. Some experiments were replicated and were chosen statistically to exhibit the concept

of reproducibility.
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Fig. 4-1: Schematic Diagram of the Experimental Setup
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4.3.1. Description of The Analytical Methods

a) Growth Monitoring Analysis: Samples were obtained at 24hrs interval and cell
concentration was determine by taken their optical density at 690nm (ODego) using UV-
Vis spectrophotometer. Also, the dry biomass weight was obtained by filtering 10ml of the
sample and the precipitate was dried in an oven at 50°C for a period of 24hrs before being
weighed.

b) Growth Kinetic Parameters: Parameters like Specific growth rate (x, dt), biomass
productivity (P, gaw L™ d) and CO; fixation rate (Rc, gcoz L™ d') was obtained by cell
concentration and dry biomass weight obtained using the following set of equations
respectively.(Feng et al., 2012)

For Specific growth rate, we have:

lan - lnXl-

B 4-1

tr—t;

Where X and Xs represent biomass dry weight at the beginning and at the current day of
the exponential growth phase respectively. While ti and tr respectively represent the initial

and current time (in culturing days) at the same growth phase

For biomass productivities, we have:
p=X1=% 4-2
t1— ta
Where Xo and X1 represent biomass dry weight at the beginning and at the current day of
the exponential growth phase respectively. While to and t1 respectively represent the initial
and current time (in culturing days) at the same growth phase (Feng et al., 2012),(Jacob-

Lopes et al., 2009).
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c)

d)

CO2 Measurement: In order to determine the CO2 bio-fixation rate R¢o, (gLtd ™), the
carbon content analysis is required where the carbon mainly coming from the CO:
dissolved in the media. CO2 with different mixing compositions sparging into the media
where CO from the gas bubbles transfer to the liquid media. Rate of CO, uptake was
measured based on the carbon content analysis in the microalgae cell using Eg. 4-3 Rate
of CO2 removal or uptake can also be measured based on concentration of CO2 measured
at the inlet and outlet, but the value cannot be reliable. The only reliable data is the analysis
of carbon content in the viable cell based on the productivity relationship. The total carbon
content of microalgae was measured using a TOC Analyzer (Teledyne Tekmar® Torch
Combustion TOC/TN Analyzer). The carbon content was determined based on the average
total organic carbon concentration and the total biomass concentration.

Carbon content values then used to measure rate of CO, removal using the following

equation:

M
Rc= Cc. P. —=22 4-3
C

Where Cc represents the carbon fraction of the produced biomass was determined using

TOC analyzer, P represents the biomass productivity and % represent the ratio of
c

molecular weight of Carbon dioxide to Carbon (Jacob-Lopes et al., 2009).

Nutrients Removal / Wastewater Treatment: The nutrients removal was estimated by
quantifying the level of phosphorus and nitrogen in the culturing medium. The filtrate
obtained while performing biomass dry weight was subjected to both nitrate and phosphate

test using Chromo tropic acid method and Molybdovanadate method with acid persulfate
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digestion respectively according to procedure reiterated in (Hach Company, 2015) and
(Hach Company, 2014).
e) Culturing Temperature: A water bath that has the capacity to heat up to 80°C was used

for the experiment.

4.4, Statistical Design of Experiment

Response surface methodology (RSM) is one of a statistical tool employed when the need to
determine the correlation between input factors that can be controlled and the response. Moreover,
to determine the optimal values of inputs factors that can either minimize or maximize the output
response. Generally, according to (Aslan and Cebeci, 2007), RSM uses the form of the following

second order model given in Eq. (4-4)

k k-1 k k
y=p+ zﬂixi + Z Z Bijxix; + Zﬂiix% 4-4
i=1 i=1

i=1 j=i+1

where X1, X2,. ...xk represent the coded values of the independent variables or input factors that
determine the output (response) y. In addition, fo, fi, Bij and Bii represent the unknown parameters
that would be obtained by LSR (least squares regression). The steps or levels of the input factors

(Z)), 1s coded as x; from Eq. (4-5) provided by (Zheng et al., 2011).

Zi—Zy
AZ;

x; = i=123, ..., N

4-5
where, Xx; represents the coded value of the true variable, Zi ; Z, is the value of Z; at centre point

and AZ; denotes the step change employed in the response surface methodology design.

Two major designs that are commonly used under RSM designs are the central composite and

Box-Behnken designs (Toutenburg and Shalabh, 2009). Although, both designs use quadratic
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models but the main difference between them is that Box Behnken designs are mostly employed
when corner points are either unworkable or insignificant because the experimental points of the
input factors are picked at the edge centers of the bounding box. While in central composite
design, the experimental points of the input factors are picked on the face centers of the bounding

box (Ogunnaike, 2010).

4.4.1. Central Composite Design (CCD)

In the second study, a central composite design as shown on Table 4-1 was employed to generate
a set of quadratic regression models for the specific growth rate, CO, uptake rate and nutrient
uptake rate of Chlorella vulgaris and also to consequently determine the optimal levels of culturing
temperature, NP ratio and CO> concentration. The design was employed to vary the culturing
temperature from (T, = 25°C and Tw = 60°C), nutrient ratios (N =8:1 and Ny = 1:1) and the CO;
concentration (CL = 0% and Cn = 12%), since these factors have some considerable effects on the
microalgae growth, CO- uptake rate specific growth rate and biomass productivity (Razzak et al.,
2013). Where L and H denotes extreme high and extreme low levels of those factors respectively.
The design included start points which represent extreme values (-, o) as seen on Table 4-1 for
each input factors. The coded value of alpha basically depends on the number of factors and as
such, 0=2%* = 1.68 (Wang, 2006a). The design utilises a matrix of experimental runs according to
the number of input factors. Table 4-1 lists the treatment, while Table 4-2 provides the range and

levels of these three independent input factors.

A total number of 20 runs were carried out and randomly sequenced in duplicate to lessen the
influence of any kind of experimental error to generate a set of quadratic regression models (Aslan
& Cebeci, 2007). Minitab® 17 was employed for completion of regression analysis and Design-
Expert® 10 for graphical relationships.
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Table 4-1: Central Composite Experimental Design Employed for CO2, NP Ratio, and Temp.

CO2 (x49) NP (x5) Temperature (x3)
Experimental
Number Coded Actual (%) Coded Actual Coded Actual (°C)
1 + 10 - 2:1 - 31
2 0 6 -al 1:1 0 39
3 -0, 0 0 4:1 0 39
4 0 6 0 4:1 +a 60
5 - 2 - 2:1 - 31
6 0 6 0 4:1 0 39
7 0 6 0 4:1 0 39
8 + 10 - 1:1 + 50
9 + 10 + 6:1 + 50
10 + 10 + 6:1 - 31
11 - 2 + 6:1 - 31
12 +a 12 0 4:1 0 39
13 - 2 + 6:1 + 50
14 0 6 +a 8:1 0 39
15 0 6 0 4:1 0 39
16 0 6 0 4:1 -a 25
17 - 6 - 2:1 + 50
18 0 6 0 4:1 0 39
19 0 6 0 4:1 0 39
20 0 6 0 4:1 0 39
Table 4-2. Configuration of Input Parameters

Coded Actual
Parameters CO2 (%) NP Temp (°C)

-0, 0 1:1 25

- 2 2:1 31
Values range 0 6 4:1 39

+ 10 6:1 50

a 12 8:1 60

4.5. Multi-Objective Optimization Strategy

Multi-objective optimization strategies are employed when optimization involves multiple

objectives simultaneously based on trade-offs. In obtaining a single optimal set of solutions, the
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objective functions would serve as a sacrificial agent for each other and this was achieved by
generating a response optimizer plot using Minitab ® 17. The desirability function (d) or

composite desirability function (D) of 1 or value close to 1 is the best.
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RESULTS AND DISCUSSION
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CHAPTER 5

SINGLE PARAMETRIC STUDY

Herein, we report the effect of single parameters i.e. CO2 concentration, temperature, and nutrient

ratio on the growth responses and CO: fixation of microalgae’s species.

5.1 Effect of CO, Concentration on Microalgae Growth

Just like the terrestrial plants, microalgae also utilize carbon dioxide to carry out photosynthesis in
the presence of light. Broadly speaking, raising the carbon dioxide concentration enhances the
process of photosynthesis in several microalgae strains due to the fact that, higher availability of
CO: increases it diffusion from bulk concentration to the active site of Rubisco. But it should be
asserted that the increase in CO2 concentration should not be above the optimum level where the
strains can endure (Sato et al., 2003). Microalgae uses HCO3" which is formed from the dissolution
of COz in the media as shown in Eq. (5-1) (Moroney & Somanchi, 1999) below and excess
accumulation of this carbonic acid could make the media toxic of which it a degree of effect vary
from one strain to another (Razzak et al., 2013). Although, most strain exhibit optimal growth at
pH near neutral, however, some prefer acidic environment while others prefer an alkaline medium

(Kumar et al., 2010).

CO, + H,0 < H,CO; & H* + HCO3 5-1
Fig. 5-1 shows the effect of increasing CO2 concentration on specific growth rates across different
strains. For all strains investigated with the exception of Neo oleoabundans, an increase in CO-

concentration above 4% seems to have an adverse effect on the specific growth rate as shown in
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Fig. 5-1(a), (b) and (c). This could be best explained due to acidic medium created by dissolving
more CO; in the media as discussed earlier. However, Neo oleoabundans shows some significant
increases in specific growth rate above 4% CO> concentration till 6% CO> concentration as shown
in Fig. 5-1(d) which suggest that for the particular strain, probably it can still accommodate higher

CO> concentration.

This study forms the basis of our future investigation to determine the optimum CO> concentration
for such strain by employing response surface methodology and perhaps elucidate the regression

models to predict the dynamic behavior of microalgae.

The lowest specific growth rate of 0.43d achieved was with C. Kessleri at 6% CO2 concentration,
the light intensity of 36 umol m2 s and initial phosphate concentration of 2Mm which is in a
good agreement with (Kasiri et al., 2015b) findings who reported 0.28 d* at 5% CO. concentration.
It should be noted that (Kasiri et al., 2015b) uses light intensity of 40 umol m? s and 29mM of
phosphate. Whereas the highest specific growth rate of 1.71_d' was achieved with C.
Prototheocoides at 4% CO- concentration as shown in Fig. 5-2. C. vulgaris shows a specific growth
rate of 1.2d* at 4% CO, concentration which is in total agreement with (Gongalves et al., 2014a)
findings who reported 1.2d* for C. vulgaris at 4% CO, concentration and 24hrs period of light
irradiance. Similar specific growth rate values between the microalgae C. vulgaris and P.
Subcapitata were previously reported in the study performed by (Pires and Martins, 2014).
However, it might be difficult to compare the various results in the literature, because of the

different media, conditions, and strains.

