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Abstract 

Concerns about climate change and depleting fossil fuel reserves have increased the need to find 

efficient alternative source of energy. Over the years, algal biofuel research has received great 

attention and growth and physiological experiments solely on the productivity during the day has 

extensively been studied. In this research, the effect of light intensities and temperature on the 

growth pattern and biomass loss during night respiration of Chlorella sorokiniana was 

investigated. The experiments were conducted at light intensity of 234 µmol m-2 s-1, 134 µmolm-2 

s-1 and 108 µmol m-2 s-1 and temperatures ranging from 20 ℃- 40 ℃. Assessment of growth during 

the complete batch cycle demonstrates the sawtooth pattern of growth which suggests that the 

percentage cell loss during night respiration has a tremendous negative impact on the overall 

biomass productivity which in turn impacts the biofuel yield. The experimental results demonstrate 

that the growth rate defined by the biomass accumulation during the linear phase was highest at 

high light intensities and at a temperature ranging between 25-32 ℃. Analysis of the night 

respiration cycle suggests that the loss of biomass is least when the cultures are grown at 134 µmol 

m-2 s-1 and 25℃. Overall analysis of the growth pattern during the day and the biomass loss during 

the night shows that the percentage loss in biomass was highest during the linear phase which 

suggest that temperature and light intensity play a huge role in the cultivation of algae.  

 

 

 

 

 

 

 

 

 

 

Keywords: Chlorella sorokiniana, Algae, Biomass, Growth rate, Light intensity, Day and night 

cycle. 
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1 Introduction 
 

The depletion of fossil fuels and increase in the greenhouse gases above a threshold of 450 ppm 

CO2 has raised an alarm to find an alternative source of energy [1]. First generation biofuels such 

as biodiesel, bioethanol derived from feed stock such as corn, sugarcane, soybean, sorghum, 

vegetable oil, palm oil etc. are some of the biobased alternatives to fossil fuels. However, 

production of these fuels seems unsustainable because the production of raw materials for these 

fuels causes stress on food commodities [2] [3]. Hence, other alternatives such as 3rd generation 

biofuels are currently under research and development. The proposition of biofuel from microalgae 

was made 60 years ago, but strong efforts to make it happen can be dated back to the oil crisis in 

1970’s [4].  

Microalgae are unicellular phototropic organisms, some species are obligate photoautotrophs, 

whereas some are classified as obligate heterotrophs, based on the nutritional availability and 

needs, some are capable of switching between heterotrophic and photoautotrophic metabolism [5] 

[6]. They have minimal nutrient requirements and they play a vital role in the aquaculture. Apart 

from this, they are being used by various industries such as the food industry to increase the 

nutritional content, in animal feed and in cosmetics [7]. During the last decades, extensive research 

is being conducted to utilize sunlight efficiently to cultivate microalgae and utilize biofuel as an 

alternative to fossil fuels [8].  

Over the years, photosynthesis has been scrutinized and experiments have been performed to 

optimize it, yet the photosynthetic efficiency of microalgae to convert light energy into chemical 

energy and in turn into biomass is low [8]. Utilization of light efficiently is one of the most crucial 

steps to improve the biomass production which influences the biofuel productivity. The main 

problem with this is the non-uniform distribution of light into photobioreactor and scattering of 

light by the cells, where excess light energy is not utilized and is expelled in the form of heat [9] 

[8].  Hence it is important to regulate the circadian cycle of algae.  
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1.1 Research Objective: 

 

In an effort to increase the productivity of algal biofuel, extensive research has been conducted to 

evaluate the effect of various parameters such as temperature, pH, salinity, nutrients on the growth 

rate on algae during the day.  The growth rate studies fail to correlate effect of dark cycle on the 

yield of biomass. Mathematical models have predicted the drop in the algal biomass concentration 

during the night. But this area still needs to be explored. The current research aims to monitor the 

growth pattern of Chlorella sorokiniana to evaluate the changes in the growth pattern during the 

night, study the effect of light intensity and temperature in the percentage loss of biomass at night, 

and determine if there is any correlation between growth rate during the day and night loss. Chapter 

2 describes the various uses of algae and reviews the literature related to utilization of algae for 

biofuel production. It also illustrates the various pathways and processes for production of biofuel 

especially biodiesel. Chapter 3 discusses the methods incorporated in this research to study the 

effect of light intensity and temperature on the productivity of Chlorella sorokiniana during the 

day and night and Chapter 4 describes the findings of the research. 

  



 

10 | P a g e  

 

2 Literature Review 

2.1 Introduction to microalgae 

Algae are unicellular or multicellular aquatic microorganisms [10]. Based on the size, they are 

classified in micro or macro algae, Macroalgae can grow up to 60 m in length whereas the size of 

microalgae can vary from 2 µm to 100 µm [11] [10]. They utilize the same strategies for nutrient 

absorption and storage as plants, where CO2 and sunlight are used as a source of energy via the 

process of photosynthesis [12]. During the process of endogenous respiration, these organisms 

synthesize chemical energy in the form of ATP, NADP and other organic matter. Chemical energy 

is used during the day to form biomass and organic matter is utilized at night for cell maintenance 

[13]. These organisms are the primary fixers of organic matter in waterbodies such as rivers, lakes, 

ponds and oceans.  

 

Figure 2.1: Industrial application of Microalgae. 

 

Based on their pigmentation, morphology and membrane distribution of phosopholipids, 

microalgae are classified as Chlorophyta (green algae), Rhodophyta, Haptophyta, Straminophiles 

or Dinophyta [14]. Some of the most commonly studied microalgae are Chlorella sp., 

Scenedesmus sp., Tetraedron sp. and Crypthecodinium sp. These organisms are usually 

phototrophic but have the capability to change a heterotrophic for nutritional uptake [10].  Due to 
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this unique nature, they can utilize a wide range of nutrients and produce various compounds such 

as fatty acids, triglycerides, polysaccharides and organic acids, which have a wide application 

(Figure 2.1) in nutrition, medicine, cosmetics and biofuels [14].   

 

2.2 Process of Biofuel production 

 

Figure 2.2: Various possible process variations for biofuel production from microalgae [15].  

