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THE EFFECT OF LIGHT AND DARK PERIODS ON THE GROWTH OF
CHLORELLA SOROKINIANA: MODELING & EXPERIMENTATION
FARID F. KHOURY
ABSTRACT

Microalgae are abundant unicellular photosynthetic organisms with more than 200,000
species. They are more efficient in harvesting solar energy than land-based plants with
green microalgae having more than ten times higher biodiesel productivity than the next
best land-based crop. Their ability to grow in harsh environments, non-agricultural lands,
and make use of wastewater, and the diversity of the products that can be extracted from
them, which include cosmetics, pharmaceuticals, food supplements, biofuels, and many
others, gives them the potential to replace fossil fuels and revolutionize the biotech
industry. In order to move onto large scale production, first, the growth rate of the cell
culture must be increased, which requires screening of promising species, studying their
growth kinetics, and selecting their most suitable environment. Second, microalgae use
their internal energy reservoirs (lipid bodies) during dark periods; nighttime biomass loss
must be prevented.

In this study, we analyzed the effect of light intensity on the growth of Chlorella
sorokiniana, a promising species for biofuel production. We constructed a growth model
that accurately predicts the growth response of the cell culture to varying irradiance
conditions and photoperiods. We incorporated the concept of Monod kinetics into our
model and quantified the effect of light intensity on biomass accumulation under light-

limiting conditions. We determined that the empirically measured maximum growth rate



parameter has a value of 0.20 h'! which is limited by the maximum photosynthetic rate.
Additionally, we determined the Monod saturation constant to be 238 pmol s! m2.

We found that biomass loss rate due to respiration and other metabolic activities peaked
during the day (8.7x1073 h'!), and was constant during nighttime (1.8x10-3 h'l). We
determined that 5% of the biomass gained during the 16-hour day period was lost during
the following 8-hour dark period, which lead to a 16% lower biomass yield when compared
to a continuously illuminated culture after nine days of cultivation at a constant temperature
of 30°C in a well-mixed five-liter photobioreactor. Finally, we illustrated that illuminating
the dark period with low-consumption red LEDs will prevent biomass loss and enhance

cell replication.
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CHAPTER1

INTRODUCTION

Fossil fuels are non-renewable energy reservoirs, including oil, coal, and natural gas,
formed from dead plants and animals buried under layers of rocks for millions of years [1].
Fossil fuels have been the dominant source of energy in the economy. They have driven
the industrial revolution, innovations, technological advancements, and economic
development of our society [2]. Although fossil fuels continue to allow us to reach glorious
achievements, burning them comes with disastrous consequences on the planet and all
living species.

The Department of Energy (DOE) estimated that 75% of human-caused greenhouse
gas (GHG) emissions are a result of burning fossil fuels for energy [1]. The solar energy
absorbed on Earth's surface is radiated back as heat into outer space. GHGs are gasses that
trap the heat from escaping the Earth's atmosphere [3]. Greenhouse gasses warm the Earth's
surface by acting like a blanket and slowing the rate of energy escape to space [4]. Eight
of the ten warmest years on record have been in the past 20 years. Studies show that the
increase in the planet's temperature will lead to extreme weather conditions such as more

frequent intense hurricanes and heat waves, melting of ice, and a rise in sea level putting



coastal cities at risk of regular flooding [S]. In 2018, greenhouse gas emissions were made
up of 81% carbon dioxide, 10% methane, 7% nitrous oxide, and the rest include water
vapor and other gasses [6]. Oceans absorb about one-third of all carbon dioxide emissions
making the water more acidic. The changes in the acidity of the oceans can lead to loss of
coral reefs, destruction of marine biodiversity, and life disturbance both on Earth and in
the sea [7].

Additionally, pollution due to the burning of fossil fuel has catastrophic effects on
human lives. Breathing problems, cancer, heart attacks, and many other health issues are
linked to air and water pollution [8]. Unfortunately, because of the growing demand for
energy, especially with new growing economies such as India and China, greenhouse
emissions will continue to rise and lead to environmental damage [7]. The emitted gasses
stay in the atmosphere long enough to be well mixed. Therefore, regardless of the emission
source, the effect will be felt all over the world [6]. For that reason, global efforts to cut
down on the use of fossil fuels and move onto renewable, carbon-neutral energy sources is

vital.
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Biofuels have generated more electricity than solar or wind up until now [10]. Besides
the quantity of the generated power, biofuels have a couple of advantages over solar or
wind. First, they are a more reliable source, as storage of the harvested energy from solar
or wind is still a significant issue. Second, biofuels can be used with already existing
engines and require little to no modification [10]. A major limitation to the first generation
of biofuels is that they are derived from biomass that is also a food source. The second
generation of biofuels, although they come from non-food biomass sources, competes with
food crops for land use [11]. The limitations of the first two generations have led to spot
the light on an alternative; microalgae derived fuels, also known as third-generation
biofuels.

Microalgae are abundant unicellular photosynthetic organisms with more than 200,000
species. They are more efficient in harvesting solar energy than land-based plants due to
their simple structure and being submerged in water where carbon dioxide and other
nutrients are readily available [12]. Microalgae can be grown in harsh environments, non-
agricultural lands, and make use of saline water, wastewater, and sewage [12].
Additionally, green microalgae have more than ten times higher biodiesel productivity than
the next best crop [7]. Microalgae-derived products include cosmetics, pharmaceuticals,
food supplements, biofuels, and many others. The diversity of the products extracted from
microalgae gives them the potential to replace fossil fuels and revolutionize the biotech
industry [7].

Current challenges with the third generation of biofuels must be overcome to reach
economic feasibility. In order to move onto large scale production, first, the growth rate of

the cell culture must be increased, as well as that of lipid productivity, which requires



screening of promising species, studying their growth kinetics, and selecting their most
suitable environment [13]. Second, microalgae use their internal energy reservoirs (lipid
bodies) during dark periods; thus, nighttime biomass loss must be prevented [14]. Third,
the dewatering of microalgae must be efficient and economical [13]. Intensive research in
all areas is undergoing. Light intensity and light cycle are the most critical parameters in
photosynthesis. Therefore, they are also the most critical parameters for microalgae
growth. The data available in the literature is far from complete; for that reason, we seek
to understand Chlorella sorokiniana’s ability to grow, replicate, and accumulate lipids
under varying irradiance conditions and compare it to other promising species for biofuel
production. In this study, we analyze the effect of light intensity on the growth of Chlorella
sorokiniana, a promising species for biofuel production. We determine the growth kinetics
using mathematical models such as the logistic model and the Monod equation. We study
the effect of varying light-dark periods on the overall productivity, analyze the impact of
the dark period on biomass loss, and learn whether prolonged cultivation will yield the
same biomass and cell concentrations as per continuously illuminated cultures without
intervention. Finally, we evaluate the results of nighttime supplementation with low-
consumption artificial red LEDs on preventing nighttime biomass loss and enhancing
productivity. The results of this research illustrate the effect of the light and dark periods
on the growth of C. sorokiniana. The models that were constructed and validated in this
work are useful for designing cultivation systems that utilize the most of incident light,

which in turn maximizes biomass productivity.