The effect of CO2 concentration on the growth (note: not growth rate) of all strain investigated is

also depicted in Fig. 5-3. As observed, the cell concentration in terms of optical density (OD) at
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690nm and dry cell weight was plotted against various CO2 concentration. The cell dry weight was
calculated from the calibrated curves shown in Table 5-1. As one would expect, the higher the
ODsg0 Which represent cell concentration, the higher the dry cell weight, but this is not the case.
ODsgonm only measures the chlorophyll content of the reactor for example in Fig. 5-3(a), despite
having such high ODesgonm at 6% CO> concentration, however, the dry cell weight was found to

be 0.52_gL™ even lower than dry weight achieved at 2% CO2 concentration.

Table 5-1: Calibration Curves of ODggonm and Cell Conc.

Microalgae strain ODggo = MX(gaw/1y + b R?
Chlorella vulgaris 3.4638x — 0.0346 0.999
Chlorella kessleri 4.4883x — 0.0449 0.9901
Chlorella prototheocoides 3.5361x — 0.0354 0.9917
Neo oleoabundans 3.1606x — 0.0316 0.9921
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5.2.  Single Parametric studies on Biomass productivities and CO; fixation rate

Information about the average composition of microalgae biomass, as well as biomass
productivities can be used to determine carbon dioxide uptake rate, assuming that all the CO>
assimilated was converted into biomass and at which temperature is most favored. Fig. 5-4, Fig.
5-8 shows biomass productivities and CO- biofixation rate determined from Eq. (4-2) and Eq. (4-3)
respectively at different CO2 concentrations while Fig. 5-7 shows the effect of temperature and Fig.

5-9 revealed the effect of nutrient ratio on CO- fixations rate of Chlorella vulgaris.

5.2.1. Biomass Productivities
Regarding biomass productivities, a similar behavior was observed as shown in Fig. 5-4. In general,

higher CO2 concentration led to an increase in maximum biomass productivities. The lowest
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biomass productivity, 0.027_g/L/day, was achieved for the C. kessleri at 0% CO- concentration
which in agreement with (Gongalves et al., 2014b) findings who reported lowest biomass
productivity of 0.022_g/L/day for P. subcapitata. On the other hand, the highest biomass
productivity value, 0.11 g/L/day, was achieved by the C. prototheocoides at 6% CO>
concentration. C. vulgaris and Neo oleoabundans showed a similar behavior in terms of biomass
productivity. The highest values achieved were 0.09_g/L/day at 2% CO concentration and 6%
CO2 concentration respectively. The increase in CO. concentration favors maximum biomass
concentrations. These results suggest that all the studied strains with the exception of Neo
oleoabundans behave similarly when the CO. concentration is increased. However, the highest
productivity values for Neo oleoabundans could not be obtained here in the chosen range of our
CO- concentration, which indicates that higher biomass productivity could still be achieved for

this strain when cultivated at higher CO, concentrations (say 8-12%).

Biomass Productivity
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Fig. 5-4: Effect of CO2 concentration on biomass productivity of Chlorella vulgaris
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5.2.2. CO; Biofixation Rate

For all microalgae strains investigated, an increase in CO2 concentration resulted
in an increase in CO; biofixation rate as shown in Fig. 5-8 and Fig. 5-10(b). The increase observed
could be best explicated by the luxurious uptake of CO; at elevated CO> concentrations. We
speculated that the microalgae strains seek to hive away surplus nutrients (i.e. carbonate) in its
intracellular pools for usage in the period when nutrient starvation set in since a good number of
algal strains shows this conduct (Liang et al., 2009). However, at higher CO. concentration (say
6%), as show in Fig. 5-5, the rate of CO> biofixation reduces and this is expected since the culturing
media become acidic as observed in Fig. 5-6 thus put the microalgae in a harsh toxic environmental

condition.

Rate of CO, fixation

0.10 1 2%  —m—4%
0.09 - —— 6% 8%
0.08 - 10%  —0—12%
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0.05 -
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0.02 -
0.01 -

0.00 ‘ ‘ ‘
0 2 4 6 8 10 12

Time (days)

CO2 fixation rate (gl-1d-1)

Fig. 5-5: Effect of CO2 Concentration on COz fixation rate

An increase in biomass productivities and in CO2 uptake rates with increasing light irradiance has
already been described (Cheng et al., 2006; Morais et al., 2007; Chiu et al., 2008; Li-haiFan et al.,

2008). In fact, at CO> concentration below the optimum value, photorespiration rate is directly

35



proportionally to CO> biofixation rate, resulting in an increase in biomass productivities and in
CO- uptake. For irradiance values above the light saturation point, an over-dissolution process
occurs, damaging the photosystems and inhibiting photosynthesis and microalgae growth

(Sobczuk et al., 2000; Yr et al., 2003; Chinnasamy et al., 2009).

These results have shown that microalgae culturing can be effective in CO capture from the
atmosphere, which may reduce costs associated with CO> supply. All studied microalgae strains
seem to be effective in CO, capture due to their high biomass productivities, being promising

alternatives for large scale production
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Fig. 5-6: Effect of CO2 concentration on the media Ph
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5.3. Effect of CO, Concentration on Efficiency of Nutrient Removal

The culture supernatant was analyzed on daily basis throughout the culturing for nitrate and

phosphate to determine the efficiency of their removal by the strains as shown in Fig. 5-11.

As expected, the nutrients removal efficiency was poor at the beginning of the culturing days (Day
0-2 or 3) due to low cell concentration (0.01_g/l) as shown in Fig. 5-11 (a) and (b). It is expected
that the higher the cell concentration, the better the nutrient removal efficiency (Lau et al., 1995).
Thereafter, the removal efficiency of nutrient achieved higher level during the growth phase, due
to the higher cell concentration and vigorous growth. It was interesting to note that from Fig. 5-11
(b), the removal of Phosphorus from the media was very low and almost most strains in the
literature including those investigated in this study shows this trend. This is because Microalgae
do not require Phosphate in such high amount as available in wastewater despite being one the

most crucial macroelement needed for their growth and intrinsic metabolism (Kumar et al., 2010).

(@) Concerning nitrogen removal, when the lowest CO> concentration was applied (i.e. 0.03%-
ambient air), all microalgae strains showed reduction percentages lower than the values established
by EU legislation (64%). However, when higher CO. concentration (i.e. 4-6%) was applied,
percentages of reduction higher than 70% were obtained for all cultures except for the C. kessleri
which gave 65% reduction at 4% CO> concentration as shown in Fig. 5-12 (a). However, at 6%
COz concentration, all strains showed a reduction percentage of about 100% as observed from Fig.

5-12 (a).

These results show that higher CO2 concentration favors nitrogen removal and that, in general, all
studied strains can be effectively applied in nitrogen removal. High nitrogen removal percentages

have been described in different studies. In the study performed by (Xin et al., 2010), the microalga
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scenedesmus sp. was able to remove 90.4% of nitrate after 13 days of cultivation with an initial
nitrate concentration of 10_mg L, a CO, concentration of 2%. A nitrogen removal efficiency of
82.70% was obtained for the microalga Chlorella zofingiensis at 2% CO> concentration (Zhu et

al., 2013).

(b) Regarding phosphorus uptake, removal efficiencies were far from satisfactory, as the minimum
percentage of reduction established by EU legislation, 80%, was not achieved lower CO>
concentration. However, it is possible to state that increasing CO2 concentration results in higher
phosphorus removal. In this study, all strains investigated showed a similar behavior in terms of
phosphorus uptake as shown in Fig. 5-12 (b). However, the highest phosphorus removal, about
88.85%, was achieved by the C. kessleri at 6% CO2 concentration. Phosphorus removal
efficiencies obtained in this study were in agreement with those referred in the literature.
Phosphorus removal percentages close to 100% were obtained for the microalgae scenedesmus sp.

and C. zofingiensis in the studies performed by (Xin et al., 2010; Zhu et al., 2013) respectively.
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CHAPTER 6

OPTIMIZATION OF CO: FIXATION RATE AND BIOMASS
PRODUCTIVITY.

Microalgae cultivation and their use is a promising approach for integrated CO> biofixation,
wastewater treatment and renewable energy production. To develop such an important technology,
there is a need to optimize the culture conditions, maximizing CO> consumption, degrading the

nutrients present in the wastewater and maximise the microalgae biomass production.

the optimization of three parameters in just five steps while employing classical n-factorial
approach would require5® or 125 individual runs. To avoid such large number of runs, a statistical
design of experiment (i.e. DOE) could be employed. This approach includes central composite
design and Box-Behnken design. It also enables the identification of synergistic relationships
between input parameters. The present study considered the use of statistical central composite
design technique to model specific growth rate, biomass productivity and CO; biofixation rate of
Chlorella vulgaris cultivated in a modified bold’s basal medium by adjusting different nitrogen-
to-phosphorus ratio under different culture conditions (i.e. temperatures, nitrogen-to-phosphorus
ratio, CO2 concentration). The optimal levels of nutrient ratio, the percentage of CO. and culturing
temperature were determined by developing a quadratic model for specific growth rate, biomass

productivity and the rate of CO; biofixation.
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6.1. Development of Model

Experimental data obtained from central composite design (CCD) presented in Table 6-1 are used
in the development of the following quadratic regression equations to adequately depict specific

growth rate, CO> fixation rate and biomass productivity of Chlorella vulgaris.

Specific growth rate, p = 1.877 + 0.009x, - 0.343x; + 0.064x, - 0.305x - 0.682x2 (6-1)
- 0.148x3- 0.022x, x5 + 0.003x; x, - 0.081x,x;

CO Fixation Rate Rcoz (g/l/day) = 0.02325 - 0.00418 x; - 0.05331 x5

6-2
- 0.00400 x, - 0.00608 x? +0.01901 x2 + 0.02257 x5 + 0.00630 x; x5 6-2)
- 0.00282 x,x, + 0.00371 x, x5
Productivity P = 0.05910 - 0.00123 x;- 0.02803 x5 + 0.00020 x, - 0.01270 x? (6-3)

- 0.01055 x2 + 0.00277 x2 + 0.00180 x, x5 - 0.00232 x;x, + 0.00022 x5

where, x;, x, and x5 denotes the coded values of the CO2 concentration, NP ratio and culturing

temperature respectively.