 

 Many systems have been investigated to illustrate the process requirements and impacts of these 

processes on biofuel production from algae and sustainability. Figure 2.2 illustrates the various 

possible combinations of steps for algal biofuel production and the framework for efficient analysis 

of sustainability. It illustrates the growth requirements and potential impacts associated with scale 

up approach and provides tools to analyze various methods and select a feasible solution for high 

productivity at a lower cost.  
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The basic steps of algal fuel production rely on photosynthesis where the algae is grown, harvested, 

and converted to biofuels. Based on the product quality and quantity, either an open or a closed 

system can be utilized to cultivate the algae. For high biofuel production, high lipid-producing 

species are selected. Based on the purity and product quantity requirements algae can be grown 

either in sterile closed bioreactors or in open raceway ponds.  

2.2.1 Production of Drop-in Hydrocarbon 

Algae can be grown in large open raceway ponds and processed to produce biodiesel. In this 

process, algae are cultivated in raceway ponds and then harvested. The harvested cells are 

subjected to lipid extraction via cell lysis. The lipid and the extracted biomass are separated using 

chemical agents. This separated biomass can be further anaerobically digested to produce biogas 

or fermented to produce alcohols and can also be used as source of aquaculture nutrients fuel [15]. 

The extracted lipid/triacylglycerol is further hydrotreated to obtain oxygen free drop-in 

hydrocarbon which can be used as aviation and road fuel [15]. 

2.2.2 Production of Bioethanol 

Bioreactors have been used produce high quality products such as nutraceuticals and cosmetic 

components. The Algenol process is used to produce ethanol from marine algae. In this process 

algae are grown in Algenol reactors (polyethylene reactors) [15]. The algae grow and release 

ethanol into the media which partitions between the liquid and the gas phase of the reactor.  The 

ethanol collection is solar driven (Heat from the sun irradiation results in evaporation). This 

method eliminates the need for dewatering and is efficient in terms of energy and resource 

requirements [15]. However, the need for closed bioreactors serve as a disadvantage [15].  

 

2.2.3 Production of FAME (Fatty acid methyl ester) 

The overall process of FAME/ Biodiesel production is shown in figure 2.3. FAME is an ester 

which is obtained by the transesterification reaction of triacylglycerol with methanol [15]. FAME 

has high oxygen content and has lower efficiency than hydrocarbon biofuel. The easy processing, 

coproduction of glycerol and low sulfur content resulting in lower emission during combustion 

gives FAME an advantage over hydrocarbon biofuel.  
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2.3 Lipids/Fattyacids of microalgae 

Various microalgae species have been studied to produce fatty acids. Fatty acids are classified as 

saturated or unsaturated, and the number and position of double bonds in the carbon backbone of 

unsaturated fatty acids varies [16]. To cope up with stresses due to nutrient deprivation, extreme 

temperatures and high light intensity, microalgae switch to a protective mechanism and store 

chemical energy in the form of natural lipids or triglycerides [4] [16]. Some species of the genus 

Nannochloropsis have been reported to be very important in biofuel applications due to their 

ability to accumulate large amounts of lipids constituting to 65–70% of their total dry weight. This 

accumulation is induced because of the nutritional stresses such as nitrogen and phosphorous 

starvation [17].This species is a salt water species and a significant disadvantage of utilizing it for 

commercial production of biofuel is that it grows at low temperatures (< 30 ℃) and to low cell 

densities.  

 

Algal lipids have been classified into non-polar lipids or storage lipids (saturated fatty acids SFAs) 

and polar lipids or structural lipids (mainly PUFAs).  Some of the non-polar lipids include 

acylglycerols, sterols, free (non-esterified) fatty acids, hydrocarbons, wax and sterylesters. Polar 

lipids include phosphoglycerides, beatine lipids and glycosylglycerides [18]. These lipids play an 

important role in the providing cell structure and in metabolism. The chloroplast of microalgae has 

•Selection of algal 
species and 
Bioreactor

Reactor setup

•Growth at optimum 
light intensity, 
temperature, pH, 
Temperature, 
Nutrients.

Algal Cultivation
•Harvest of algae and 

cell distruption to 
extract oil.

Harvesting

•Processing the 
extract oil and 
conversion to fatty 
acid methyl ester 
(FAME) or biodiesel.

Transesterification 
to Biodiesel.

Figure 2.3: Pathway for cultivating and processing microalgae for biodiesel production. 
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been reported to contain high levels of unsaturated fatty acids which contain more than 6 double 

bonds such as monogalactosylglycerides, sulfoquinovosyldiacylglycerol and digalactosyl-

glycerides; all of which play vital roles in photosynthesis [19]. Storage lipids are mainly produced 

during the dark hours when the cells primarily synthesize polar lipids that are stored in the form 

of triacylglycerols (TAGs). During the light cycle, these lipids accumulate in the cytosol. 

The fatty acid profile of freshwater algae varies from that of marine algae where freshwater algae 

are highly composed of saturated fatty acids and marine contain very long chain fatty acids. Some 

algae have been reported to accumulate high amounts of hydrocarbon which are very useful for 

biofuel production (about 20-50% of cell dry weight) [18]. Polyunsaturated fatty acids are highly 

prone to oxidation and deterioration in fuel when compared to monosaturated fatty acids, hence 

monounsaturated fatty acids are more favorable for biofuel application [5].  

Several factors play an important role while selecting the algae species based on the characteristics 

of the product of interest such as the fatty acid profile, pigment or protein content. Different species 

of microalgae such as Scenedesmus sp. Chlorella sp, Schizochytrium sp., Botryococcus sp, and 

Nannochloropsis sp, have been investigated as a source of triglycerides, which are transesterified 

to obtain biofuels, but Chlorella sp. has been found to be one of the promising species for biodiesel 

production [20] [21]. Analysis conducted by C. Samira et al shows that Chlorella sorokiniana 

produces oils which are mainly composed of a mixture of unsaturated fatty acids, such as oleic, 

linoleic and linoleic acid [22]. Saturated fatty acids, palmitic and stearic are present in small 

amounts [22]. Among these palmitic, stearic, oleic, and linoleic acid were recognized as the most 

important components for biodiesel production [22]. Microalgae can survive in varying 

temperature conditions and research conducted by T. Li et al have reported that Chlorella sp. can 

grow over very wide temperature range of 5 ℃– 42 ℃ [23].  