Microalgae can execute both metabolic pathways simultaneously, which is known as
mixotrophic growth [16]. They have two categories of nutrients: 1) micronutrients, which
are elements needed in trace amounts, such as calcium, magnesium, sodium, potassium,
iron, and others, all present as salts; and 2) macronutrients that are required in higher
concentrations, such as nitrogen and phosphorus. Sufficient light and moderate
temperatures are also required [12]. The rapid growth of microalgal cultures, their high
tolerance to extreme environmental conditions, and the variety of high-value biological
derivatives give rise to their potential to revolutionize the biotech industry. Some of the
microalgae-derived products include biofuels, cosmetics, pharmaceuticals, health
supplements, and food additives [7]. The lipids produced in algae can be extracted and
converted to biodiesel and other fuels. Microalgae with low oil content can have more than
ten times higher biodiesel productivity compared to the next best renewable feedstock, and
up to 25 higher yields when using high oil content microalgae. Other advantages of using
microalgae as a feedstock for biofuel include the removal of CO; from the atmosphere and
the reduction of the nutrient load from wastewater [7].

2.1.2 Microalgae Strain Selection: Why Chlorella sorokiniana?

The different microalgae species and strains vary in terms of productivity, tolerance to
harsh conditions, and the ability to accumulate different high-value compounds. For that
reason, the first step should be to find a microalgae species that can handle the
environmental settings in which it will be cultivated [17]. Regarding biofuel production,
because of the enormous amounts needed, microalgae must be grown on a large scale. A
major drawback, in large scale production, is most strains' inability to achieve high growth

and high concentration due to biological contaminant, variations in temperature, and light's



inability to penetrate the entire thickness of the pond [16]. Therefore, resistance to
predation, and salinity and temperature tolerance are essential in a strain being screened
for biofuel production in addition to high biomass productivity and lipid content [12]. Two
genera have been identified as major contenders for biofuel production: Chlorella and
Spirullina [16]. Environmental conditions that favor high lipid content often result in lower
biomass productivity, which yields a decrease in overall lipid productivity. Therefore,
when screening microalgae for biofuel production, lipid productivity is a more critical
selection parameter than lipid content or growth rate individually [18]. The NAABB,
National Alliance For Advanced Biofuels and Bio-products, has identified Chlorella
sorokiniana (DOE [412) as a promising species for biofuel production [19]. It has a high
tolerance for harsh conditions and has high lipid productivity, as shown in Figure 2-1. For
that reason, we selected to study the effect of irradiance and other environmental conditions

on the growth of Chlorella sorokiniana.






2.2 Photosynthesis in Microalgae

"It's not love or money that makes the world go round, it's photosynthesis." - Richmond

All life on Earth is either directly or indirectly dependent on a single unique process
known as photosynthesis. Oxygenic photosynthesis is the process by which
photoautotrophs harvest light energy and utilize the harvested energy to produce complex
organic molecules and oxygen [21]. Photoautotrophs (plants, algae, and cyanobacteria) are
the only organisms capable of performing photosynthesis [22]. The process is divided into
a light-dependent and light-independent reactions. In the overall process, carbon dioxide

and water are converted into carbohydrates and oxygen [21]. The overall reaction is:

Light Energy
COZ + H20 — CHzO + 02

The products of photosynthesis, carbohydrate molecules, enter other metabolic
pathways in the cell and are converted to amino acids, lipids, and sugars. Lipids can be
harvested and converted to carbon-neutral fuels.

2.2.1 Light Absorption in Photosynthetic Pigments

Light is a critical parameter in microalgae cultivation for biofuels and other high-value
products. To study and analyze the effect of irradiance on the growth of microalgae, we
must understand the mechanism by which light energy is harvested in photoautotrophs and
its role in catalyzing photosynthetic reactions. In the chloroplast, shown in Figure 2-2,
small stacked disk-shaped membranes called thylakoids contain light-harvesting
complexes (LHCs) [23]. The light-harvesting complexes are membrane proteins non-
covalently bonded to chlorophylls and other light-absorbing pigments. The chemical
structure of chlorophyll, shown in Figure 2-3, has an alternating single and double carbon-

carbon bonds, which allow for light absorption by exciting the =m-electrons [21].
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2.2.2 The Light-Dependent Reactions

The primary purpose of the light-dependent reactions is to store light energy in a
chemical form (NADPH and ATP). Photosystems I (PSI) and photosystem II (PSII) are
where the light-dependent reactions of photosynthesis take place. PSI and PSII have the
same structure, including a reaction center (RC) that is surrounded by light-harvesting
complexes [24]. The two photosystems differ in what they oxidize and reduce. The energy
harvested by the LHCs is delivered to the reaction center, where it excites a special pair of
chlorophyll molecules that are redox-active. The excited chlorophyll pair donates an
electron to the electron transport chain, and replaces it by the splitting of water according

to the following reaction [21]:

2H,0 tons 0, +4H" + 4e”

The electron travels through the electron transport chain, where it loses its energy, and
gets delivered to PSI. PSI absorbs light photons exciting its reaction center, and sends a
high-energy electron to NADP" to form NADPH (nicotinamide adenine dinucleotide
phosphate hydrogen). Due to the splitting of water molecules, proton concentration
increases inside the thylakoid reducing the pH and creating a pH gradient due to high pH
in the stroma (space outside the thylakoid). ATP synthase utilizes the pH gradient to make
ATP (Adenosine triphosphate) from ADP (Adenosine diphosphate). The energy carriers
ATP and NADPH are used in the 'dark’ reactions of photosynthesis to fix carbon dioxide

into carbohydrates [24].
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which requires optimizing both lipid content and growth rates. Fortunately, considerable
lipid accumulation in Chlorella sorokiniana can be easily achieved by applying lipid
induction techniques, such as nutrient deprivation, towards the end of the growth phase
[26]. However, low biomass productivity, in photoautotrophic culture, remains a
significant challenge in making the process economically feasible. The main
environmental factors that affect the growth rate are light cycle and intensity, pH, CO;
availability, and temperature [7]. C. sorokiniana can be cultivated in both open ponds and
closed photobioreactors (PBRs). Although closed systems are accompanied by
significantly (3-10 times) higher initial and operating costs compared to raceway ponds,
many advantages make them more attractive than open ponds [7] [27]. For instance, PBRs
allow about 16 times higher cell concentration, prevent evaporation, reduce CO; losses,
and reduce wvulnerability for outside influence such as biological contaminants.
Additionally, PBRs offer control over culture conditions such as temperature, pH, and
mixing and better light usage efficiency [7], [27].
2.3.1 Theoretical Limits of Photoautotrophic Cultivation

Examining the thermodynamic limits of any process can help us understand the
potential of the proposed solution, set a frame of reference to evaluate current systems, and
guide process design efforts toward optimization. The maximum theoretical growth rate of
a photoautotrophic algae culture should be limited by the maximum rate of photosynthesis.
The maximum rate of photosynthesis is calculated by Richmond based on the following
assumption [28]. In the reaction center (RC), up to 50 carbon atoms per second can be fixed
when considering an electron transfer turnover rate of 2 ms, and ten electrons transferred

per carbon atom fixed. The turnover rate can reach 2 ms in a fast-growing culture adapted
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to high irradiance. Assuming photosystem Il (PSII) contains about 300 chlorophyll
molecules, the photosynthesis rate can reach 7.9 grams of carbon fixed per gram of
chlorophyll per hour. At this rate, the theoretical maximum growth rate of the
photoautotrophic algae culture (u) is about 0.2 h'!, which corresponds to a doubling time
of 3.5 hours [28]. Many factors affect the growth rate and can keep it from reaching the
theoretical maximum, such as average irradiance per cell, temperature, pH, gas exchange
rate, and mixing. In a photobioreactor, a steep light gradient forms resulting in an
overexposure of the outer layer, which could inhibit growth due to photoinhibition and lead
to low light-energy conversion efficiency. In order to maximize efficiency, the light-
dependent growth kinetics must be well understood.