Fig. 6-1 a-C shows the plots of experimental data versus model predictions for specific growth rate,
CO:- biofixation rate, and biomass productivity, respectively. The coefficient of determination (i.e.
R?) of the quadratic regression models for the specific growth rate, CO; fixation rate and
productivity were 0.80, 0.98 and 0.91, respectively showing that the regression models (except
specific growth rate) developed can effectively depict the relationship between the investigated

factors and responses.
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Table 6-1: Specific Growth Rate, CO: Fixation Rate and Productivity Obtained from the CCD

oarmaal S conption e BT
(d?) (mgL*d?)

1 0.70 117.33 63.54
2 1.86 94.91 76.36
3 1.50 8.46 34.64
4 0.00 0.00 0.00
5 0.63 131.27 61.47
6 1.88 22.12 55.72
7 1.90 23.00 56.00
8 0.00 0.00 0.00
9 0.00 0.00 0.00
10 1.04 91.20 53.36
11 0.94 127.69 69.89
12 1.46 4.49 33.20
13 0.00 0.00 0.00
14 1.99 80.12 79.03
15 1.63 25.00 55.50
16 0.82 154.91 80.04
17 0.00 0.00 0.00
18 1.93 25.00 66.00
19 1.88 22.12 62.00
20 1.88 22.12 55.72
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Test of significance for the quadratic regression models of specific growth rate, CO> fixation rate,

and productivity was carried out by employing analysis of variance (ANOVA) (Ogunnaike, 2010),

which is shown in Table 6-2. Here, the analysis is considered to be significant when the p-value in

the model term is less than (<) 0.05. As shown in Table 6-2a, the culturing temperature (x5, p =

0.025) and CO2 concentration (xZ, p = 0.037) are significant factors on the response, specific
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growth rate. Table 6-2b shows that the culturing temperature (x5, p = 0.00) and CO2 concentration
(x%,p = 0.003) have significant effect on the biomass productivity while NP ratio has no or little
significance in the investigated range. As shown on Table 6-2c, when taking CO: biofixation rate
as the response, the culturing temperature (x3, p = 0.00), CO, concentration (x2, p = 0.018) and
NP ratio (x%, p = 0.000) show significant effects. Moreover, the interaction term between the
initial CO2 concentration and culturing temperature (xZx2, p=0.055) shows little significant effect

on the CO: bhiofixation rate.
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Table 6-2. Analysis of Variance (ANOVA) for (A) SG, (B) BP, and (C) COz2 Fix

Term Coefficient () Standard error t-Value p-Value
Constant 1.88 0.20 9.54 0°¢
X1 0.01 0.13 0.07 0.95
X3 -0.34 0.13 -2.63 0.03¢
Xy 0.06 0.13 0.49 0.64
x? -0.31 0.13 -2.4 0.04¢
x3 -0.68 0.13 -5.37 0¢
x3 -0.15 0.13 -1.16 0.27
X1X3 -0.02 0.17 -0.13 0.90
X1X5 0.00 0.17 0.02 0.99
XoX3 -0.08 0.17 -0.47 0.65
(a) Specific growth rate
Term Coefficient (B) Standard error t-Value p-Value
Constant 0.06 0.005 11.90 0.000¢
X -0.00 0.003 -0.37 0.72
X3 -0.03 0.003 -8.51 0.000¢
Xy 0.00 0.003 0.06 0.95
x? -0.01 0.003 -3.96 0.00¢
x2 -0.01 0.003 -3.29 0.01¢
x2 0.00 0.003 0.86 0.41
X1X3 0.00 0.004 0.42 0.68
X1X; -0.00 0.004 -0.54 0.60
XpX3 0.00 0.004 0.05 0.96
(b) Biomass productivity
Term Coefficient () Standard error t-Value p-Value
Constant 0.02 0.003 6.95 0¢
X4 -0.00 0.002 -1.89 0.09
X3 -0.05 0.002 -24.03 0.00°¢
Xy 0.00 0.002 -1.80 0.10
x? 0.01 0.002 -2.82 0.02¢
x3 0.02 0.002 8.81 0¢
x5 0.02 0.002 10.45 0.00¢
X1%X3 0.01 0.003 2.18 0.05¢
X1X; 0.00 0.003 -0.97 0.35
XpX3 0.001 0.003 1.28 0.23

(c) CO:q fixation rate

¢ Significant at p-value < 0.05

47



6.2. Effect of Culture Variables

In order to achieve better apprehension of the results, quadratic regression models Eq. (6-1), (6-2)
and (6-3) developed were employed to generate three — dimensional (3D) response surfaces and
two — dimensional (2D) contour plots, which are presented in Fig. 6-2, Fig. 6-4 and Fig. 6-5. The
synergetic effects with the several combinations of input factors on specific growth rate, CO;
biofixation rate and biomass productivity were observed. It is important to note that both surface

and contour plots were plotted for 2 factors and the remaining factor was fix at a center level.

6.2.1. Synergetic Effects of Input Parameters on Specific Growth Rate

The understanding of the synergetic effects of temperature, CO> concentration and NP ratio on
specific growth rate is very important for efficient process operation. Generally, temperature
efficaciously controls many metabolic activities (Mun & Guieysse, 2006). Also, stress tolerance
ability of microalgae differs from one strain to another. The synergetic effects of culture
temperature and CO2 concentration on specific growth rate are shown in both 3D response surface
Fig. 6-2 (a) and 2D contour plot Fig. 6-2 (b). It is obvious that the specific growth rate increases
with the increase of initial CO> concentration and culture temperature. The maximum specific
growth rate was obtained at around 6% CO> and 34 °C which is in agreement with Chinnasamy et
al., (2009). The stimulatory effect of CO> (up to 6%) on specific growth rate could be related to
the increased availability of key enzymes in carbon metabolism such as carbonic anhydrase
enzyme and Rubisco, resulting in enhanced photosynthesis (Xia & Gao., 2005). It is interesting to
note that both factors significantly affect the specific growth rate which is also in agreement with

ANOVA shown in Table 6-2 (a). Nevertheless, the specific growth rate concomitantly decreases
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at an elevated temperature above 35°C. The inhibitory effect of CO2 on specific growth rate was

also observed
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when the level of CO, was above 6%. The possible explanation is that the uses of higher CO>
levels (above 6%) can result in low pH due to carbonic acid formation, which in turn cause the
decrease of the activity of the key enzymes (e.g., carbonic extracellular anhydrase and Rubisco)
and as such inhibit cell growth (Chen et al., 2011).

Fig. 6-2c and 6.2d show the interaction effects of CO> concentration and NP ratio on the specific
growth rate. The specific growth rate increases with both CO2 concentration and NP ratio of 2:1 to
4:1, while it decreases at NP ratio of 1:1, 6:1 and 8:1 respectively. This is probably due to high
concentration of phosphate in 2:1 and 4:1 in comparison with those of 6:1 and 8:1. The data
indicate that the specific growth rate increases with phosphate concentration but decreases at an
extremely high concentration of phosphate showing an adverse effect of phosphate concentration
i.e. (1:1). The data are in agreement with the ANOVA test. The results also ratify previous findings

of Kasiri et al., (2015).

Fig. 6-2e and 6.2f present the interaction effect of culture temperature and NP ratio on specific
growth rate. It reaches its peak at around NP ratio of 4:1 and culture temperature of 34°C. The
strain shows about 10% decrease in its specific growth rate at 35°C as compared to 33°C. Further
increment in the culture temperature (i.e. 39°C and above) results in a sudden disruption of the
microalgae growth which eventually led to the death of the microalgae cells. This was easily
observed from the change of the color from green to brownish suspension. No growth was
observed at a culture temperature of 50°C and above despite altering other culturing conditions.

However, this observation is in agreement with Converti et al., (2009) findings.

6.2.2. Synergetic Effect of Input Parameters on CO; Biofixation Rate
Temperature is the most influencing factor on microalgae growth and CO. fixation rates due to its

direct relationship with microalgae metabolic rates i.e. enzymatic reactions (Boyd et al., 2013;
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Duarte, 2007). In general, the rate of microalgae growth, CO; fixation and metabolic activities
increases with temperature till optimal level is attained for a particular species. Temperature
increases above optimal value results to decrease cellular metabolic activities since cell death

strats at elvated temperure (Raven & Geider, 1988).

Fig. 6-4 a & b show the interactive effect of CO> concentration and culture temperature on the CO>
fixation rate. It was observed that the CO. fixation rates increases as we decerease the culturing
temperature from 60°C to 25°C. However, the CO; fixation rates remain zero until the decrease in
temperature reaches 39°C. This indicate that the growth of Chlorella vulgaris can not be sustained
at culturing temperture above 39°C, no matter what other factors were altered. Originally, the CO>
fixation rates increases with increase in CO. concentration until an optimum concentration level
is reached as shown in the single factor experiment on Fig. 6-3. This increase can be explained by
the luxury uptake of CO> at elevated CO- concentrations. The hypothesis is that the microalgae
strain (Chlorella vulgaris) seeks to store surplus nutrients in its intracellular pools for usage during
times of nutrient limitations and it is true for many algal strains (Liang et al., 2009). However, at
a higher CO- concentration (above 6%), the rate of CO: fixation reduces (i.e. 58mg/L/day) and
this is expected since the culturing media become acidic thus put the microalgae in a harsh toxic
environmental condition. The possible mechanism behind this is probably microalgae consume
CO:z in the form of bicarbonate dissolved in the media in addition to CO> diffusion through carbon
concentrating mechanism (CCM) operation to its cell which is always the case at higher CO-

concentration. This leads to concentration gradient between the two sides of the cell.

Moreover, as shown in Fig. 6-3, the CO- fixation rate at 6% CO> concentration, and 39°C culturing
temperature shows a remarkable improvement i.e. 78mg/L/day (which is in conflict with what was

observed in the single factor experiment explained earlier. The simple explanation for this is that,
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since the solubility of gases decreases at increased solvent temperature, hence, the media pH
ceased to decrease as only moderate CO, concentration were able to dissolves in it. However, at
lower culture temperature (25°C) and at moderate CO, concentration (2%), a higher CO; fixation
rate (175mg/L/day) was observed. James et al., (1985) reported that, at lower atmospheric CO>
concentration, carbonic anhydrase is triggered for the photosynthetic use of inorganic carbon.
Moroney & Somanchi, (1999) also proved that eukaryotic microalgae’s activity diminished at an
elevated CO; concentration. In this study, the CO. fixation rate at ambient CO2 concentration (i.e.
0.03%) to moderate CO. concentration (i.e. 4%) was higher than at extreme higher CO>
concentration (i.e. 12%) indicating that there was a decrease in the rate of photosynthesis.
Increasing temperature causes reduction in the rate of photorespiration and thereby bringing about
exhaustion of carbon reserves and intracellular carbondioxide. As a result, the CO> fixation rate of
the strain decreases with the increase of culturing temperature. Above 35°C, the carbonic
anhydrase activity is drastically reduced and as a result, the low CO; fixation rate was observed

which is in accordance with Xia & Gao., (2005) findings.
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Fig. 6-4c & d show the interaction effects of NP ratio and CO, concentration on the rate of CO>
fixation rate. Here, the temperature was kept constant at 39°C while we varied the other two
factors. The nutrient ratio seems to be most influencing factor in this combination. However, no
synergies were observed on these two factors with respect to the CO; fixation rate of the
microalgae. Nevertheless, at 39°C, the optimum values of inputs parameters are 6% CO-

concentration and NP ratio of 1:1 to give 94mg/L/day CO; fixation.