 

2.4 Growth kinetics and Factors effecting the growth of microalgae 

Algae follows a similar growth pattern to bacteria. The growth pattern has been defined based on 

growth phases as shown in figure 2.4 i.e. the lag phase: Initial period of slow growth where the 

cells get adapted to the new environment;  linear phase: period of rapid growth and faster cell 

division; linear phase: period of growth where light is limited; stationary phase: Period during 

which the growth requirement for cell division is limiting and amount of cells produced is equal 



 

15 | P a g e  

 

to cell lost; and death phase: Nutrients are depleted and cells start to die [21] [24] [25]. Figure 2.4 

illustrates the growth pattern of Chlorella sp. The lag phase is typically short, and then there may 

be a short exponential phase before the culture becomes light limited, followed by a rapid linear 

increase in the cell number until stationary phase is reached [26]. Based on the favorability of 

growth conditions and algal species the period of these phases vary.  

 

 

Figure 2.4: Growth phases of algae culture 

Microalgae are photoautotrophic organisms which utilize sunlight to metabolize carbon dioxide 

(CO2) and water with the release of oxygen (O2). Organic compounds like glucose, starch 

([CH2O]n)  form the building blocks for algal growth in the process of photosynthesis [27] [28]. 

 

CO2 + H2O + Sunlight                        [CH2O]n + O2 

 

Various environmental factors influence the growth rate and photosynthetic efficiency of 

microalgae and play a vital role in the biochemical composition of microalgae. It is highly 

dependent on primary factors such as light, temperature and sufficient nutrition but is also 

dependent on operating conditions such as culture depth and dilution rates [29].  Cultivation of 

algae under stressful conditions has been reported to enhance the lipid or carbohydrate 
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accumulation but it also compromises the growth rate which in turn reduces the productivity which 

results in an increased cost of production of biofuel [30]. 

2.4.1 Light Intensity 

The growth of algae depends on the nutrients available, but in conditions with high nutrient 

availability, light intensity and temperature influence the productivity. Light intensity is measured 

as the amount of energy that is available to the algae to perform photosynthesis. Photosynthetically 

active radiation (PAR) refers to the amount of light that is incident on the surface. Photosynthesis 

is a quantum process where PAR-photon that is incident on the antenna of the pigment are taken 

up and used up in the reaction for charge separation. This is measured as quantum yield and is a 

function of the wavelength. The quantum yield of photosynthesis in Chlorella sps. is 0.1 which 

corresponds to a quantum requirement of 10, which means that 10 photons are required to produce 

one molecule of oxygen [27].  Photosynthetically usable radiation (PUR) is the fraction of the 

incident light energy that is efficiently used by algae to perform photosynthesis and is measured 

in terms of photon flux density (µmol m-2 s-1) [31] [32]. 

Chlorophyll a and b are the two important pigments which facilitate the harvesting of light energy 

and aid in photosynthesis. These pigments are sensitive to blue and red light with a sensitivity to 

a wavelength range of 400 to 700 nm [33] [31]. Most photosynthetic organisms utilize only about 

25% of the full light intensity which is incident on the cell. This decrease in utilization of light is 

attributed to the poor kinetic coupling between the captured light by the light harvesting apparatus 

and photochemical and electron transfer process [34]. This is because at higher light intensities, 

the rate of photon capture is higher than the rate of photosynthetic electron transfer due to which 

a major portion of the unused photons is either emitted as heat or in the form of fluorescence due 

to the non-photochemical process [35] [34].  

Depending on the light source, the composition of the light varies, hence the wavelength of 400 

nm to 800 nm is utilized to study the effect of light on the growth and productivity of algae. Light 

intensity models have been studied to evaluate the impact of average surface intensity and light 

attenuation on the autotrophic growth and photosynthetic ability of algae. Studies have shown that 

the duration and quality of light can alter the pigment and biochemical composition of algae [36]. 

Algae have also been reported to display hysteric effect to stress where cultures that were pre-
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exposed to high levels of irradiance had lower productivity when compared to those which were 

cultivated in dark conditions (Figure 2.5) [13].  

 

Figure 2.5: Effect of light irradiance on photosynthesis [13]. 

2.4.2 Effect of temperature 

Temperature is an important and easily controllable parameter that affects the growth of algae. It 

can modify the chemical structure of the cell, regulate the uptake of nutrients, and effect gas and 

mass transfer leading to changes in growth rate. Studies have reported that the optimum 

temperature range for the growth of most microalgae species ranges between 16 ℃ (61 F) and 

27℃ (81 F), further increases in temperature have been reported to increase the growth rate for 

some species, but temperatures below 16 ℃ (61 F) and higher than 35 ℃ (95 F) are generally 

detrimental on the growth of algae [24] . The optimum temperature for the growth of Chlorella 

vulgaris ranges between 25℃ to 30℃ where 30℃ is the optimum growth temperature [37]. 

Cultivation of algae at 35℃ has been reported to elevate lipid content to 22.7 % and increased the 

accumulation of neutral lipids in A. dimorphus to 59% of the total lipid content [30]. 

2.4.3 Nutrient requirement 

Optimization of culture medium has been carried out to study the nutrition requirement of algae to 

increase the biomass quality and yield. Nutrients are important in altering the biochemical 

constituents of the cell. Factors such as nitrogen, phosphorous and salinity have been reported to 

be the major nutrient stress inducers. Nitrogen has been considered as the most critical nutrient 

which affects the lipid metabolism [38] [16].  
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Carbon, nitrogen, and phosphorous are supplied in accordance to the Redfield ratio of [106:16:1] 

(C: N: P) [39]. Algae can sequester carbon and convert it into fatty acid when stressed with organic 

and inorganic carbon source [30]. Nitrogen is usually provided in the form of nitrates and urea are 

reported to be essential for the production and maintenance of the cells [24] [40]. Nutrients are 

required for the proper functioning of cells, but in studies conducted by Shukla S P et al, it was 

noted that excess of urea/nitrogen in the medium resulted in the decline of productivity of 

Pseudmuriella sp. N7, Chlorella vulgaris L5, Chlorella minutissima L15, Chlorella homospaera 

L24 and Chlorella minutissima L32 which indicates that overdosing the medium with nutrients 

has an inhibitory effect on the cells [41].  Phosphates are used to supply the phosphorous which 

makes up the most essential element in algal DNA [24] [40].  