2.3.2 Common Growth Patterns in Batch Culture

Batch culture is a technique used to grow microorganisms and cells and applies to most
single-cell organisms. In the process, the cells are provided with a limited amount of
nutrients. When deprivation of nutrients become limiting to growth, the cell culture is
harvested, and the desired product is extracted [29]. A batch process has twice the
triglyceride yield compared to continuous culture, making it more attractive for biofuel
production [30, 31]. A typical batch growth curve includes five phases: lag phase,
exponential growth phase, deceleration phase, stationary phase, and death phase [32].

The lag phase occurs immediately after inoculation. In this period, the cells are adapted
to their new environment. This phase is characterized by a slight increase in biomass
concentration and no increase in cell number. The length of the lag phase is dependent on
factors such as the age of the inoculum and nutrients concentration. To minimize the length

of the lag phase, the inoculum should be adapted to the growth medium, cells should be
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relatively young and active (in the exponential growth phase), and the size of the inoculum
should be significant in the range of 5% to 10% by volume [33].

After the cells have adapted to their new environment, they enter the exponential
growth phase. During this period, cells grow and replicate quickly, and cell mass and
number increase rapidly with time. Also, the composition of the cells in this period remains
roughly constant. Since nutrients are still abundant in this phase, the growth is independent
of the nutrient concentrations. In this phase, the growth rate can be calculated using either
biomass or cell number data and should yield the same results. The exponential growth rate

is first-order given by Eq. 2.1: [33]

dX
—= = Unet X, X(to) = X, Eq. 2.1

dt
where,
X: biomass concentration [g/L] or cell concentration [cells/mL].
Uner: the specific growth rate [h!].

The deceleration phase follows the exponential growth phase. The deceleration in the
growth rate may be due to the accumulation of toxic products or the depletion of critical
nutrients, with light being considered as a crucial 'nutrient' for microalgae growth. The
rapidly changing environmental conditions in the deceleration phase forces stressed cells
to restructure to survive in a hostile environment. In this phase, the cell composition and
size vary significantly, and lipids start to accumulate [33].

The stationary phase, which follows the deceleration phase, is characterized by a net-
zero growth rate, which results from the death rate equaling the growth rate. During this

phase, the cells are still metabolically active, and some cells produce secondary
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metabolites, also known as non-growth-related metabolites. The production of some
products, such as antibiotics, is enhanced during this period. Following the stationary phase
is the death phase. During the death phase, the death rate, another first-order kinetics, is
higher than the growth rate, which leads to a rapid decline in the cell numbers [33].
Understanding and quantifying the growth kinetics of C. sorokiniana is essential for
the comparison with other candidates for biofuel production and vital for proper process
design and economical scaleup. Microbial growth refers to both the increase in cell
numbers due to cell division and the increase in cell size [34]. Microorganisms, including
green microalgae, extract nutrients from their growth medium and convert it to biological
compounds. Cells use these compounds as an energy source, as building blocks, and for
other functions that are essential to growth and maintenance. The uptake of nutrients can
lead to a change in cell size and replication rate [33]. The growth rate of microbes is usually

proportional to the cell concentration, and can be modeled by the equations below [33]:

dX Eq. 2.1
E = HUnet X
Unet = Hg — kl Eq. 22

where,

X: biomass concentration [g/L] or cell concentration [cells/mL].

Uner: the net specific growth rate [h'!].

11,4 the gross specific growth rate [h™'].

k,: the rate of biomass loss due to respiration and other metabolic activities [h™']. During
cellular respiration, cells use the carbohydrates manufactured during photosynthesis for

energy.
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Eq. 2.11s widely accepted as an adequate model for microbial growth. Models for
and k; are plentiful. In this study, we use the logistic model, the Monod model, and
derivatives of the two to evaluate the growth kinetics of C. sorokiniana under light-limited
conditions and varying light:dark cycle ratios.

2.3.3 The Effect of Light/Dark Cycle on Productivity and Nighttime Biomass Loss

Since photosynthesis consists of both light and light-independent reactions, an essential
consideration in optimal design is the length of the light to dark cycle during algae
cultivation. If we build an algae plant at the equator, the culture will receive about 12 hours
of light and 12 hours of dark year-round [35]. If the plant were in Cleveland, Ohio, the city
in which this study is taking place, the culture would receive as little as nine hours of light
in December and up to 15 hours in the summer [36]. Much research has gone into studying
whether 24:0, 16:8, 12:12, or other combination is the optimal light: dark cycle (L:D cycle)
for microalgae growth. It turns out that the answer maybe none of the above. To select the
optimal L:D cycle to maximize lipid productivity, we must review our understanding of
photosynthesis in microalgae. As discussed in Section 2.3. 1, the maximum specific growth
rate is limited by the rate of photosynthesis. When a cell is illuminated, photosystem II
(PSII) is continually damaged and repaired [37]. The turnover rate of PSII ranges from 2-
15 milliseconds. The L:D cycle should be only long enough to allow for the light-dependent
reaction of photosynthesis to take place and PSII to process the absorbed energy. One study
attributes growth enhancement under flashing light to a lower rate of high-light induced
non-photochemical quenching when compared to a continuously illuminated culture [38].

Therefore, the optimal L:D cycle is on the order of milliseconds, not hours.
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Pulsed light can inhibit growth rather than promote it if the light and dark alternation
are not established carefully [37]. One study confirms this finding by comparing pulsed
light at specific intervals to continuously provided light in a tubular photobioreactor
(TPBR). The research shows that a light:dark duration of 250:250 (ms:ms) inhibits the
growth of Chlorella pyrenoidosa and results in 25% lower biomass productivity when
compared to a continuously illuminated TPBR. However, at a light: dark duration of 5:5
(ms:ms), biomass productivity increased over 21% when compared to a continuously
illuminated reactor [39]. Therefore, the light: dark period must be carefully established and
controlled for each unique system.