Fig. 6-4e & f present the interaction effect of NP ratio and culturing temperature on the CO> fixation
rate by Chlorella vulgaris. Here, temperature is the most influencing factor. This is expected since
the microalgae metabolic activities (i.e. protein and carbohydrate synthesis) diminishes at elevated

culturing temperature (Chinnassamy et al., 2009).

Likewise, the nutrient ratio, i.e. Nitrogen and phosphorus which is available in the form of nitrate
and phosphate respectively represents two of the most crucial macroelements needed for
microalgae growth. These elements have direct link with the principal metabolism of microalgae.
For instance, lack of nitrogen availability results to a reduction in the generation of carbohydrates
and amino acids. Its deficiency has been linked to a drastic reduction in fixation of carbon because
of low production of biocatalyst which aids e transfer photosynthetically in the chloroplast of a
vascular plant as it causes chlorophyll a pigment and hence enhances increment of carotenoids
(Kumar et al., 2010). Therefore, prolonging the exponential growth phase is necessary in order to

obtain a higher carbon dioxide fixation rate and specific growth rate (Jin et al., 2006).

Also, availability of phosphorus has been directly linked to the generation of energy required for carbon

transport by producing ATP. Also, linked to the utilisation of carbon for synthesising protein through the
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process of phosphorylation and thereby affecting microalgae’s ability to influence CCMs (carbon dioxide
concentration mechanisms) (Xu et al., 2010). Xu et al., (2010) studied the interacting effect of phosphorus
and CO2 concentration and he explicated that excess availability of phosphorus enhances microalgae
growth due to increase in the rate of photosynthesis process. A red alga (Gracilaria lemaneiformis) used in
the study showed its ability to be photosynthetically enhanced (by 0.072%) at higher CO, concentration
and phosphorus level. But the study fails to view the response at a higher temperature. However, this
study shows that, at 6% CO, concentration, the best combination is temperature of about 25°C and

nutrient ratio of 1:1 to achieve a high CO; fixation rate (of about 248mg/L/day).
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6.2.3. Synergetic Effects of Input Parameters on Biomass Productivity

Temperature is one of the main factors that affect the biomass productivity. Fig. 6-5 a and b show
the effects of culturing temperature and CO, concentration on biomass productivity. The increase
of temperature from 25°C results to decrease in biomass productivity which suggested that
optimum temperature for biomass productivity falls below 25°C. This is in agreement with (Kumar
et al., 2010) who reported optimal biomass productivity at 15-26°C for some strains including

Chlorella vulgaris.

Fig. 6-5 ¢ and d show the interacting effect of CO. concentration and NP ratio on biomass
productivity. Clearly, it was observed that optimal CO> concentration was around 5.5% while the
variation of NP ratio shows very little effect on biomass productivity. Fig. 6-5 € and f show the effect
of culture temperature and NP ratio on biomass productivity of Chlorella vulgaris. The optimal
culture temperature for biomass productivity seemed to fall below 25°C and thereby further

investigation is required.
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6.3. Validation of Model

The model validation was done by comparing the model predictions with the actual experimental
data by calculating the percentage errors. Table 6-3 represents the model predictions and
experimental data for specific growth rate, CO biofixation rate and biomass productivity. The
specific growth rate model (Eq.(6-1)) shows poor agreement with experimental data since
percentages (%) of error for several treatments (#1-5, 10-12, 14-16) were observed. Therefore, Fig.

6-1a shows low accuracy correlation between the model predictions and the experimental data.

The CO: fixation model (Eq.(6-2)) shows fine agreement with the experimental data at the
intermediate levels for all three factors. Nevertheless, the high percentages (%) of error were
observed at treatments that have a very low CO2 concentration (0% CO2, #3) and very high CO:
concentration (12% CO», #12) as shown in Table 6-3. Therefore, it was deduced that the model
developed could not be employed when dealing with either extremely low or high treatments (i.e.
extreme corner points -o and o). However, Fig. 6-1b clearly presents a strong correlation between

the model predictions and the experimental data.

The biomass productivity model (Eq.(6-3)) shows satisfactory agreement with experimental data
at intermediate levels for all three factors similar to the CO fixation model Table 6-3. The
inaccuracy of the model was also observed at treatment with either low CO, (0% CO., #3) or very
high CO- concentration (12% COg, #12). Fig. 6-1C illustrates also a satisfactory correlation between

the model predictions and the experimental data.

All the models showed poor predictions in some treatments since these models are quadratic and

hence could not probably describe the dynamic behavior of algal growth and CO> biofixation in
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all kinetic regimes. Hence, comprehensive mathematical models need to be developed for further

study.

Table 6-3: The Model Prediction and The Corresponding Experimental Data.

Experimental

Specific growth rate

CO: fixation rate

number (I/day) (mg/L/day) Productivity (mg/L/day)
Model Experimental  Error Model Experimental ~ Error Model Experimental  Error
prediction data (%) Prediction data (%) prediction data (%)

1 0.10+0.39 0.7 37.84 112.09+6.7 117.33 446  66.00%10.0 63.54 3.82
2 1.40+0.38 1.86 27.16 93.66+6.4 94.91 132  66.60 £ 10.0 76.36 12.78
3 1.00 £ 0.38 15 33.02 13.10+6.4 8.46 54.88 25.32+10.0 34.64 26.9
4 -0.63+0.38 0 0 -12.65+6.4 0 0 -17.76+ 10.0 0 -
5 0.92 £0.39 0.63 46.72 127.4+6.7 131.27 295 67.40%10.0 61.47 9.65
6 1.88+0.20 1.88 029 2325+33 22.12 513 59.10+0.00 55.72 6.08
7 1.88+0.20 1.9 121 23.25%+33 23 1.09  59.10+0.00 56.00 5.54
8 0.40+0.39 0 - 10.66 + 6.7 0 - 13.07 £10.0 0.00 -
9 0.37+£0.39 0 - 446 +6.7 0 - 9.26 +10.0 0.00 -
10 1.26 +0.39 1.04 21.88 91.04+6.7 91.2 0.18 61.27+10.0 53.36 14.84
11 1.20+0.39 0.94 2746 117.64+6.7 127.69 7.87  72.00 £10.0 69.87 3.05
12 1.03+0.38 1.46 2955 -9.48+6.4 4.4923 31.15 21.18+10.0 33.20 36.21
13 0.40+0.39 0 - 5.85+6.7 0 - 12.77 £10.0 0.00 -
14 1.57+0.38 1.99 213 80.23+6.4 80.12 0.14 67.28+10.0 79.03 14.89
15 1.88£0.20 1.63 1515 23.25+33 25 7 59.10+£0.00 55.50 6.49
16 0.53+0.38 0.82 3591 166.46+6.4 154.91 7.45  76.43+10.0 80.04 451
17 0.43+0.39 0 - 0.78+6.7 0.8 2.84 7.28 £10.0 0.00 -
18 1.88£0.20 1.93 249 23.25+3.3 25 7 59.10+£0.00 66.00 10.45
19 1.88+0.20 1.88 029 2325+33 22.12 513 59.10+10.0 62.00 4.67
20 1.88 £ 0.20 1.88 029 23.25+33 22.12 513 59.10+10.0 55.72 6.08

(Mean + 95% CI)

6.4. Optimization

6.4.1. Specific Growth Rate

The optimum specific growth rate was calculated by using the quadratic model presented in Eq.

(6-1). The maximum specific growth rate was predicted to be 1.93 + 0.19 d* at optimal values of

34°C, 4:1 NP ratio, and 6% CO2 concentration and the optimization plot is shown in Fig. 6-6a.

6.4.2. CO: Fixation Rate

The CO: fixation rate model (Eq.(6-2)) was used to estimate the maximum CO fixation rate. The

CO; fixation rate was calculated to be 251.9 + 13.5 mgL"d* at an optimal set of 4% CO, 1:1 NP
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ratio and 25°C culture temperature, respectively and the optimization plot is shown in Fig. 6-6b.
Generally, increase in phosphate concentration increases the rate of phosphorus consumption by
microalgae thereby producing more chlorophyll pigment to enhance its specific growth rate which
in turn increase the rate of CO- biofixation (Cho et al., 2015). Hence, CO; biofixation rate was
optimized at around elevated phosphate levels (i.e. nutrient ratio 1:1) and culturing temperature
(25°C). Besides, it is well known that microalgae cell luxuriously consumes and store the excess

CO2 which consequently results in higher CO2 biofixation rate at around 4-6% CO- concentration.
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6.4.3. Biomass Productivity

The maximization of the biomass productivity was done by employing the biomass productivity
quadratic regression model (Eg.(6-3)) to estimate the optimum set of factors investigated in the
considered range. The optimum CO. concentration, NP ratio and culture temperature were
estimated to be 4.8%, 8:1 and 28°C respectively and maximum biomass productivity was predicted

to be 86.5 + 20.0 mgL1d* and the optimization plot is shown in Fig. 6-6c.

6.5. Multi-Objective Optimization

The response optimizer plot was employed to optimize the CO> biofixation rate and biomass
productivity concurrently. The CO; fixation rate of 182.84 + 8.42 mgL'd! and a biomass
productivity of 785 + 10.0 mgL*d? were obtained at the solution set of 4% initial CO,
concentration, 6:1 NP ratio and 25°C culturing temperature with composite desirability of 0.99 as
shown in Fig. 6-7. The results are reasonably in agreement with (Chinnasamy et al., 2009) findings.
However, it may not feasible to compare the results in the literature, because of the different media,

conditions in which the strain was cultivated.

6.6. Validation of Optimal Points

To validate the optimal model predictions of the CO. fixation rate, biomass productivity, and
multi-objective optimized points, set of duplicate experiments were conducted for each case. Table
6-4 shows the model predictions and actual experimental values for all three optimal points. The
Maximum prediction error of 15.5% was obtained at optimized solutions of CO; biofixation rate
for biomass productivity. These prediction errors are reasonably low since the 95% confidence
intervals (Cls) were employed for both the CO: biofixation rate and biomass productivity.
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Therefore, a strong agreement was found between the experimental data and model prediction data
and thus, the developed models can effectively be employed for prediction of biomass productivity

and CO- biofixation of Chlorella vulgaris.
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Fig. 6-7: The Multi-objective optimization plot for CO: fix. and BP.
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Table 6-4: Optimum Level for Both Single and Multi-Objective Optimization.