 

2.5 Respiration pattern in Algae 

Algae are photosynthetic microorganisms like plants and follow a circadian cycle which involves 

light cycle/ photosynthesis cycle and night cycle /respiration cycle. During the day, photosynthesis 

is predominant over respiration where energy is used to produce biomass. At night, algae use up 

the carbohydrates that are synthesized during the day for maintenance and production of proteins 

and cellular components increases [42]. Experiments conducted by conducted by M.H.A. Michels 

et al, show that the biochemical composition of Tetraselmis suecica is dependent on the daily 

photon flux where an increase in the average carbohydrate content and a decrease in the protein 

content was observed during consecutive high light periods [42].  

The productivity of algae can be measured as the ratio of biomass loss rate (µdark) which is the 

loss of biomass during the dark cycle to the biomass increase during the day (µday) [36]  [43]. 

Predictive growth models have demonstrated that the productivity of algae and biomass loss varies 

from species to species.  Mathematical models showing both the light and dark growth phases 

display a sawtooth type pattern of growth (Figure 2.6) where there is a rapid increase in the biomass 

during the day and a decrease in the biomass during the night [29]. To demonstrate the 

phenomenon of biomass loss during the night, M. Huesemann et al developed a strain specific 

mathematical model which predicted growth as a function light intensity, dilution rate, culture 

depth and temperature. This model predicted the biomass loss during the night and slow growth 

rate during the early morning which is attributed to lower growth temperature and predicted the 
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steady state algal concentration during semi-continuous culturing mode at varying dilution rates 

[29].  

 

Figure 2.6: Day and night growth pattern of microalgae [29]. 

 

Research has been conducted to study the photosynthetic efficiency of Spirulina platensis by 

measuring photosynthetic oxygen production and consumption during the day and night. Using 

dissolved oxygen probes and by measuring the biomass yield, it has been noted that about 30% of 

the biomass yield produced during the day is lost at night during respiration [43] [44]. This loss in 

the yield has been attributed to the changes in gas exchange efficiency, growth phase and 

temperature during the day [44].  High light intensity results in cell damage which in turn reduces 

the photosynthetic capacity of the culture. Hence, the dark cycle is essential as it counter acts the 

damage caused by the exposure of high photon flux density and provides the time to repair, but 

also results in biomass loss in the form of CO2 [32]. 
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2.6 Bioreactor designs 

2.6.1 Continuous stirred Bioreactor 

Growth of algae under heterotrophic conditions is more favorable. Such conditions are attainable 

in bioreactors such as a CSTR which is used for growing yeast and bacteria [6]. These reactors are 

also called as fermenter type reactors which have a drawback of low area to volume ratio and low 

sunlight harvesting efficiency. These reactors are favorable in indoor lab scale experimentation 

with internal illumination with fluorescent bulbs with continuous CO2 supply by sparging systems. 

This type of a system is preferred to continuously monitor and cultivate algae to produce high 

value metabolites [45]. Many bioreactors have been studied for sterile cultivation of algae, but on 

an economical level, sterile cultivation of algae and addition of synthetic carbon source for 

heterotrophic mode of cultivation is not feasible to produce low value products like biofuels [9].  

 

2.6.2 Flat plate bioreactor 

A flat plate bioreactor is comprised of a rectangular vessel, that can have a variable light path 

(width). For maximum growth without significant light limitation, 5 cm is ideal however in 

practice it is typically larger.  These reactors are continuously bubbled with CO2 and air to facilitate 

mixing and to maintain the pH. This model provides a higher surface area and illumination area 

when the reactors are placed parallel to the light source [9]. The benefit of a flat plate reactor is 

the absence of agitators which reduces the installation and working cost [46], but there are some 

limitations. Algal cell mass gets attached to the reactor surface which can reduce the light 

penetration, mixing due to high aeration can result in cell damage, systems are not suitable for 

sterilization, temperature is hard to control, and refrigeration may be required. [47].  

2.6.3 Tubular photobioreactor 

Tubular photobioreactors are tall cylindrical reactors with shallow light path. The reactors have a 

length ranging up to several hundred meters with small diameters between 10-60 cm, which 

enhances the surface area of illumination and facilitates in obtaining high surface to volume ratio 

[48] [49]. This reactor is usually made of glass or plastic material and is favorable for outdoor 

cultivation of algae [45]. Based on the light requirements, tubular reactors can be straight, bent or 

spiral with a horizontal, inclined or vertical orientation [48]. 
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A tubular reactor is preferred because it utilizes aeration for continuous mixing and protects the 

cell from continuous damage caused by the rupture of air bubbles on the cell surface (caused by 

mixing) leading to increases in steady state concentration [50]. Tubular reactors have some 

disadvantages including: photoinhibition along the radius of the reactor; uneven distribution of 

CO2 and O2 along the tube which can result in changes in pH. insufficient mass transfer leading to 

aeration and degasser zones which results in oxygen toxicity; and the tubes are difficult to clean. 

[48].  

2.6.4 Open pond raceways 

The cultivation of commercial microalgae is conducted either in closed photobioreactors or in open 

raceways. Open ponds or raceways are highly preferred for the cultivation of large scale economic 

products such as biofuels. Raceway ponds or high rate algal ponds are oblong, shallow ponds with 

low water head (culture depth of 0.25 –0.50 m) and usually below 5000 m2 surface area where 

mixing is facilitated by rotating paddlewheels [51] [52]. The replacement of traditional paddles 

wheels with airlift systems or pumps has been reported to reduce the running cost [53]. The low 

depth of the ponds increases the efficiency and allows for attainment of higher algal concentration 

with uniform light distribution [53]. Open ponds are easy to construct and have a lower operation 

cost when compared to a closed bioreactor system, but poses a limitation due to poor light 

utilization, contamination, high evaporation losses and CO2 diffusion into the atmosphere [54]. 