Three methods have been proposed as solutions capable of forming such short
photoperiods. First, flashing lamps are very accurate and precise equipment for this
purpose. On a lab bench scale, using artificial lights to control the photoperiods is simple.
However, on a large scale, we seek to utilize sunlight to power algae plants. Unfortunately,
the sun is a continuous illumination source, thus failing the first solution to scale-up.
Second, mixing in photobioreactors is the most commonly used parameter to optimize
photoperiods. The outer layer of the algae culture absorbs light energy and forms a steep
light profile in PBRs. The algae cells in the inner layer are shaded from light by the outer
layer in a phenomenon known as auto-shading. As mixing continues, cells occupying the
inner layer eventually reach the outer layer and vice versa. The effect of mixing will create
a light: dark period alternation in the presence of a continuous illumination source.
However, it is impossible to precisely control the light: dark periods using mixing due to
the random movement of cells in such systems. For that reason, optimization of the

photoperiods using mixing is based on experiments, and the solution is unique to the system
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Chlorella sorokiniana reported varying biomass losses from 4% (10°C) to 15% (25-30°C)
in a 10-hour dark period [14]. Nighttime biomass loss can be attributed to photorespiration;
it slows growth and delays lipid accumulation [41] [42]. Artificial light and nighttime
organic carbon supplementation are two techniques that can be used to prevent losses.
Nighttime carbon supplementation increases the risk of contamination. Organic carbon
sources include glucose, acetate, and ethanol with corresponding uptake rates of 0.11, 0.12,
and 0.09 (g/ g cell/ h) for Chlorella sorokiniana [40].

Additionally, the dark period is not entirely detrimental when algae is grown using
wastewater. Two main components that need removal from sewage are nitrate and
phosphorus. Although nitrate uptake rates are highest during the daytime, phosphorus
uptake rates are much higher during the nighttime and almost non-existent in the light
period. For that reason, the dark period proves essential for wastewater [43]. In Table 2-1,
we tabulated some of the growth rates reported in literature for C. sorokiniana and other
Chlorella species. The different studies all showed that longer light periods lead to higher

biomass productivity and higher specific growth rates.
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confirming the hypothesis [47]. Additionally, another study concluded that growing
microalgae cultures under red light yielded double the cell numbers produced as compared
to white light, and that exposing the culture to white light towards the end of the growth
phase promoted biomass accumulation [48]. Lastly, another study on Chlorella
pyrenoidosa reported a higher growth rate, based on biomass measurements, under blue
cultivation, that was 1.33 times the growth rate under red light [49]. Mathematical
modeling and statistical analysis suggested white light as the preferred choice for
cultivation [50]. Most of these studies are either reporting biomass concentration or cell
concentration, but not both. Studies reporting biomass concentration conclude that blue
light is better for growth since it induces biomass accumulation [49]. On the contrary,
studies reporting cell concentration find that red light is far better than blue light [47] [48].
To observe the full effect of light wavelengths on growth, both measurements need to be
collected.

Proposed methods of optimization by cultivating microalgae using red light and
introducing white light towards the end of the cultivation cycle will never be scaled up to
outdoor systems due to our inability to control the wavelength of sunlight. In our study,
assuming that red light promotes the replication of cells, and because red LEDs have lower
consumption of energy compared to other wavelengths, we utilized artificial illumination,
in the form of red LEDs, to mitigate the effect of nighttime on C. sorokiniana's
productivity.

2.4.3 The Effect of Light Intensity on Growth
Light intensity is often attributed as the most significant parameter affecting growth

rates in photoautotrophic cultures. The intensity of light is measured in lux, lumens per
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square meter, and it is used as the measure of light intensity as perceived by the human
eye. In more relatable terms, solar irradiance reaching Earth's surface, on a sunny day, is
about 100,000 lux, which is equivalent to a 1000 W/m?2. The photosynthetically active
radiation (PAR) represents around 40% of the solar radiation incident on the Earth's
surface. Chlorophyll molecules are excited by harvesting the energy of photons. Therefore,
it is more logical to express light intensity in terms of the number of photons incident on a
surface rather than in lux. In microalgae related literature, the most common unit of
expressing light intensity is pmol photon per square meter per second. A 100 lux quantity
of sunlight is equivalent to 4.5 umol photon m2 s'! [28]. Additionally, 100 lux quantity of
white light LED is equivalent to 1.5 pmol photon m2 s’ [51]. The reason for the different
conversion factors results from the different spectrum of each light source.

Research has shown increasing growth rates and biomass productivity with increasing
light intensity. One study tested four different species, including C. vulgaris, at 50, 150,

and 300 pmol photon m2 s’!

surface intensity. The results of the study showed higher
productivity at higher intensities for all species [52]. However, at even higher intensities,
photoinhibition of microalgae occurred, and growth was inhibited [53]. Light intensity also
affects the composition of the cells, and it can be optimized to yield better quality fuels.
Fuels rich with polyunsaturated fatty acids are prone to oxidation-dependent degradation,
which were the most abundant at low irradiance. Monounsaturated fatty acids became the
most abundant with increasing light intensities. Fuels with a high content of

monounsaturated fatty acids are not susceptible to oxidation, have better flow properties,

and reduced solidification temperature [52].
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2.4.4 Current Models of Light Effect on Microalgae Growth

Current models of the effect of light intensity on biomass productivity fit data poorly
and do not scale up effectively due to the complexity of the task. Some of the complexities
facing modeling efforts include photoinhibition, self-shading, and photoacclimation [54].
Photoacclimation is the process used by photosynthetic organisms to respond to frequent
changes in irradiance by changing the number of photosynthetic units and or the size of the
light-harvesting antenna [28]. The effect of photoinhibition can be ignored under light
limiting conditions [55].

The logistic model is a simple widely used population model. It postulates that a limit
exists on the population that can be sustained in any environment, also known as the
carrying capacity, and the growth rate decreases as the population approaches that limit
[56] [57]. The logistic model provides insights on how the cultivation environment as a
whole affects the growth, but it fails to give any information on the effect of a specific
parameter on growth. Additionally, the rate of mass loss (k;) is neglected in the logistic
model. Some of the logistic model parameters found in literature are summarized in Table

2-2. The specific growth rate is given by the following equation [33]:

X
Unet = Hg = k <1 - X_) Eq. 2.3

where,
X: cell mass concentration [g/L] or cell concentration [cells/mL].
k: the maximum growth rate [h!].

X carrying capacity [g/L] or [cells/mL].
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CHAPTER III

MATERIALS AND METHODS

3.1 Growth Medium, Inoculum Preparation, and PBR Cultivation System
3.1.1 Microalgae Strain and Growth Medium

The culture of UTEX B 3016 Chlorella sorokiniana (DOFE [412), used in this study,
was isolated in Brooklyn, NY, USA by professor Juergen Polle, and acquired from the
UTEX Culture Collection of Algae at The University of Texas at Austin. The Culture was
grown in BG-11 medium per the recommendation of UTEX [68]. One liter of BG-11
medium contains 17.6 mmol NaNOs3, 0.23 mmol K;HPO4, 0.30 mmol MgSO4+7H20, 0.24
mmol CaCl2*2H20, 0.03 mmol CsHgO7*H20, 0.02 mmol (NHa4)s[Fe(CsH4O7)2], 0.0027
mmol Na;EDTA+2H0, 0.19 mmol Na>COs3, 0.46 mmol H:BO3, 0.09 MnCl,*4H,0O, 0.0077
mmol ZnSO4+7H,0, 0.016 mmol Na:MoO42H>0, 0.003 mmol CuSO4+5H,0, and 0.0017
mmol Co(NO3)*6H20. A detailed procedure for medium preparation can be found in
Appendix A.
3.1.2 Inoculum Preparation