Objective
function Optimal condition CO: fixation rate (mgL*d?) Productivity (mgL-d™?)

Culture

temperature | Model Experimental  Error Model Experimental  Error

CO2 (%) NPratio (°C) prediction data (%) prediction data (%)

CO, fixation
rate 4 1:1 25 251.9+135 246.70 21 76.07 £ 20.0 90.0 15.5
Productivity 4.8 8:1 28 182.3+10.1 1811 0.7 86.53+ 15.0 88.1 1.8
Multiobjective
optimization 4 6:1 25 182.8+84 179.1 2.1 78.58+125 83.4 5.8

(Mean + 95% CI)
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CHAPTER 7

OPTIMIZATION OF CAPTURE AND WASTEWATER TREATMENT BY
CHLORELLA VULGARIS.

Herein, we report the concurrent utilisation of microalgae (Chlorella vulgaris) for fixation of CO>

and wastewater treatment by employing response surface method.

7.1. Model Development

To demonstrate the relationships among the three response parameters (e.g., CO> fixation rate,
nitrogen and phosphorus removal efficiencies), multiple regression analysis was employed by
varying the set of input parameters (e.g., CO2 concentration, the NP ratio, and culturing
temperature). Experimental data obtained from central composite design (CCD) presented in
Table 7-2 are used in the development of the following quadratic regression equations to
adequately depict CO; fixation rate, nitrogen and phosphorus removal efficiencies of Chlorella

vulgaris.

CO; Fixation rate (g/l/day) = 0.02325 - 0.00418 x, - 0.05331 x5 - 0.00400 x, 7-1)
- 0.00608 x2 + 0.01901 x2 + 0.02257 x2 + 0.00630 x, x5 - 0.00282 x, x,
+0.00371 x, x5

Efficiency of nitrogen removal (%) = 47.71 - 1.75 x; - 40.93 x5 (7-2)
- 1.96 x,- 10.64 x2 + 0.30 x2 + 12.09 x2 - 0.27 x;x3 + 0.27 x;x, + 0.31 x, x5

Efficiency of phosphorus removal (%) = 34.78 - 4.21 x; - 26.20 x5 + 13.99 x, (7-3)
-7.56 x% + 1.63 x2 + 0.59 x2 + 1.86 x;x3 - 1.15 x;x, - 14.80 x,x5
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Fig. 7-1 a-c shows the plots of experimental data versus model predictions for specific growth rate,
CO:. fixation rate, nitrogen removal efficiency and phosphorus removal efficiency respectively.
The coefficient of determination (i.e. R?) of the quadratic regression models for the specific growth
rate, CO> fixation rate, nitrogen removal efficiency and phosphorus removal efficiency were 0.99,
0.95 and 0.99 respectively showing that the regression models developed can effectively depict

the relationship between the investigated factors and responses.

ANOVA test as shown in Table 7-1 was employed to determine the p-values by fitting the
experimental data to the quadratic regression models i.e. Eqn. (7-1)-(7-3) (Ogunnaike, 2010).
Here, the analysis is considered to be significant when the p-value in the model term is less than
(<) 0.05. As shown in Table 7-1, the p-value for the culturing temperature of all responses is equal
t0 0.00 (i.e. p-value = 0.00) which indicate that culturing temperature is most influencing factor in
comparison to all other response parameters. This is in accordance with Al Ketife et al., (2016)
findings. The CO. fixation rate, nitrogen removal efficiency and phosphorus removal efficiency
were also significantly influenced by the CO> concentration as the p-value were 0.02, 0.01, and
0.02 respectively. There was a synergetic effect of NP ratio and culturing temperature on
Phosphorus removal efficiency as the p-value = 0.00. Also, there exist a synergetic effect of
culturing temperature and CO2 concentration on CO- fixation rate as the interaction effect p-value

= 0.045. The analysis of these interacting effects is presented in proceeding sections.
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Table 7-1. ANOVA For (A) % P Removal, (B) % N2 Removal, and (C) COz2 Fix

(a)

Term Coefficient () Standard error t-Value p-Value
Constant 34.78 2.35 14.79 0.00°¢
X1 -4.21 1.56 -2.70 0.02¢
X3 -26.20 1.56 -16.79 0.00¢
Xy 13.99 1.56 8.96 0.00¢
x? -7.56 1.52 -4.97 0.00¢
x3 1.63 1.52 1.07 0.31¢
x2 0.59 1.52 0.39 0.71
X1X3 1.86 2.04 0.91 0.38
X1X2 -1.15 2.04 -0.57 0.58
XpX3 -14.80 2.04 -7.26 0.00
(b)
Term Coefficient () Standard error t-Value p-Value
Constant 47.71 5.06 9.43 0.00¢
X4 -1.75 3.36 -0.52 0.61
X3 -40.93 3.36 -12.20 0.00¢
Xy -1.96 3.36 -0.58 0.57
x? -10.64 3.27 -3.26 0.01¢
x2 0.30 3.27 0.09 0.93
x2 12.09 3.27 3.70 0.00¢
X1X3 -0.27 4.38 -0.06 0.95
X1Xo 0.27 4.38 0.06 0.95
XpX3 0.31 4.38 0.07 0.94
(c)
Term Coefficient () Standard error t-Value p-Value
Constant 0.02 0.003 6.95 0¢
X1 -0.00 0.002 -1.89 0.09
X3 -0.05 0.002 -24.03 0.00¢
Xy 0.00 0.002 -1.80 0.10
x? 0.01 0.002 -2.82 0.02¢
x3 0.02 0.002 8.81 0¢
x2 0.02 0.002 10.45 0.00¢
X1X3 0.01 0.003 2.18 0.05¢
X1X5 0.00 0.003 -0.97 0.35
XpX3 0.001 0.003 1.28 0.23

¢ Significant at p-value < 0.05
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Table 7-2. SG, COz2 Fix., % of N2 Removal, And % of P Removal

Experimental COz2 Fixation rate ni tE(];gglr?rr]g?/ng]:/al %ﬁ;‘gﬂgﬁg
number (mg/L/day) (%) removal (%)
1 117.33 99.55 21.58
2 94.91 89.10 19.30
3 8.46 25.37 30.53
4 0.00 0.00 0.00
5 131.27 99.54 24.41
6 22.12 47.90 34.83
7 23.00 47.92 33.90
8 0.00 0.00 0.00
9 0.00 0.00 0.00
10 91.20 99.37 76.18
11 127.69 97.21 88.24
12 4.49 9.85 5.16
13 0.00 0.00 0.00
14 80.12 74.71 62.47
15 25.00 48.32 35.20
16 154.91 97.14 87.63
17 0.00 0.00 0.00
18 25.00 46.30 32.89
19 22.12 47.90 35.50
20 22.12 47.90 34.83

7.2. Analysis of Synergetic Effects

In order to achieve better apprehension of the results, quadratic regression models Eq. (7-1)-(7-3)
developed were employed to generate three — dimensional (3D) response surfaces and two —
dimensional (2D) contour plots, which are presented in Fig. 7-2 and Fig. 7-3. The results showed

synergetic effects with the several combinations of input factors on CO> fixation rate, nitrogen and
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phosphorus removal efficiencies. It is important to note that both surface and contour plots were

plotted for 2 factors and the remaining factor was fixed at a centre level.

However, only a few synergies effect was observed as explained from the ANOVA table.
Phosphorus removal efficiencies were altered by the combined effect of NP ratio and culturing
temperature. And the CO> fixation rates were affected by the combined effect of CO2 concentration
and culturing temperature which have been explained in chapter 6. No combined effect of any two

factors were observed on Nitrogen removal efficiencies.

7.2.1. Synergetic Effect of Input Parameters on Nitrogen Removal Efficiency.

Fig. 7-2a-f show the interacting effect of input parameters on nitrogen removal efficiency.
Nitrogen removal efficiency follows an identical trend of being enhanced with decreasing culture
temperature from 60°C to 25°C as shown in Fig. 7-2a, b, e & f with almost 100% removal at
relatively low temperature (25°C). However, no synergies were observed on any two factors with
respect to the Nitrogen removal efficiency of the microalgae. On the other hand, it apparently
seems to reduce at very low and very high CO2 concentration as shown in Fig. 7-2¢ & d. This is
suggested to be true since at moderate CO> concentration (i.e. 6%), the enzyme nitrogen reductase
is being activated thereby aid in the assimilation of nitrogen and also generating high
concentration of bicarbonate via addition of CO2 and protons produced from microalgae cells by
consuming nitrogen and phosphorus (Judd et al., 2015; Redfield, 1963). This, however, maintains
a benign condition for biomass growth by keeping the pH at a neutral level. Hence, large biomass
production results in nutrients depletion. The best combination was observed to be temperature of

339C, 6% CO; concentration and NP ratio of 1:1 for 98% Nitrogen removal.
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7.2.2. Synergetic Effect of Input Parameters on Phosphorus Removal Efficiency.
Fig. 7-3a-b represent the interacting effect of temperature and CO> concentration on phosphorus
removal efficiency. Culturing temperature still appears as the main influencing parameter.

However, no synergies were observed between these factors.

Fig. 7-3c-d shows the interacting effect of CO> concentration and NP ratio. Also, no synergetic

effect of these two factors were observed on phosphorus removal efficiencies.

Fig. 7-3e & f presents the interacting effect of temperature and NP ratio on the phosphorus removal
efficiency. Here, synergies were observed as the p-value is equal to 0.00 as shown on Table 7-1.
Phosphorus removal efficiency showed a flatter response at low temperature and relatively low
phosphorus concentration (i.e. NP, 8:1). Thermal damage associated with high culture temperature
results in cell death or low biomass concentration which consequently reduce the removal
efficiency. Since depletion of phosphorus by microalgae cells is linked with consumption of
dissolved inorganic carbon via photosynthesis, removal efficiency of phosphorus is more
influenced by change in pH than nitrogen removal through abiotic precipitation, albeit microalgae
removal mechanism of phosphorus remains the same (Su et al., 2012). Hence at elevated culturing
temperature, solubility of CO> decreases which consequently reduced the amount of dissolved
inorganic carbon available for photosynthesis and as well increase the pH of the media. However,
the best combination of these parameters is 4% CO> concentration, 31°C culturing temperature

and 1:1 NP ratio to achieve a 99.9% phosphorus removal efficiency.
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7.3.  Multi-Objective Optimisation

The response optimizer plot was employed to optimize the CO; fixation rate, nitrogen removal
efficiency and phosphorus removal efficiency, simultaneously. The maximum CO; fixation rate
of 127.7 + 5.1 mgLday, nitrogen removal efficiency of 99.9 + 7.7% and phosphorus removal
efficiency of 88.5 + 3.6% were obtained at the solution set of 4% initial CO2 concentration, 7:1

NP ratio and 28°C culturing temperature with composite desirability of 1.0 as shown in Fig. 7-4.