Abundance of sunlight reduces the operation cost. Sunlight level at noon on the surface of the 

raceway pond is as high as 2000 μmol m−2 s−1 [51], but this intensity is not completely utilized, 

and photosynthesis saturates at roughly 10–20 % of the peak PAR value. The phenomenon is called 

as photoinhibition which occurs in two conditions, i.e. periods of strongest irradiance where the 

cells exposed to higher intensity get saturated with light which damages the cells and when the 

cells in the core of the reactor are suddenly exposed to light due to agitation [51] .  
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2.7 Methods for quantification of algae 

2.7.1 Quantification of Chlorophyll a 

Chlorophyll is one of the most important constituents of algae. It is the pigment present in the 

chloroplast and is responsible for energy fixation via photosynthesis. It can be used to quantify 

algal biomass. Based on the pH and nutrient content of water, the growth and health of algae varies 

which directly affects the chlorophyll a content. This change in the chlorophyll content can be used 

to monitor the growth of algae [55]. The quantification of the pigment may be performed using 

spectrophotometry but HPLC analysis confirms the exact pigments present in the sample [56]. 

This method provides an estimate of algal population dynamics and the health of the culture. Based 

on the environmental conditions, the pigmentation may vary in the culture which can be detected 

by this method.  

2.7.2 Fluorometery 

This method utilizes the approach of fingerprinting the excited spectra of Chlorophyll pigment and 

has been useful to differentiate algal species. In this method, the fluorescence spectrum of Chl a, 

Chl c, phycocyanobilin, phycoerythrobilin, fucoxanthin and peridinin pigments are analyzed [57]. 

The pigments have varied excitation spectrum; hence it forms a very important criterion for 

taxonomical identification. For example, chlorophyta possess peripheral antenna which contains 

Chl a, Chl b and xanthophyll whereas cyanophyta possess peripheral antennae which is composed 

of phycocyanin [57]. The concept of this differentiation is based on the energy transfer and 

distribution of the emission spectrum due the excitation of the pigment by a certain spectrum of 

light. This method also facilitates fluorescence-activated cell sorting which allows for efficient 

differentiation, and isolation of cells based on their morphology (size) and changes in 

autofluorescence [6].  

2.7.3 Spectrophotometry 

A spectrophotometer is an instrument where a beam of light is illuminated through the sample and 

onto a light meter. The light can be filtered through a predefined wavelength or a range of 

wavelengths to measure the turbidity due to cell density. The correlation of cell density to 

absorbance is based on Beer Lamberts law. For dilute algae cultures, this method is easy and 

reliable but for dense cultures, the absorbance values deviate from Beer Lamberts law and the 
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sample must be diluted and multiplied by the dilution factor. When spectrophotometric absorbance 

is used to quantify algae, a wavelength of 750 nm is usually preferred as this gives a measure of 

the algal cell density whereas 680 nm and 687 nm are preferred to measure the chlorophyll pigment 

content [58].  

2.7.4 Optical density sensor 

A continuous optical density sensor allows for real time monitoring of the algae sample. Real time 

monitoring facilitates the observation of algal growth for time intervals in minutes and gives an 

accurate measurement of the biomass density [59]. The real time monitoring and control also 

allows the measurement of cultures with a high cell density without requiring dilution of the 

samples. The data is monitored every minute and 10 min average values are recorded using a data 

logger. The 650 and 780 laser diodes are used to detect the cell growth, where absorbance at 780 

nm gives a measure of the turbidity of the sample and 650 nm measurement can be related to the 

chlorophyll content [59].  

Overall, environmental conditions such as temperature and light intensity effect the growth of 

algae and alter the biochemical composition of cells. The exponential growth pattern of algae has 

been well studied. There can be a large reduction in the biomass at night biomass which impacts 

the overall productivity of biofuel.  This phenomenon was challenging to measure prior to having 

a continuous optical density sensor. Therefore, the investigation utilizes an optical density sensor 

to measure the change in biomass in a CSTR to better understand the relationships between 

temperature, light intensity and biomass loss due to respiration. 
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3 Materials and methods 
 

3.1 Organism: 

The organism Chlorella sorokiniana DOE1412 (NAABB1412) [60] was obtained from the 

National Alliance for Advanced Biofuels and Bioproducts (NAABB) [61]. The stock cultures were 

grown on BG-11 medium [62]. Stock cultures were maintained under 12:12 hr light and dark 

period where CO2 was supplied as source of carbon and to maintain pH.  

BG-11 MEDIA: 

Chemical  Final Concentration 

NaNO3 17.6mM 

K2HPO4 0.22mM 

MgSO4*7H2O 0.03mM 

CaCl2*2H2O 0.2mM 

Citric Acid*H2O 0.03mM 

Ammonium Ferric Citrate 0.02mM 

Na2EDTA*2H2O 0.002mM 

Na2CO3 0.18mM 

Trace elements (1 mL/L) 0.18mM 

 

Trace elements: H3BO3(46µM), MnCl2*4H2O (9µM), ZnSO4*7H2O, Na2MoO4*2H2O(1.6Mm), 

CuSO4*5H2O(0.3µM), Co(NO3)2*6H2O(0.17µM).  

3.2 Culture condition and Reactor setup 

The experiments were conducted in a 2 L (working volume) glass vessel bioreactor (New 

Brunswick Bioflo 110 Fermenter and Bioreactor) with a magnetic-drive motor (Figure 3.1). The 

system consists of 2 Rushton-type Impellers which facilitates agitation of 150rpm and has 4 

baffles. Resistance Temperature Detector (RTD) submerged in a thermowell was used to monitor 

the temperature of the culture. The pH was sensed by a gel-filled pH probe which is controlled and 

maintained by a P & I (proportional & integral) controller which operates the 3gas setup of air, 

CO2 and oxygen. Based on the requirements, gas was supplied through the Sintered/Porous sparger 

to maintain a pH of 8. It was operated automatically by thermal mass flow controller (TMFC) 

using the gas inlet system. Gas flow rate was maintained at 2 SLPM. Based on the parameters of 
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the experiment the temperature (20 ℃, 25 ℃, 32℃, 38 ℃, 40 ℃) was maintained by supplying 

hot/ cold water through the cooling tube. The reactor was illuminated for 12 hrs by surrounding it 

with a circular illumination unit with Hg tube (400 nm -700 nm spectrum) and the light intensity 

was varied at three intensity levels of (high intensity:234 μmol m-2 sec-1, medium intensity:134 

μmol m-2 sec-1, low intensity: 108 μmol m-2 sec-1). The average surface light intensity was measured 

using Apogee SQ-500-SS: Full-Spectrum Quantum Sensor.  