Inoculum is a group of cells used in an inoculation, i.e., the cells added to start a culture

[69]. Inoculation is the process of adding microorganisms into a culture medium [70]. To
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properly inoculate the photobioreactor, the inoculum must be in an active state (exponential
growth phase) and be of a significant size (5%-10%) of the culture medium [71]. In our
study, the inoculum size ranged from 300 to 500 mL (6%-10% of the PBR working
volume) and a cell concentration of 2-5x107 cells per mL. The inoculum cell culture was
grown in 2L glass bottles under white fluorescent light and 12:12 light: dark cycle. The
light intensity at the surface of the bottles was measured to be about 3,000 lux with a
Fisherbrand™ Traceable™ Dual-Range Light Meter. The gas flow rate to each bottle was
maintained at 0.5 LPM (10% COx in air). The containers were placed in a Microprocessor
Shaker Bath, where they were continuously shaking in an elliptical orbit at 96 rpm. The
water bath temperature was constant at 30°C + 0.2°C. The cultivation setup is illustrated in

Figure 3-1.
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carrying capacity [56] [S7]. The rate of mass loss (k;) is neglected in the logistic model,

and the growth specific growth rate is given by the following equation [33]:

X

Unet = Hg = k <1 - X_) Eq. 3.1

where,
X: cell mass concentration [g/L] or cell concentration [cells/mL].
k: the maximum growth rate [h!].
X carrying capacity [g/L] or [cells/mL].
3.3.2 Light-limited Growth with Constant k;: The Monod Equation

The Monod equation is a simple unstructured model yet powerful as it captures the
effect of a single substrate on growth. It assumes that the substrate is growth-rate limiting,
and other nutrients, ordinarily present in excess, have no influence on growth rate. In this
model, we assume that the mass-loss rate due to cell death and endogenous metabolism is
constant. Additionally, under light-limiting conditions, we assume that the gross specific

growth rate can be described by the Monod equation [33]:

u = U (ﬂ) Eq. 32
g TA\Ky + Loy

where,
Uy the maximum specific growth rate [h!].
Iyg: the average light intensity in the PBR [pmol s m™].

K,

4 saturation or half-velocity constant [umol s m~].

Combining equations Eq. 2.1, Eq. 2.2, and Eq. 3.2 yields the substrate-limited growth

model with constant k;:
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dx Lavg ) l
— =y | ————— | -k |X Eq. 3.3
dt l m (Kg + Iapg L

Studies have shown that the respiration rate is related to the growth rate; it peaks
during the light period and stays relatively constant during the nighttime [73]. For that
reason, we segregated the biomass loss rate due to respiration into two terms: 1) ky j;gp; 18
the biomass loss rate during the light period [h']. 2) k; ;. is the biomass loss rate

during nighttime [h'!]. Eq. 3.3 expands to:

ax [ ( lavg ) k (1—a)ek X
—_ = ‘Ll — ] — e ) . — — ) e ) . qu 3.4
dt m Kg + Iavg Llight Lnight

where,
a: a dimensionless constant that is equal to one during the light period and zero during
the dark period.
3.3.3 Light-limited Growth with Variable ky;;gp;: The Monod Equation

Under alternating light-dark periods, the assumption of constant k; ;; 45, is likely not
valid, since respiratory activities are known to be related to the growth rate [74].
Respiration rate of C. sorokiniana was observed highest at the beginning of a batch culture
when the growth rate was highest [74]. Since biomass loss due to respiration is related to
growth, and the growth rate is a function of light intensity, we can postulate a Monod

relation between mass-loss rate and light intensity:

Iavg
kl,light = kl,max (W Eq. 3.5
l avg

where,

K max: the maximum mass loss rate during the light period [h'].
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K;: saturation constant for the effect of light intensity on biomass loss [umol s'! m-2].

Combining Eq. 3.3 and Eq. 3.5 yields:
dX Iayg ) ( Iavg )
— = |t | —2L— )~ @ kx| —2— )~ (1 — @) s kypigne | X Eq. 36
dt l m (Kg + Iavg L max Kl + Iavg Lnight

3.3.4 Modeling 1,,,: Measurement of The Biomass Light Absorption Coefficient

The light intensity inside the reactor was measured using a light sensor 2.3 cm from the
surface, and thus not representative of the average intensity within the reactor.
Mathematical expressions such as Beer's law can be used to model the steep light profile
in the PBR and predict the average light intensity by using Eq. 2.5 and Eq. 2.6. To measure
the light absorption coefficient, five algae samples (0.33, 0.49, 0.66, 0.92, and 1.30 g/L.)
were transferred to transparent cuvettes. The five cuvettes, plus one cuvette filled with DI
water as blank, were placed in a Styrofoam frame and illuminated from the front using a
multicolor LED (iPhone X flashlight). The light intensity was measured behind the cuvette
using a Fisherbrand™ Traceable™ Dual-Range Light Meter. Each sample was illuminated

with four incident light intensities, including 75, 150, 238, and 250 pumol s m?

as
measured with the light meter at the front surface of the cuvette. Finally, the biomass light

absorption coefficient was calculated using the rearrangement of Beer’s Law, Eq. 3.7 [65].

ko= <1)
Y n I Eq. 3.7

where,
k,: the biomass light absorption coefficient [dm?/g].
X: biomass concentration [g/L].

L: the light path length [dm]. The light path length is equal to 0.123 dm for this setup.
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I the light intensity measure behind the cuvette for the sample [pmol s m™2].

1,: the light intensity measured behind the cuvette for the blank [umol s'! m™2].

The results, shown in Figure 3-8, illustrate that k, is independent of the incident light
intensity. p-values of unpaired two-tailed t-tests that compare the three data sets at higher
light intensity to the lowest light intensity data set, in a sequential order, have the values
0.76, 0.61, and 0.98. All p-values show that %, is independent of light intensity.

On the contrary, Figure 3-9 shows a trend between the coefficient and biomass
concentration. The actual median of measurements at 0.33 g/ does significantly differ
from measurements at 0.66 g/L. (p-value = 0.07), which in turn does significantly differ
from measurements at 1.30 g/L (p-value = 0.01). Although it may introduce an error
component into modeling and overestimate the light profile, as shown in Figure 3-10, we
assume that using an average value for the coefficient is still satisfactory. The mean value
for the biomass light absorption coefficient was calculated to be 17.1 + 3.88 [dm?/g] from
the 20 data points.

In summary, L., was calculated at each time point, in each experiment, by means of
Eq. 2.6, using the predicted biomass concentration X(t), the depth of the culture (d=9 cm),
the light absorption coefficient (ka=17.1 dm?/g), and the measured surface intensity (I,=300
umol s m2). So, although the light intensity was measured and recorded at 2.3 ¢m for the
duration of each experiment, the data were only used from one of the experiments to

validate the use of the model for the average intensity and the k, value.
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concentration, and the initial guess for the specific growth rate was the maximum observed

In(*2
specific growth rate between any two consecutive data points (k = %). Additionally,
274

unpaired two-tailed t-tests were used, in Excel, to quantify whether parameters estimated
from one data set statistically differ from other data sets.