CO2% Tem

Optimal i P NP
D: 1.000 High 1.6818 1.6818 1.6818

T Cur [-0.4926] [-1.2667] [0.4926]
Predict Low -1.6818 -1.6818 -1.6818

4-""‘/
Composite
Desirability
D: 1.000
RCO:2

. Maximum ]

y = 127.6684
d = 1.0000

% of P removal

A

Maximum "
y = 88.5267
d = 0.99996

% of N2 removal

Maximum , [~

y = 99.8667
d = 0.99997

\

Fig. 7-4: The Multi-objective optimization plot for COz fix, % of N2 removal, and % of P removal
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7.4. Validation of Optimal Points

To validate the optimal model predictions of the multi-objective optimised points, set of duplicate
experiments were conducted. Table 7-3 shows the model predictions and actual experimental values
for the three optimal points. The maximum errors between model predictions and experimental
values for CO; fixation rate, nitrogen removal efficiency and phosphorus removal efficiency were
0%, 4.6% and 11.5%, respectively. These errors are reasonably low since the 95% confidence
intervals (Cls) were employed. Overall, a strong agreement was found between the experimental
and model prediction data and thus, the developed models can effectively be employed for

prediction of CO; fixation and wastewater treatment efficiency of Chlorella vulgaris.

Table 7-3. Optimum Level and Corresponding Experimental Data

Optimal Model Error
Factors  conditions Response Actual prediction (%)

CO:, fixation rate

CO2 4% (mg/L/day) 127.7 127.7+5.1 0
NP ratio 7:1 % of N2 removal 95.2 99977 4.6
Temperature 28°C % of P removal 100 88.5+ 3.6 115

(Shown as Mean Value 95% Confidence Interval)
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CHAPTER 8

JUSTIFICATION FOR ACCEPTING THE REGRESSION MODELS.

There are two sample data for each response, one obtained from the experiment of Neo
Oleoabundans and the other from the models generated. The experiment uses a factorial design
varying 3 factors (each of 5 levels) and as such, it requires 5% or 125 individual runs. But to avoid
such large number of runs, response surface method was employed which statistically suggest how

the experiment could be partly implemented without using all treatments (Toktas et al., 2014).

However, in this section, a full factorial study was performed on the experiment to determine if
the generated models are good predictors for the experiment responses and as such, if they are

deemed good enough, they would be used to generate all missing values responses.

Basically, the main aim for comparing the model and the experimental data is to see if the model
and experimental data do not differ significantly based on the 15 sample points. And as such we
can extend our problem to a factorial design which can be analyzed using Anova. In this

subsection, the goal is to justify why the models were accepted.
Below is the summary of the test.

e 15 distinct set of data that were obtained by running the experiment were collected.

e The treatment combinations were noted.

e [or each response, there exist the model value and the experimental value.

e Normality test was first carried out on each sample pair in other to see which type of test

would be suitable for comparing the pairs.
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e Then, two-sample test was carried out for each response by comparing the experimental

and model values to determine whether statistically equivalent or not.

Details of the tests carried out and the subsequent conclusions are presented in this chapter.

a = 0.05 (as mention in the objective section), for all the tests.

8.1 Hypothesis

Throughout this study, we shall assume 5% level of significance for the test of our hypotheses i.e.

a = 0:05.
Factor A: COz2 (%) (denoted c)

If we let wi; i = {1, ..., 5} be the mean effect of the ith level (treatment) of CO2% on the response

variables, then:

Null Hypothesis (Ho): u1=. .. = ps. In other words, CO02 has no significant effect on the response

variables.

Alternative Hypothesis (Hz1): At least one p; # 0. In other words, CO- has significant effect on the

response variables.
Factor B: Nutrient ratio (denoted n)

If we let wi; 1 = {1, ..., 5} be the mean effect of the ith level (treatment) of Nutrient ratio on the

response variables, then:

Null Hypothesis (Ho): H1=. . . = ps. In other words, Nutrient ratio has no significant effect on the

response variables.
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Alternative Hypothesis (H1): At least one pi # 0. In other words, Nutrient ratio has significant

effect on the response variables.

Factor C: Temperature (denoted t)

If we let wi; i = {1, ..., 5} be the mean effect of the ith level (treatment) of temperature on the

response variables, then:

Null Hypothesis (Ho): 1= ... = Hs. In other words, temperature has no significant effect on the

response variables.

Alternative Hypothesis (H1): At least one i # 0. In other words, temperature has significant effect

on the response variables.

Interaction effects: AB, AC, BC.

Null Hypothesis (Ho): For any given interaction effect, the null hypothesis states that, the

interaction factors under consideration has no significant effect on the response variables.

Alternative Hypothesis (Hz1): The given interaction factor has effect on the responses.

Response: Specific Growth Rate (Denoted as SG)

For the specific growth, the values obtained from the experiment and model are shown in the table

below with their specific treatment combinations.

SG = 0918 + x1c — xyt + x3n + x4¢% — x5t? + xgn% — x,ct + xgen + x9tn 8-1

Where,
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x; = 02471,  x, = 0.4509, x; = 0.0902, x, = 0.116, x5 = 0.2216,
xg = 0.0934, x, =0.059, x5 = 0.097, x, = 0.147.

Table 8-1: Response values for Specific Growth Rate

Treatments (c,n,t) Experimental Model
(10, 2:1, 32) 1.9597 1.7443
(12, 4:1, 39) 1.5776 1.4740
(2, 2:1, 50) 0 0.2483
(2,6:1, 32) 1.1345 1.0167
(2,2:1,32) 1.1345 0.9793
(2, 6:1, 50) 0 0.3857
(6, 4:1, 39) 0.9057 0.9220
(6, 1:1, 39) 1.0966 1.0818
(0, 4:1, 39) 1.0162 0.8837
(10, 6:1, 32) 1.7623 1.6817
(6, 4:1, 60) 0 0

(10, 6:1, 50) 0 0.3227
(6, 4:1, 25) 0.6806 1.1010
(6, 8:1, 39) 1.3657 1.1446
(10, 2:1, 50) 0 0.2853

Both the experimental and model data follow the normal distribution at « = 0.05. Outcomes of the

normality tests for each sample are shown in Fig. 8-1 and Fig. 8-2 respectively.
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After running the t-test (assuming equal variance, this was verified using the 2-variance test on

Minitab as shown in Fig. 8-3), a p-value of p = 0:853 was obtained. Minitab output of the test is

shown in Fig. 8-4. since p = 0:853 > ¢, it can be concluded that the experimental and model data

do not differ significantly. As such we accept the model Eg. 8-1 as a good predictor for the specific

growth rate response in our experiment.

Response: Maximum Biomass Productivity (Denoted as MP)

For Maximum Productivity, the values obtained from the experiment and model are shown in the

Table 8-2, together with the specific treatment combinations.

MP = 16.19 4+ y,c — y,t — ysn+ yuc? + yst? + ygn? + y,ct — ygen + yotn

Where,

Y1 = 0680, Yo = 32360, Y3 = 4‘14‘0, V4 = 7550, Vs = 10130,
ye = 0.560, y, = 3.620, yg = 2.940, y, = 2.480

Table 8-2: Response Values for Maximum Productivity.

8-2

Treatments (c,n.t) Experimental Model
(10, 2:1, 32) 82.13 73.41
(12, 4:1, 39) 42.08 39.69
(2, 2:1, 50) 0.00 0.00
(2,6:1, 32) 86.69 66.05
(2,21, 32) 84.85 73.41
(2, 6:1, 50) 0.00 0.00
(6, 4:1, 39) 16.13 17.19
(6, 1:1, 39) 21.83 23.35
(0, 4:1, 39) 19.30 37.40
(10, 6:1, 32) 60.43 54.29
(6, 4:1, 60) 0.00 0.00
(10, 6:1, 50) 0.00 1.77
(6, 4:1, 25) 76.00 100.26
(6, 8:1, 39) 0.00 9.42
(10, 2:1, 50) 0.00 10.97

The result of the normality test shows that, the experimental data does not follow the normal
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distribution at & = 0:05. Outcomes of the normality tests for each sample are shown in Fig. 8-3 and

Fig. 8-4 respectively.

Mann-Whitney Test was then carried out on the data, a p-value of p = 0:8347 was obtained.
Minitab output of the test is shown in Minitab Sequence 3. From the result of this comparison,
since p = 0:8008 > ¢, it can be concluded that the experimental and model data are statistically
similar, in other words they do not differ significantly. As such, the model Eq. 8-2 can be accepted

as a good predictor for the maximum productivity response.
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Fig. 8-3: Normality test for the model Maximum Productivity data.
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Fig. 8-4: Normality test for the experimental Maximum Productivity data.

Response: Biofixation
For the CO> biofixation, the values obtained from the experiment and model are shown in the

table below with their specific treatment combinations.

BF = 2547 4+ z;¢c — Zpt — zzn+ z,c% + zst? + zgn? + z,ct — zgen + zgtn 8-3
Where,

2, =1.08, z, =51.12, z3 =033, z,=10.17, 25 =1426, 1z, = 8.05,
Z7 = 572, Zg = 4‘65, Zg = 3.92
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Table 8-3: Response Values for Biofixation.

Treatments (c,n,t) Experimental Model
(10, 2:1, 32) 129.73 113.33
(12, 4:1, 39) 66.47 56.05
(2, 2:1, 50) 0.00 0.00
(2, 6:1, 32) 136.94 114.11
(2,2:1, 32) 134.03 113.31
(2, 6:1, 50) 0.00 8.27
(6, 4:1, 39) 25.49 25.47
(6, 1:1, 39) 34.49 48.79
(0, 4:1, 39) 30.49 52.42
(10, 6:1, 32) 95.46 95.53
(6, 4:1, 60) 0.00 0.00
(10, 6:1, 50) 0.00 12.57
(6, 4:1, 25) 120.06 151.78
(6, 8:1, 39) 50.48 47.68
(10, 2:1, 50) 0.00 14.69
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Fig. 8-5: Normality test for the model biofixation data.
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The result of the normality test shows that, the experimental data does not follow the normal
distribution at & = 0.05. Outcomes of the normality tests for each sample are shown in Fig. 8-5 and

Fig. 8-6 respectively.