The algae were cultivated using Modified BG-11 medium where sodium nitrate was replaced with 

sodium nitrite (21.7 mM). The reactor was operated in cell culture mode, where temperature, pH, 

and dissolved oxygen levels were continuously monitored. Modified BG-11 medium was loaded 

into the reactor and inoculated to obtain an initial biomass concentration of 0.1 g/L. The algal 

growth was continuously monitored using an optical density sensor and the readings were averaged 

and stored every 10 min using a CR1000 datalogger (Campbell Scientific Inc.). The algae were 

grown until stationary phase was obtained and then harvested. The sample was centrifuged at 7000 

rpm for 15 min (Beckman J2-21 Floor model centrifuge) and dried in a hot air oven. The 

experimental conditions were replicated 3 times.  

 

Figure 3.1: Experimental set up of continuous stirred tank reactor for the growth of Chlorella sorokiniana with continuous 

monitoring optical density sensor. 
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3.3 Biomass concentration 

The biomass was continuously monitored using an optical density sensor where the measurements 

were noted in volts. To find the correlation between the biomass in volts to dry weight (g/l), the 

optical density of the samples was noted at a wavelength of 750 nm using a spectrophotometer 

which (Genesys 10S UV–Vis, Thermo Fisher Scientific, Inc.). Samples from the reactor were 

collected every day at an interval of 4 hours and absorbance at 750 nm was noted. For dense 

cultures, the sample was diluted appropriately to obtain an absorbance in the range of 0.1-0.7 and 

the final absorbance was multiplied by the dilution factor. Simultaneously, 10 ml of the sample 

was filtered through a pre-dried and weighed Whatman glass microfiber filter and dried. The dry 

weight of the algal biomass was noted and the relationship between the optical density sensor 

voltage, dry weight and spectrophotometer absorbance was calculated.  

The relationship between optical density voltage to absorbance was calculated using the calibration 

curve (Fig. 3.2 & Fig. 3.3) of voltage vs spectrophotometric absorbance and the formula was 

obtained  

 

Figure 3.2: Calibration curve of spectrophotometric absorbance at 650nm vs optical density for estimation of chlorophyll 

content of Chlorella sorokiniana 
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Figure 3.3: Calibration curve of spectrophotometric absorbance at 780nm vs optical density absorbance corresponding to 

780nm for estimation of biomass concentration of Chlorella sorokiniana 

Y1=0.16972 *(X1
2) + (0.5323*X1) (Fig. 3.2) 

Y2= 0.2629*(X2
2) + (0.4777*X2) (Fig. 3.3) 

where Y1 is the absorbance at 650 nm; X1 is the voltage corresponding to 650 nm (Chlorophyll 

content); Y2 is the absorbance at 780 nm; and X2 is the voltage corresponding to 780 nm (Biomass) 

 

Figure 3.4: Calibration curve of biomass concentration(gm/L) vs absorbance at 780nm 
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The absorbance value at 780nm was further converted into biomass concentration (g/L) using the 

calibration curve of biomass concentration (g/L) vs absorbance at 780 nm (Fig. 3.4) 

Biomass concentration = 0.4245*Y2.  (Fig. 3.4) 

Biomass measurements of the algae at the beginning and end of the light cycles was noted and the 

percentage gain of biomass during the day and percentage loss of biomass during the night was 

calculated using the following formula  

µdark= (Bf - Bi)/ Δt 

Where, Bf is the biomass at the end of the night cycle; Bi is the biomass at the beginning of night 

cycle; and Δt is the time period of the cycle  

The percent loss during night is (L1*100)/ G1 

Where L1 is the biomass loss during the dark cycle (mg/L) and G1 is the biomass gained during 

the day (mg/L). 

3.4 Lipid Extraction 

The dried algae were ground into a fine powder using a motor and pestle. This powdered algae 

(0.3 g -0.5 g) was placed into a pre-weighed MARSXpress vessel. The weight of the sample was 

noted and 10 ml of a chloroform methanol mixture (2:1 vol:vol) were added to each vessel and 

held at room temperature overnight [63]. These samples were then loaded into a CEM Microwave 

Accelerated Reaction System (MARS, CEM Corp., Matthews, NC) and heated to 70 °C and held 

at 70 °C for 60 min [64]. Then the samples were left to cool to room temperature and were filtered 

through glass wool and dried using nitrogen gas. The percentage lipid content was calculated.  The 

results were computed in triplicates and error based on the standard deviation was obtained. 

Lipid content (%)= (Dry biomass of lipid *100%) / Dry mass of algae 
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4 Result and discussion 
 

Application of biological processes such as biofuel from algae represents a promising solution to 

the growing need for efficient and renewable sources of fuel. Indeed, microalgae has the capacity 

to convert CO2 into biofuel during the day, but the shift in its metabolism during the night has a 

huge impact on the overall productivity of biofuel. Models including Aiba’s MATLAB model on 

photoinhibition, Beer Lambert’s law and Arrhenius equation have been combined to predict the 

overall effect of light intensity and temperature [29].  Modeling of the effect of parameters on the 

overall productivity is an essential tool to predict the outcomes of the experiments but monitoring 

the changes in the growth rate gives an understanding of the overall growth pattern and confirms 

the predictions made by the models. Thus, the present study was performed to understand the effect 

of temperature and light intensity on the growth pattern of Chlorella sorokiniana during the day 

and loss of biomass during the night.  