Parameters of the light-limited models were estimated using a different technique from
the logistic model parameters. First, the Monod equation parameters (i, and K;) and light
related biomass loss parameters (k;j;gnes Kimax, and K;) from Eq. 3.4 and Eq. 3.6 were
estimated from the second trial of the 24:0 experiment. Second, the second trial of the 16:8,
along with already estimated parameters, were used to determine the dark period biomass

loss rate (k;nigne). Finally, the constructed model was validated with the other trials of

both experiments.
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CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Growth Curves

Repeatability of test results is critical in any study to ensure that the results are not mere
artifacts and of an actual scientific significance. Repeatability is defined as "the closeness
of agreement" between independent trials of the same experiment (same equipment,
method, material, and observer) [75]. Additionally, repeatable results are critical and
reliable for producing accurate, scalable models that define a system such as microbial
growth models. In this study, the experiments, based on light availability, are divided into
three categories:
1. 24:0 (h:h) light:dark cycle (continuously illuminated).
2. 16:8 (h:h) light:dark cycle.
3. 16:8 (h:h) white:red light cycle (nighttime supplementation with red LEDs).
Two repeats were performed per experiment. We concluded that the performed tests are
repeatable by visually assessing the closeness of agreement between the trials' growth

curves. The growth curves are presented in Section 4.1.1 and Section 4.1.2. Measured
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properties of light intensity, pH, nitrate concentration are presented in Appendices I, J, and
K.
4.1.1 Biomass Based Growth Curves

Growth curves based on biomass concentration measurements are shown in Figure 4-1
to Figure 4-3. The biomass concentration was calculated by measuring the absorbance at
430 nm and 680 nm. Four measurements at each wavelength were converted to dry weight
using a calibration curve. The average of eight biomass concentration measurements (four
at each wavelength) was reported along with the standard deviation as the error bar for
each data point (see procedure in Section 3.2.3). In the 24:0 experiment, both trials of the
experiment underwent exponential growth in the first two days, followed by a linear growth
phase of about five days. The culture reached its carrying capacity, about 1.3 g/L, after nine
days of cultivation. In the 16:8 experiment, shown in Figure 4-2, the carrying capacity
approached the same carrying capacity as the continuously illuminated culture. However,
due to biomass losses during the dark period, they required 11 cultivation days to reach the
stationary phase, about 48 hours longer than the 24:0 experiments.

The observed nighttime biomass losses show signs of a relation to the biomass
concentration. It starts with minute losses at the beginning of the batch and become more
pronounced with time. When the ordinarily dark period is illuminated with low-intensity
red light, as shown in Figure 4-3, the small biomass losses are often replaced with biomass
gain. As biomass concentration increases and the low-intensity red light fails to penetrate
deep into the culture, although no net gain in biomass is observed, the supplementation
with red light seems to prevent biomass loss. Additionally, in the 16:8red experiment, the

carrying capacity was reached in 232 cultivation hours, which saved more than one
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4.1.2 Cell Concentration Based Growth Curves

Cell concentration growth curves are presented in Figure 4-4 and Figure 4-6. Unlike
biomass concentration growth curves, cell concentration data show much greater scatter,
making it harder to extract information on the effect of the dark period on cell replication.
Similar to the biomass growth curves, the cell culture, under continuous illumination with
white light, required about nine days to reach the stationary phase with a carrying capacity
of about 2.0x10® cells/mL, as shown in Figure 4-4. On the contrary, the cell cultures that
experienced an 8-hour daily dark period, shown in Figure 4-5, had a maximum cell
concentration of about 1.6x10% cells/mL after 11 cultivation days. The results indicate a
much lower cell replication rate under the latter cultivation conditions. Figure 4-6
demonstrates that illuminating the dark period with red light significantly enhances cell
replication. The culture reached its carrying capacity in as little as 6-7 days. The results are
significant because they may imply that illumination with red light is only needed for the
first 6 nights. The findings open the question of whether illuminating the remaining nights
with blue or white light will induce biomass accumulation in the already existing cells and

further reduce the total cultivation time.
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gains (negative value on the plot) of -4% and -22% during the 8-hour red light illuminated
periods of the two experiments (p-value=0.01). A lot of scattering is observed in the data,
especially the plot that shows the results from the two trials of the 16:8 (h:h) white:red light
cycle. The two populations at 16:8 (h:h) white:red light cycle do not vary, with 95%
confidence, as given by an unpaired two-tail t-test (p-value = 0.11). Since both medians
yielded a negative value for loss, we can conclude that artificially illuminating the 8-hour
dark period with red LEDs prevents biomass loss.

Additionally, by examining the growth curves in Figure 4-3, we can conclude that red
illumination did not only prevent biomass loss but promoted biomass accumulation in the
early stages of the batch (Figure 4-14), where the red light can still penetrate deep into the
culture. Furthermore, illuminating the dark period with red light significantly enhanced cell
replication, as shown in Figure 4-6. Although the results are promising, an economic
analysis must be done to prove the method feasible and less costly than prolonged

cultivation.
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4.2.2 The Effect of the Dark Period on Cell Concentration

The effect of the dark period on biomass is much more predictable than the impact of
the dark period on cell replication. We know that the biomass concentration should either
stay constant or decrease overnight due to the absence of carbon fixation by photosynthesis
and the lack of organic carbon sources in the growth media. The effect of the dark period
on the cell concentration, as opposed to biomass, is much more complicated. One study
from the literature with Neochloris oleoabundans, showed that cell replication dominantly
occurred during the first few hours after sunset due to processes like DNA replication and
cell division being UV sensitive. However, the study reported cell replication during the
day as well [76]. Another study showed an increase in cell concentration only during the
dark period [77]. In our study, a significant increase in cell concentration was observed
during the day, as can been seen in Figure 4-5. During the dark period, the data shows both
increases and decreases in cell concentration (Figure 4-15). The two trials of the 16:8 (h:h)
light:dark cycle show somewhat of a symmetric boxplot around 0%. However, due to great
discrepancies in the data, we cannot infer whether a significant change in cell concentration
is observed overnight. Hourly samples may be beneficial in determining how the cell
concentration changes during both the day and night periods.

On the other hand, all data from the first trial of the 'red' experiment indicated gains in
cell concentration, plus the median and the top 75 percentile of the second trial's data also
fell in the positive region. We conclude that illuminating the dark period with red LEDs,
even at low surface intensity, significantly enhances cell replication. A quantified analysis,
using the logistic model, to determine the effect of light:dark photoperiods on cell

replication is presented in Section 4.3.2.
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X
Hnet = Hg = k <1 - _) Eq. 3.1

where,
X: cell mass concentration [g/L].
k: the maximum specific growth rate [h'!].
X carrying capacity [g/L].
The logistic equation was fitted to both trials of all three experiments, as shown in

Figure 4-16 to Figure 4-21. The model is a good fit for the linear phase of the growth curve
and well represents the carrying capacity of the system. However, the model fails to
represent the exponential growth phase at the beginning of the batch. The model, using the
evaluated parameters, underestimates the growth response of a system. The average
estimated specific growth rates (k) are 0.020 h'!, 0.022 h'!, and 0.028 h! for experiments
16:8 light:dark cycle, 16:8 white:red light cycle, 24:0 light:dark cycle, respectively. The
growth rate increased with increasing light availability as expected. The results also show
that illuminating the dark period with low-consumption red LEDs enhances growth. An
unpaired t-test shows, with 95% confidence, that the growth rates do differ from one
experimental condition to the other with continuous illumination yielding the highest
growth rate (p-value<0.05). The evaluated growth rates are slightly higher than what is
reported in the literature (0.016- 0.019 h'!, Table 2-1). The difference is expected and can
be mainly attributed to the fact that the reported data was from 12:12 (h:h) light:dark cycle
experiments.