Nonparametric 2-sample test was then carried out on the data, a p-value of p = 0:8347 was
obtained. Minitab output of the test is shown in Fig. 8-6. From the result of this comparison, since
p = 0:8347 > ¢, it can be concluded that the experimental and model data are statistically similar,
in other words they do not differ significantly. As such, the model 8-3 can be accepted as a good

predictor for the CO> fixation rate.
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Fig. 8-6: Normality test for the experimental biofixation data

Following all the tests conducted in this section, it has been proved that the responses obtained

from the models in Eq. 8-1, 8-2, and 8-3 do not differ significantly from the responses observed
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from the actual experiment. Hence, the models in Eq. 8-1, 8-2, and 8-3 can be accepted as good

predictors for the response values.

8.2. Empirical Relation and Data Layout

It has been established that the design technique follows the completely randomized design and
for each treatment combinations applied to an experimental unit, there are 3 responses. In the cases
of the univariate Anova for a 3-factor factorial design, i.e. Awith 1 <i <alevel, Bwith1<;<b
levels, C with 1 <k <c levels and 1 </ <r replicates, we have the following empirical relation

between the response (dependent variable) and the independent variables (treatments):

Vijkl = L+ 7 + B + yk + (1B)ij + (m)ik + (By)jk + (By)ijk + eijkl g4

In Manova for 3 independent variables context, the same structure for the empirical formula as in
Eq. 8-4 would be maintained. But the variables (both dependent and independent) in 7 are all

scalers. Therefore, switching to Manova would make all the variables become n x 1 vectors.

Table 8-4: Responses Captured as Vectors

t]_ tz e t24_3

Y11 Y21 Y2431

Y1 = |V12 Yo = |V22 Yiz2s = |Y2432
Y13 Y23 Y2433

8.2.1. Non-Normality Problem

Prior the analysis, there is need to point out a very major challenge which made taking a detour an
option in the analysis. As concluded earlier from previous analysis, the three responses (specific
growth rate, maximum productivities and CO: biofixation rate) were all not normally distributed.

This posed a very big challenge, because for the multivariate factorial experiment, the
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nonparametric tests analyses were nontrivial. As such, Johnson’s transformation was employed in

the normalization of the data.

The Johnson’s transformation was useful for normalizing only CO> biofixation rate at o = 0.04,

with a transformation shown in Eq. 8-5:

0.473044 + 0553767 x1 X +5.34992
' M221973—x 8-5

But the other two responses weren’t normalized by Johnson’s at o = 0:04. Normal Score was then
employed for the other 2 responses. We assume a definition of Normal Score which relates to
assigning alternative values to data points within a dataset, with the broad intention of creating
data values than can be interpreted as being approximations for values that might have been

observed had the data arisen from a standard normal distribution.

The normal score gave a normalization of maximum biomass productivities response data although
at o = 0.01, while specific growth rate was still not normalized even subject to other
transformations. Following the difficulty posed by this normality, the first detour taken was setting
a = 0.01 for the Manova since they were only able to be normalized at « = 0: 01. Hence, Manova
was employed for the two normalized responses i.e. CO2 biofixation and maximum biomass
productivities. While nonparametric factorial analysis was employed for to specific growth rate.
The Fig. 8-7 below shows the Johnson’s transformation of CO: biofixation rate response while the
normality test for maximum biomass Productivities response which shows normality at o = 0:01

is shown in Fig. 8-8.
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Johnson Transformation for BioFix

Probability Plot for Original Data
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P-Vahe for Best Fit: 0.0396419

Z for Best Fit: 0.53

Best Transformation Type: SB

Transformation function equals

0.473044 + 0.553767 * Ln{ (X + 524992 )/ (221.973-X))

Fig. 8-7: Johnson’s Transformation for CO:z biofixation rate.
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Fig. 8-8: Normality Test for Normal Score of maximum Productivities
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Notations: In Minitab, we shall have the following conventions for conveniences:

e Biofix stands for the rate of CO. biofixation and BiofixNormal is for the Normalized CO;
Biofixation rate data.

e SG represents the specific growth rate.

e MaxP stands for maximum biomass productivities and MaxPNormal is for Normalized

maximum biomass Productivity data.

8.2.2. Conclusions from Manova

Wilks’, Lawley-Hotelling, Pillai’s, Roy’s all make their observations based on their different
criterion. And as it is in the literature, non-seems to be a bad yardstick. So, we won’t be losing
generality if we choose one of these 4 and base our decision making on it. Among these, Lawley-

Hotelling criterion was employed.

Factor A: For all the single factors, it was observed that, the corresponding p-values satisfy p<a,
hence, null hypothesis can be rejected in each case of the single factors. Hence, it can be concluded
that nutrient ratio, culturing temperature and CO> concentration all have significant effects on the

responses investigated.

8.2.3. Plots and Analysis of Residuals

From the two residual plots, i.e. CO2 biofixation rate and Maximum Biomass Productivities, the
normal probability plots of each of the two response variables all show normality and
independence because almost all the data in the case of the two data plots lie along the line. And
especially the data around the center of the plots. Of course, the awareness of their normality has
been established since transformations were done, but the plots serve as an added advantage to

drive home the claim.
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About the constant variance, since the plot of residual vs fitted values in the two cases seem not
have a pattern and as such, it can be concluded that the constant variance assumption is valid.

Although this assumption is tricky to establish.

Residual Plots for BioFixNormal
Normal Probability Plot Versus Fits

Percent
Residual

-0.4 -0.2 0.0 0.2 04
Residual Fitted Value
Histogram Versus Order
24 -
T 3
o 3
L o
- -3
5
0 e
02 -0t 900 01 02 03 04 1100X® N WO W s
Residual Observation Order

Fig. 8-9: Four-in-one residual plot for biofixation.
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Residual Plots for MaxPNormal
Normal Probability Plot Versus Fits
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Fig. 8-10: Four-in-one residual plot for maximum biomass productivities.

8.2.4. Analysis of The Single Response Factorial.

From the above Fig. 8-9 and Fig. 8-10, applying the p-value approach, it can be observed that all
the p-values both for the single factors and their interaction have p < o = 0.01. Hence in all cases,
the null hypotheses can be rejected and conclude that all the single factors and their interactions

have significant effect on each of the response variables.

8.3. Nonparametric Analysis for Specific Growth

Considering the outcome of the Nonparametric analysis of specific growth rate. After all effort to
normalize the specific growth rate proved abortive, hence only the analysis of the main effects
would be presented. For the nonparametric analysis, « = 0.05, this quite makes sense because a =
0.01 due to the normalization of Maximum biomass productivities which were only able to obtain

at a = 0.01.
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8.3.1. Conclusion

From the results obtained from both MANOVA and the single response Factorial design, it can be
concluded that each of the three single factors (i.e. nutrient ratios, culturing temperature and CO>
concentration) and their interactions have significant effects on all the two normalized responses

(i.e. CO2 biofixation rate and Maximum Biomass Productivities)
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CHAPTER 9

CONCLUSION AND RECOMMENDATION

9.1. Conclusion

The effect of CO2 concentration and microalgae strains on microalgae growth, CO, capture rate
and efficiency of wastewater treatment have been assessed in this study, in order to obtain an
integrated and sustainable biofuel production system. From the results, C. vulgaris have the highest
CO:2 uptake rate of 150 _mg/L/day out of the four microalgae strains investigated. Therefore,
optimization of culturing parameters for Chlorella vulgaris was further examined. Culturing

parameters was optimized using response surface methodology.

Also, Chlorella vulgaris exhibited higher CO: fixation and biomass productivity as compared to
other strains from literature (i.e. Chlorella kessleri). Appropriate models of microalgae cultures
were developed separately using CCD to maximize specific growth rate, CO; fixation rate and
biomass productivity of Chlorella vulgaris. The model predictions showed good agreement with
the actual experimental data. The maximum specific growth rate of 1.93 + 0.19 d™* was observed
at an optimal set of 34°C, 4:1 NP ratio, and 6% CO> concentration. The maximum CO> fixation
rate of 251.9 + 13.5 mgL"d"? was also found at 4% CO> concentration, 1:1 NP ratio and 25°C.
Also, 4.8% CO2 concentration, 8:1 NP ratio and 28°C maximized biomass productivity to 86.5 +
20.0 mgL*d2. Finally, a multi-objective optimization was done using response optimizer plot to
maximize biomass productivity and CO> uptake rate simultaneously. The maximum CO> uptake

rate of 182.84 + 8.42 mg/L/day and the maximum biomass productivity of 78.5 + 10.0 mgLd*
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were obtained at an optimal set of 4% CO2 concentration, 6:1 NP ratio and 25°C. All the above

optimal sets were also validated further by experimental data with the error less than 15.6 %.

The third study examined the effect of culturing conditions (e.g., CO concentration, NP ratio and
culture temperature) of Chlorella vulgaris on its CO> fixation rate and efficiency of wastewater
treatment concurrently. The maximum CO; fixation rate, nitrogen and phosphorus removal
efficiencies were determined to be 127.7 + 5.1 mgL'day?, 99.9 + 7.7 % and 88.5 + 3.6 %,
respectively at an optimal set of 4% CO. concentration, 7:1 nutrient ratio and 28°C. Moreover,
with the help of ANOVA, R-squared and percentage error, it appeared that the developed
regression models can accurately describe the responses. These findings have the potential to be
used in the design and scale-up of industrial microalgae cultivation with the aim of CO> fixation

and generation of biomass for biofuel industries.

9.2. Recommendation

> Response optimizer as a multi-objective optimization method could be used to determine
the optimal feeding strategy to maximize CO; fixation rate, biomass productivity and
wastewater treatment efficiency simultaneously in fed batch and continuous systems.

» The mathematical model of Chlorella vulgaris cultivated in either BBM or wastewater in
the outdoor closed raceway or laboratory photo bioreactor could also be investigated. As
said earlier in chapter 3, low accuracy of the quadratic model for specific growth rate
developed was observed which suggest that quadratic models could not probably describe
the dynamic behavior of microalgae specific growth rate, biomass productivity and perhaps
it CO2 biofixation in most kinetic regimes. Hence, probably, a mathematical model should

be probably investigated in the future.
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» The microalgae cultivation can be performed in the raceway photo bioreactor in a
continuous mode to provide a basis for the design and scale-up of industrial microalgae
cultivation with the aim of CO; fixation and generation of biomass for biofuel industries

» The industrial microalgae cultivation can be performed at a larger scale in an integrated
fashion by exploiting CO, from flue gas, medium from municipal waste water and
phosphate and ammonium from agricultural run-off.