 

4.1 Relationship between light intensity and growth 

The current study assumes the uniform distribution of illumination on the cell surface due to the 

continuous agitation and doesn’t take in to account of the radial light zones and the dark zone in 

the core of the reactor. Figure 4.1 shows the biomass production and growth pattern of Chlorella 

sorokiniana (DOE 1412) under the influence of varying light intensities at room temperature 

(25℃). The results obtained are contradictory to the findings of Mondal et al who reported that 

the biomass concentration of Chlorella sorokiniana was highest at 80 μmol m-2 sec-1 and escalation 

of light intensity above 150 μmol m-2 sec-1 had a negative impact on the biomass productivity [65]. 

The comparison of growth shows that the final productivity of biomass is same for light intensities 

at 234 μmol m-2 sec-1 and 134 μmol m-2 sec-1. But a drastic decrease in the growth rate of algae can 

be observed at 108 μmol m-2 sec-1.  This may be due to reduced ATP generation by the cells, 

because of the decreased amount of photons incident on the cells. The lack of photons reduces the 

activity of the nitrogenase reaction which is a high energy consuming part of metabolism [66]. 

Decrease in the cell biomass during light limited photosynthesis has been reported to be the result 

of lowered chlorophyll a synthesis which causes self-shading (package effect) [67]. Clumping and 

settling of cells was observed during physical examination of the final growth of algae grown at a 
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light intensity of 240 μmol m-2 sec-1 which may be attributed to the photoinhibition caused by 

photooxidation effect of high light intensity on the cell components. The results obtained are in 

par with the findings of Han F et al who obtained 1.1 g/L biomass productivity of the Chlorella 

sorokiniana at 135 μmol m-2 sec-1 and reported the increase in biomass above 115μmol m-2 sec-1 

[68]. Researchers have shown that high photon flux density can be achieved by increasing the light 

intensity which magnifies the growth rate up to a point of saturation. A further increase in the light 

intensity beyond the light saturation point (LSP) results in photoinhibition and photooxidation 

which results in a decrease in the growth rate and eventually the cells die [69].  

 

Figure 4.1: Effect of light intensity on the growth of Chlorella sorokiniana grown at 25 ℃. 

 

4.2 Effect of temperature 

 

The next set of experiments evaluated the effect of temperature on the growth pattern of C. 

sorokiniana (DOE 1412) grown with a light intensity of 134 μmol m-2 sec-1. The results shown in 

Figure 4.2 indicates that the optimum growth temperature ranges between 25 ℃ and 32 ℃. An 

increase in the temperature results in a decrease in the growth rate up to 38 ℃, further increases 

(40 ℃) result in an abrupt decrease in the growth. At the highest temperature, the cell color 

changed from bright green to yellow, which later resulted in cell death. Similar results were 

reported by Converti A. et al where the growth rate of Chlorella vulgaris was impacted by 

temperature above 30 ℃ [70].  Spearing et al evaluated the effect of temperature for an incubation 

period of 1 hr on the fatty acid content of Chlorella sorokiniana and reported a change in the phase 

of membrane lipids. This change in the fluidity of the fatty acid from fluidic or expanded state 
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("liquid crystalline") to a packed or condensed state ("solid crystalline") at lower temperatures was 

assumed to be the reason for differences in the respiration and photosynthesis pattern at different 

temperatures [71].  

 

 

Figure 4.2: Effect of temperature on the growth pattern of Chlorella sorokiniana grown at 134 μmol m-2 sec-1. 
 

4.3 Loss of biomass during the dark cycle 

 

To gain insight into the growth pattern during the night or dark cycle, cultures grown at different 

intensities and temperatures were analyzed.  Typical curves showing the effect of light intensity 

and temperature on the overall growth of Chlorella sorokiniana (DOE 1412) are depicted in 

Figures 4.1 and 4.2. This growth pattern of the algae matches with the sawtooth pattern (increase 

of biomass during the day and loss during the night) predicted by the mathematical model 

simulation presented by M. Huesemann et al [29]. The batch culture data shows the drop in the 

biomass concentration at two points i.e. during the addition of water to maintain the culture volume 

and during the night/respiration cycle. The rate of evaporation of water varies for every batch 

which is due to the varying culture temperature.  
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Figures 4.3 and 4.4 illustrate the effect of light intensity on the growth phases of Chlorella 

sorokiniana. Overall comparison of the percentage increase and decrease in the biomass during 

the linear and stationary phases suggests that the loss of biomass was less in the batch cultivated 

at 134 μmol m-2 sec-1. This can be due to the lower negative impact of the light intensity at 134 

μmol m-2 sec-1 on the cells which resulted in a lower molecular damage repair during the night. 

From Figure 4.4 it can be inferred that cultivating Chlorella sorokiniana at 134 μmol m-2 sec-1 is 

beneficial as it has a lower percentage decrease in the biomass at night which results in the overall 

increase in the productivity. 

 

 

 

Figure 4.3: Effect of light intensity on biomass loss during the night cycle of Chlorella sorokiniana. 
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Figure 4.4: Effect of light intensity on the biomass during the growth and respiration rate of Chlorella sorokiniana 

 

Temperature has been estimated to have an Arrhenius type of effect on the night biomass loss. To 

evaluate the decline in the biomass concentration during the night, the percentage of biomass loss 

with respect to biomass increase during the day was calculated (Figure 4.5 and 4.6). Results 

suggest that the overall biomass loss rate was higher in cultures grown at extreme temperatures. 

Mathematical models have estimated about 10% loss of biomass during the night [43]. But the 

present study shows that various parameters effect the amount of biomass loss at night. From figure 

4.5 it can be observed that the initial percentage loss at 20℃ was high, but as the culture got 

adapted to the temperature, after lag phase, the percentage loss reduced during the consequent 

nights. The increased loss of biomass in cultures grown at 20℃ can be attributed to the mechanism 

of repair of molecular damage due to photoinhibition [29]. At a very high temperature of 40 ℃, 

the percentage loss was 127%. The increase in the biomass loss at extreme temperatures may be 

due to the negative impact of temperature on the cell permeability for solute transport, and 

biochemical reactions which can alter photosynthesis and rate of respiration resulting in reduced 

synthesis of ATP and cell components [67].  
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Figure 4.5: Effect of temperature on biomass loss during the night cycle of Chlorella sorokiniana. 