An unpaired two-tail t-test shows that the carrying capacity of a 16:8 (h:h) light:dark

cycle culture does not significantly differ from the carrying capacity of a continuously
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different cultivation conditions on cell replication rate. The specific replication rate can

be given by an equation analogous to that used in Section 4.3.1:

dC Eq. 2.1
E = HUnet C
C
Hnet = Uy = k <1 - C_) Eq. 3.1

where,
U, specific replication rate [h™!].
C: cell concentration [cells/mL].
k: the maximum specific growth rate [h'!].
Cs: carrying capacity [cells/mL].

The fitted logistic model to both trials of all three experiments is shown in Figure 4-22
to Figure 4-27. Although the model well represents the majority of the data and yields a
low sum squared error (Table 4-2), the logistic model fails at representing the initial period
of the batch, as we have seen with biomass growth curves. For that reason, we conclude
that the logistic model is inadequate for scaleup and reactor design. However, the logistic
model is still useful for extracting critical information such as the carrying capacity and the
growth rate of the culture. The model shows that the carrying capacity of the culture does
not differ from one experimental condition to another, as shown by the p-values in Table
4-2, but how quickly the culture reaches that carrying capacity is what was affected by the
different cultivation conditions. We expected that the cell replication rate would be highest
when cultivated with red light, and that is precisely what the logistic model is illustrating.
The estimated replication rates are 0.027 h'!, 0.023 h'!, and 0.015h"! for 16:8 white:red light

cycle, 24:0 light:dark cycle, and 16:8 light:dark cycle. The findings suggest that the dark
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4.4 The Effect of Irradiance

Light is the most important parameter affecting microalgae growth. Higher biomass
accumulation will yield more lipids that can be converted to biofuels. In this section, we
utilized the Monod equation to understand the effect of light intensity on biomass
accumulation in C. sorokiniana. Additionally, a higher cell replication rate would yield
more cells in which biomass can accumulate. For that reason, we also utilized the Monod
equation to study the effect of light intensity on cell replication. The estimated Monod
parameters can be useful in driving design efforts to optimize the use of available sunlight.
Estimated Monod parameters and model fits and validation are presented in Sections 4.4. 1
and 4.4.2. Tt is important to note that this study was done under light-limiting conditions,
and using the estimated parameters to model systems with light intensities above saturation
limits would not account for the effect of photoinhibition. The Monod equation does not
account for biomass losses due to respiration, which is commonly overlooked in literature.

In our model, we added the biomass loss term as shown in Eq. 3.3:
dx Lang ) l
— =y | ——— | - k| X Eq. 3.3
dt l ™ (Kg + Iapg :

This model assumes that the biomass loss rate is constant and the same during both
light and dark periods. Studies have shown that the respiration rate peaks during the day
and differs from the light period to the dark period, which in turn means that the biomass
loss rate due to respiration is also different from the light to dark period. For that reason,

we separated the biomass loss rate into two terms as shown in Eq. 3.4:

ax [ ( lavg ) k (1—a)ek X
—_ = ‘Ll — ] — e ) . — — ) e ) . qu 3.4
dt m Kg + Iavg Llight Lnight
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Because Eq. 3.4 aligns with findings of previous studies, Eq. 3.4 was chosen to be used
in our modeling efforts that are presented in the following sections. Finally, a model with
a variable biomass loss rate term due to variable respiration rate during the light period was

also used:

dX Iayg ) ( Iavg )
— = | —2— -k, — V- (1-a)ekipgne|X  Eq. 36
dt l m (Kg + Iavg lmax Kl + Iavg Lnight

4.4.1 Effect of Irradiance on Biomass Accumulation

The second trial of the 24:0 (h:h) light:dark cycle experiment was randomly chosen
(among the two trials) for parameter estimation. The growth parameters (u,,, and K;;) and
the mass-loss rate during the light period (k;;;4p,) Were estimated using Eq. 3.4. The
parameters were then used with data from the second trial of the 16:8 experiment to
evaluate the nighttime biomass loss rate (k;nigne) also using Eq. 3.4. The models were
then validated using the other trials of the experiments. Similarly, the data from the 2" trial
of the 24:0 experiment was used to find the parameters (i, Ky, kimax.and K;), and then
these parameters in Eq. 3.6 were fitted to the 16:8 data from the 2" trial to find k; ,; gne.
The models were then validated using the other trials of the experiments. See the parameter
estimation procedure in Section 3.3.5 for details. A sensitivity analysis that captures the
effect of the parameters on the model’s output is presented in Appendix L.

The results for the estimated model parameters are presented in Table 4-3. Figure 4-28
and Figure 4-29 present the growth curves that were used in calculating the parameters and
the fitted models. Figure 4-30 and Figure 4-31 present the independent trials that were used

to validate the models. Besides the visual confirmation and validation of the models
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presented in the figures below, we also utilized a numerical statistical method to assess the
goodness of the fits. The sum of squares due to error (SSE) is a measure of the deviation
of the fit from the experimental values. The model can be considered more reliable, more
useful for prediction, and of a smaller random error component as the value of the SSE
approaches zero [78]. The SSE values for our models can be considered extremely close to
zero as tabulated in Table 4-4. Based on the visual validation of the models with
independent experimental trials and the low SSE values, we conclude that both models
provide excellent fits for the experimental data.

Using both models, the maximum specific growth rate (u,,,) was estimated to be 0.20
h'!, which is comparable to the predicted maximum specific growth rate for microalgae of
about 0.2 h'l, refer to Section 2.3.1. The half-velocity constant (K,) was estimated at 238
umol s m?2 The estimated parameter value is comparable to values reported for C.
vulgaris (275 pmol s m2) [79]. Biomass-loss rate due to respiration and other metabolic
activities during the light period (k;;gp,) was found equal to 8.7x107 h'l. On the other
hand, the mass-loss rate during the dark period (k; »; gne) wWas only 1.8x10 h'l. The results
conform to studies that found the respiration rate to be significantly higher in the light
period than in the dark period [74]. Additionally, we tested the robustness of the estimated
model parameters by varying the initial guess. For example, the initial guess for the
maximum specific growth rate (i,,,) was multiplied by 10, the model was ran, and it always
converged to the same value. The process was repeated for all estimated parameters. Each
parameter was multiplied by 0.01, 0.1, 10, and 100. Since the model always converged to
the same results, we concluded that the model is robust and the estimated parameters are

independent from one another. This process was carried out for all the models in this study.
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4.4.2 Effect of Irradiance on Cell Replication
In an analogous method to the biomass concentration Monod models, the following

equation was used to quantify the effect of light intensity on cell replication:

ac , lang
il LA o kaiighe — (1 —a) e kgpnigne|C  Eq. 4.1
g Tlavg

where,

C: cell concentration [cells/ml].