» The direct injection of CO into the tailing ponds water can be investigated, since
microalgae growth and CO- fixation can provide oxygen for aerobic micro-organisms and

improve the biodegradation of unwanted dissolved compounds in the ponds.
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Appendix

Minitab Sequence 1: Test for equality of variance for specific growth.

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

33

Test and CI for Two Variances: Experiment, Model

Method

Null hypothesis Sigma(Experiment) / Sigma(Model) = 1
Alternative hypothesis Sigma(Experiment) / Sigma(Model)+

not = 1
Significance level Alpha = 0.05

Statistics
Variable N StDev Variance
Experiment 15 0.695 0.482

Model 15 0.535 0.287

Ratio of standard deviations = 1.297
Ratio of wvariances = 1.682

957, Confidence Intervals

CI for

Distribution CI for StDev Variance

of Data Ratio Ratio

Normal (0.752, 2.238) (0.565, 5.011)
Continuous (0.739, 2.609) (0.546, 6.808)
Tests

Test

Method DF1 DF2 Statistic P-Value
F Test (normal) 14 14 1.68 0.342
Levene’s Test 1 28 1.17 0.289

(any continuous)
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Minitab Sequence 2: t-test for specific growth.

1 Two-Sample T-Test and CI: Experiment, Model
2
3 Two-sample T for Experiment vs Model
4
5 N Mean StDev SE Mean
6 Experiment 15 0.842 0.695 0.18
7 Model 15 0.885 0.535 0.14
8
9 Difference = mu (Experiment) - mu (Model)
10 Estimate for difference: -0.043
11 95) CI for difference: (-0.506, 0.421)
12 T-Test of difference = 0 (vs not =): T-Value = -0.19
13 P-Value = 0.852 DF = 28
14 Both use Pooled StDev = 0.6201

Minitab Sequence 3: Minitab output for the 2-sample comparison of BP.

1 Results for: ExpVsModelCompareData.MTW

2

3 Mann-Whitney Test and CI: Expt, Model

4

5] N Median

6 Expt 15 19.30

7 Model 15 23.35

8

9

10 Point estimate for ETA1-ETA2 is 0.00

11 95.4 Percent CI for ETA1-ETA2 is (-23.36,20.64)

12 W = 226.0

13 Test of ETA1 = ETA2 vs ETA1l not = ETA2 is significant <+
at 0.8035

14 The test is significant at 0.8008 (adjusted for ties)
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Minitab Sequence 4: Minitab output for the 2-sample comparison of Biofixation.

1 Results for: ExpVsModelCompareDataBioFix.MTW

2

3 Mann-Whitney Test and CI: Experiment, Model

4

5 N Median

6 Experiment 15 34.49

7 Model 15 48.79

8

9

10 Point estimate for ETA1-ETA2 is -0.07

11 95.4 Percent CI for ETA1-ETA2 is (-47.66,34.51)

12 W = 227.0

13 Test of ETA1 = ETA2 wvs ETA1 not = ETA2 is significant <+
at 0.8357

14 The test 1s significant at 0.8347 (adjusted for ties)
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Minitab Sequence 5: The Manova Analysis for Normalized CO> fix and BP.

1
2
3
4

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

ANOVA:

MANOVA for C

s = 2 m = 0.5

Criterion

Wilks
Lawley-Hotelling
Pillai

Roy

MANOVA for NR

s = 2 m = 0.5

Criterion

Wilks
Lawley-Hotelling
Pillai

Roy

MANOVA for T

s = 2 m = 0.5

Criterion
Wilks

BioFixNormal ,

MaxPNormal versus C, NR, T

n = 30.5
Test DF
Statistic F Num Denom
0.06807 44 . 617 8 126
13.31537 103.194 8 124
0.95746 14 .694 8 128
13.28714
n = 30.5
Test DF
Statistic F Num Denom
0.06143 47 .796 8 126
6.70840 51.990 8 124
1.46504 43.817 8 128
4,99146
n = 30.5
Test DF
Statistic F Num Denom
0.00532 200.231 8 126

100

0.000
0.000
0.000

0.000
0.000
0.000

P
0.000



Lawley-Hotelling
Pillai
Roy

MANOVA for C#*NR

5 = 2 m = 6.5

Criterion

Wilks
Lawley-Hotelling
Pillai

Roy

MANOVA for C*T

g = 2 m = 6.5
Criterion

Wilks

Lawley-Hotelling
Pillai
Roy

MANOVA for NR*T

g = 2 m = 6.5

Criterion

Wilks
Lawley-Hotelling
Pillai

Roy

165.62682 1283.608 8
1.10860 19.898 8
165.49738

n = 30.5

Test DF
Statistic F  Num
0.22758 4,316 32
2.93860 5.694 32
0.87609 3.118 32
2.77441

n = 30.5

Test DF
Statistic F  Num
0.07908 10.064 32
9.24127 17.905 32
1.11099 4,999 32
8.97343

n = 30.5

Test DF
Statistic F lNum
0.18594 5.194 32
3.05881 5.926 32
1.05935 4,505 32
2.53930

124
128

Denom
126
124
128

Denom
126
124
128

Denom
126
124
128

0.000
0.000

P
0.000
0.000
0.000

P
0.000
0.000
0.000

P
0.000
0.000
0.000
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Minitab Sequence 6: Single response (univariate) Anova output for Biofixation.

1 General Linear Model: BioFixNormal versus C, NR, T

2

3 Factor Type Levels Values

4 C fixed 5 0, 2, 6, 10, 12

5 NR fixed 5 1, 2, 4, 6, 8

6 T fixed 5 25, 32, 39, 50, 60

7

8 Analysis of Variance for BioFixNormal, using Adjusted SS
for Tests

9

10 Source DF Seq SS Adj S8 Adj MS F P

1 ¢C 4 6.4250 6.4250 1.6063 87.20 0.000

12 NR 4 3.9785 3.9785 0.9946 54.00 0.000

13 T 4 107.2557 107.2557 26.8139 1455.70 0.000

14 C=*NR 16 2.3933 2.3933 0.1496 8.12 0.000

15 C=*T 16 5.6778 5.6778 0.3549 18.27 0.000

16 NR=*T 16 2.3494 2.3494 0.1468 7.97 0.000

17 Error 64 1.1789 1.1789 0.0184

18 Total 124 129.2586

19

20 S = 0.135720 R-Sq = 99.097% R-Sq(adj) = 98.23)

21

22 Unusual Observations for BioFixzNormal

23

24 0bs BioFixNormal Fit SE Fit Residual St Resid

25 186 1.82768 2.03299 0.09481 -0.20531 -2.11 R

26 21 2.90292 2.49419 0.09481 0.40873 4.21 R

27 45 -1.59000 -1.37753 0.09481 -0.21247 -2.19 R

28 90 -1.52016 -1.31004 0.09481 -0.21012 -2.16 R

29 101 2.29035 2.07968 0.09481 0.21067 2.17 R

30

31 R denotes an observation with a large standardized residual+
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Minitab Sequence 7: Single response (univariate) Analysis of Variance for BP.

L L

o0 =~

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29
30
31
32
33
34

General Linear Model:

Factor
C

NR

T

Analysis of Variance for MaxPNormal,
for Tests

Type
fixed
fixed

fixed

Levels

5
5
5

Values

0,
1,

25,

2, 6,
2, 4,

32,

10,
6,
39,

12
8
50,

MaxPNormal versus C, NR

, T

.29
47
.90
.96
44
.83

T72%

Source DF Seq SS Adj SS Adj MS

C 4 8.4384 8.4384 2.1096 185
NR 4 1.7067 1.7067 0.4267 37.
T 4 92.0804 92.0804 23.0201 2021
C*NR 16 1.2684 1.2684 0.0793 6
C*T 16 5.1807 5.1807 0.3238 28.
NR*T 16 1.2439 1.2439 0.0777 6
Error 64 0.7287 0.7287 0.0114

Total 124 110.6471

S = 0.106702 R-Sq = 99.347 R-Sq(adj) = 98.
Unusual Observations for MaxPNormal

Obs MaxPNormal Fit SE Fit BResidual

1 2.57652 2.30327 0.07454 0.27325

5 -1.32362 -1.11501 0.07454 -0.20861

10 -1.32362 -1.15538 0.07454 -0.16824

21 1.61742 1.81636 0.07454 -0.19894

25 -0.61747 -0.77389 0.07454 0.15642

76 1.48432 1.66224 0.07454 -0.17792

99 -1.32362 -1.04837 0.07454 -0.27526

101 2.22699 2.06732 0.07454 0.15966

using Adjusted

o OO O O O

o mmm

R denotes an observation with a large standardized <«

residual .

.000
.000
.000
.000
.000
.000

103



Minitab Sequence 8: Main Effect of CO2 Conc. on Specific growth rate.

1 Kruskal -Wallis Test: SG versus C

2

3 Kruskal -Wallis Test on SG

4

H C N Median Ave Rank z
6 0 25 0.7076 51.1 -1.84
7 2 25 0.7795 50.7 -1.90
8 6 256 1.0083 60.5 -0.38
9 10 256 1.2622 72.3 1.43
10 12 25 1.5649 80.5 2.69
11 Overall 125 63.0

12

13 H = 13.16 DF =4 P = 0.011

14 H=13.26 DF =4 P = 0.010 (adjusted for ties)

Minitab Sequence 9: Main Effect of NP ratio on Specific Growth rate.

1 Kruskal -Wallis Test: SG wversus NR

2

3 Kruskal -Wallis Test om SG

4

5 NR N Median Ave Rank YA
6 1 25 0.9550 65.5 0.38
7 2 25 0.8612 60.9 -0.32
8 4 25 0.8373 57.9 -0.79
9 6 25 0.9486 62.4 -0.09
10 8 25 1.1020 68.4 0.83
11 Overall 125 63.0

12

13 H=1.26 DF = 4 P = 0.869

14 H=1.27 DF = 4 P = 0.867 (adjusted for ties)
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Minitab Sequence 10: Main Effect of Temperature on Specific Growth rate.

[a—y
S W00 =1 U e Wk

[E—
o b

13

[—y
.

Kruskal -Wallis Test:

Kruskal -Wallis Test omn SG

T

25
32
39
50
60

Overall

H
H

95.80
96.48

N
25
25
25
25
25

125

DF
DF

[ I = T

SG versus T

Median Ave Rank
.191928704 86.5 3
.271000000 94.3 4
.101996020 82.8 3
.397989530 38.3 -3
.000000000 13.1 -7

63.0
4 P = 0.000
4 P = 0.000 (adjusted

.63
.83
.06
.81
.70

for ties)
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