U’y maximum cell replication rate [h™'].

K',: saturation constant [umol s m].

ka1igne: cell death rate during the light period [h'].

kanigne: : cell death rate during the dark period [h™'].

a: a dimensionless constant that is equal to one during the light period and zero during

the dark period.

The estimated parameters and the SSE of fits are presented in Table 4-5 and Table 4-6,

respectively. The model fit, shown in Figure 4-32 and Figure 4-33, overestimates the

carrying capacity of the system, which can be interpreted from the model not reaching the

stationary phase at the end of the cultivation period. The maximum growth was evaluated

to be 0.080 h'!, the value is equal to the maximum observed replication rate between any

two data points. This estimated maximum cell replication rate is far smaller than the

maximum rate of biomass accumulation (= 0.20 h'!), which contradicts our expectations,

even though the net specific growth rate, at any given point in time, was comparable

between the two rates. First, if this finding holds true, an increase in cell size should be

observed over time because cells accumulate biomass faster than they replicate. Since cell
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions

In this study, we analyzed the effect of light intensity and light:dark cycle on the growth
of C. sorokiniana, and constructed models that accurately predict the growth response of
the microalgae culture under light-limited conditions. We found that growth is highly
dependent on light availability and intensity. Our models estimated a maximum specific
growth rate, limited by the rate of photosynthesis, of about 0.2 h'!. The models predicted
high dependency of growth on light intensity, where the estimated Monod saturation
constant (K;= 238 pmol s m?) was comparable to the maximum average light intensity
(Kg = lavgmaximum)- We estimated the average biomass loss rate due to endogenous
metabolism to be highest during the light period (8.7x10 h'!), five times higher than the
biomass loss rate during the dark period (1.8x10-3 h'!).

We investigated the effect of the dark period on the biomass productivity of C.
sorokiniana. During a daily 8-hour dark period, we estimated that the cell culture loses 5%
of the biomass gained in the preceding 16-hour light period, on average. The losses
accumulate and lead to a 16.4% lower biomass yield when compared to a continuously

illuminated culture over nine cultivation days in a 30°C constant temperature well-mixed
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five-liter photobioreactor with an incident light intensity of 300 pmol s''m2 However,
using the growth kinetics of a fitted logistic model, we conclude that prolonged cultivation
of the cell culture at light:dark intervals of 16:8 (h:h) will yield the same final biomass and
cell concentrations as per continuously illuminated culture. Finally, we utilized low
consumption red LEDs to illuminate the dark period of the cultivation cycle in efforts to
mitigate biomass losses. We conclude that the use of low consumption red LEDs at low
illumination intensities (150 pmol s! m2 incident intensity) prevents nighttime biomass
loss and enhances cell replication.

5.2 Recommendations

To further the aims of this research, we make the following recommendations:

e Validate the model with other photoperiods such as 14:10, 12:12, 10:14
light:dark cycles.

e Validate the model with 'rapidly' changing light intensities. For example, vary
the surface light intensity during the day analogous to what culture would
experience when growing in sunlight.

e Determine how biomass losses are affected by fluctuating temperatures and
incorporate that into the model.

e We have shown that prolonged cultivation will yield the same final biomass
concentration. Prove that this will hold with more extended dark periods.

e Validate the model with a different reactor geometry, such as tubular
photobioreactors.

e Perform an economic analysis to determine whether the use of red light to

reduce nighttime biomass loss is cost-effective.
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D. PBR Preparation and Inoculation

Reactor Preparation:

1. Wash the reactor with distilled water and soup to make sure the glass is clean.

2. Rinse the reactor multiple times with dH>O to remove all soup.

3. Place the head plate back on the reactor and tighten it by hand.

4. Place all components back into the reactor in their dedicated holes in the head
plate. The components include the condenser, level sensor, temperature probe
housing tube, sparger, sample port, harvest port, make-up water port, light
meter housing tube, DO meter, and pH probe (calibrate the pH probe before
inserting it into the reactor).

5. Fill the reactor with four liters of media.

6. Ensure all openings are tightly closed.

7. Keep two opening only loosely wrapped with aluminum foil to avoid pressure
build-up when autoclaving.

8. Fill the water jacket, half the capacity, with distilled water. Also, keep one of
the openings loosely wrapped with aluminum foil.

9. Safely transfer the bioreactor to the autoclave, and start the autoclave cycle.

10. When the autoclave is done, safely remove the bioreactor and let it cool down.

11. Connect all probes to the control unit, place the light meter and temperature
probe into their designated spaces, and set the motor on the agitator.

12. Start the agitator, temperature control, and set the aeration rate to 1 LPM
(10% CO»).

13. Place the light jacket around the reactor and turn on LEDs to the desired

intensity.
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Inoculation Procedure:
1. Measure the biomass concentration of the inoculum in the glass bottles. The

inoculum should be active (during the exponential growth phase).
2. Use the following equation to calculate the required volume for inoculation:
Vinocutum Cinocutum = VperCpar
where,
Vinocuum: the volume of inoculum needed to start the cultivation process.
Vppr: the total volume of the PBR in use. It is equal to 5L in our experiments.
Cppr: desired initial biomass concentration in the bioreactor.
Cinoculum: blomass concentration of the inoculum cell culture.
3. Use a peristaltic pump to transfer the algae from the growth bottle to the
reactor through the make-up water port.
4. Top off the reactor to SL with sterile media.
5. Connect the sterile make-up water to the assigned pump, and calibrate the
level sensor.
6. Ensure proper connection of all ports and sensors.

7. The cultivation cycle has started—sample as needed.
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Simulink sensitivity analysis toolbox was used to quantify the effect of the model
parameters on the model output. In this sensitivity study, the model parameters
(K, m, and k;) were varied within a range of the estimated values, and the effect on the
final value of the model output (biomass concentration [g/L.]) was recorded. One thousand
combinations of the three parameters were randomly generated using Monte Carlo method
and a uniform probability for a +10% range around the estimated value of each parameter.
The final value of the output of the model followed a normal distribution with a mean of
1.4 [¢/L] and a standard deviation of 0.1 [g/L]. In other words, assuming a 10% error in
the estimated model parameters, the model predicts, with 95% confidence, that the final
biomass concentration will fall in the range of 1.2 - 1.6 [g/L] after nine days of cultivation
under a continuous illumination condition (300 umol s™! m2 surface intensity). The model
is not very sensitive to small changes in parameters values, from which we can infer a
robust model. Figure 7-18 shows scatter plots for the values of the varied parameters K, k;,
and u,, (x-axis) from left to right, and their effect on the model output (y-axis). The
histogram illustrates the probability distribution of the model outcome with the density on

the x-axis and the model final value in [g/L] on the y-axis.
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