 

   

Figure 4.6: Effect of temperature on the growth rate of Chlorella sorokiniana during the day and rate of decrease in biomass 

during the respiration cycle.  
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different times during the batch culture growth. The first is when the algae most rapidly gain in 

biomass during the day during linear growth; and the second is when the culture first reached the 

decreased growth phase. Similar studies have been reported on the effect of temperature and light 

intensity on the biomass loss of Chlorella pyrenoidosa where, about 10-15% of the biomass gained 

during the linear phase is lost during the dark cycle [72]. However, an in-depth analysis such as 

the one performed here has not been done previously. Analysis of the biochemical composition of 

Chlorella pyrenoidosa was conducted by Ogbonna J C et al and it was found that the biomass and 

total carbohydrate concentration reduced during the night, whereas the protein content increased. 

Xu Y. et al reported the effect light intensities and photoperiod on the variation of cellular glycerol 

content of Dunaliella salina and found that changes in the cell volume during the light and the 

dark cycle corresponded to the changes the glycerol content which acts as an osmolyte. It was 

noted that the cells accumulate large amounts of glycerol and starch during the day due to 

photosynthesis and utilize it during the night respiration cycle which results in the reduction in the 

cell volume [73]. Based on these observations it was hypothesized that in conditions of 

photoinhibition during the dark cycle, the intracellular carbohydrates are used as a source of energy 

for cell maintenance and protein synthesis [72].  

 

4.4 Change in Chlorophyll content  

 

The changes in the chlorophyll content as a function of varying light intensity and temperature 

were calculated at a ratio of absorbance of chlorophyll at 650 nm to the biomass at 780 nm which 

are shown in Figures 4.7 and 4.8. Figure 4.7 indicates the effect of varying light intensities on the 

chlorophyll content over the complete growth period. It can be noted that increasing the light 

intensity to 234 μmol m-2 sec-1 had a negative impact on the chlorophyll content during the initial 

growth phase. This may be due to the photoinhibition effect of the higher intensity of light. Figure 

4.8 depicts the effect of temperature on chlorophyll content of Chlorella sorokiniana. It can be 

noted that temperature range of 20℃ to 38℃ doesn’t have a significant impact on the trend of 

chlorophyll content variation during the photosynthetic and respiration cycle. At 40℃ the ratio of 

chlorophyll to biomass was low because this temperature was not favorable for the growth of 

Chlorella sorokiniana and resulted in a change in cell color to yellow and cell death. Overall 

observation of effect of light intensity and temperature on the chlorophyll content suggests that the 
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rate of increase of chlorophyll content was high during the day due to photosynthesis and the ratio 

of chlorophyll to biomass reduces during the dark cycle when the culture shifts from 

photosynthesis to respiration process.   

 

Figure 4.7: Ratio of chlorophyll content to biomass of Chlorella sorokiniana at varying light intensity and 25℃ 

 

 

Figure 4.8: Chlorophyll content to biomass ratio of Chlorella sorokiniana at temperature range 20℃-40℃ at 134 μmol m-2 sec-1 
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4.5 Total Lipid content 

 

Figure 4.9: Effect of light intensity on the overall lipid production by Chlorella sorokiniana at 25℃ 

 

Comparison of lipid yield for Chlorella sorokiniana grown at different light intensities (Figure 

4.9) suggests that, although the cultures that grew at 234 μmolem-2 sec-1 and 134 μmolem-2 sec-1 

had higher biomass yield, their lipid content was lower when compared to the culture which was 

grown at a lower intensity of 108 μmol m-2 sec-1. The results obtained are in line with the findings 

of Mondal et al who reported that the lipid yield was higher at low intensities and Chlorella 

sorokiniana had a 15% lipid content at 150 µmol m-2 s-1 [65]. This increase in the productivity at 

low light intensity may be due to increase in the period of the linear growth phase as reports suggest 

that lipid synthesis is highest during the logarithmic phase and stationary phase under the night 

respiration cycles [74]. This suggests that, to obtain a higher biofuel yield, a compromise between 

the increase in cultivation time with lower light intensity and high lipid content of the cell must be 

achieved. 
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Figure 4.10: Overall lipid yield by Chlorella sorokiniana at temperature range 20℃-40℃ at 134 μmol m-2 sec-1 

Figure 4.10 illustrates the effect of temperature (ranging 20 ℃- 40 ℃) on the total lipid content of 

Chlorella sorokiniana. The results from this experiment shows that the temperature has a very low 

impact on the overall lipid content over the range of temperatures investigated. The findings are 

partially in line with the results obtained by Patterson et al who reported a constant total lipid yield 

(10% of dry cell weight) in Chlorella sorokiniana grown at temperature ranging from 14 ℃ - 38 

℃. The variation of lipid content of cells in the present study has been speculated to be due to the 

changes in the fatty acid content which may reduce protoplasmic viscosity [75].  
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5 Conclusion 

Finding an alternative to nonrenewable sources of energy is the area of concern in the present day 

and algal biofuel is one of the promising alternatives. A tremendous amount of research is being 

conducted to study and increase the productivity of biofuel during the day, but the problem with 

continuous monitoring of biomass, and loss of cells during the night is an area that is less explored. 

Hence, the current research focused on studying the effect of temperature and light intensity on 

the biomass variation during the dark cycle and its impact on the overall productivity.  

Results show that light intensity has a great impact on the total biomass yield of Chlorella 

sorokiniana where higher light intensity ranging between 130-235 µmol m-2 s-1 yield higher 

biomass. Lower light intensity during the day induced a longer growth period and had a large 

biomass loss during the night. But interestingly, it also had a high lipid yield when compared to 

the cultures grown at higher intensities. In this case, a compromise either on the lipid content or 

the biomass productivity would have to be made. Temperatures over the range of 25 ℃- 32℃ 

would be optimum for the growth and total lipid yield of Chlorella sorokiniana, but investigation 

of the night cycle shows that the temperature of 25 ℃ is optimum as the loss of biomass was least 

which enhanced the productivity. An overall observation of percentage loss of biomass during the 

night at different intensities and temperatures suggests that the loss is highest during the linear 

growth phase. Further studies on the other parameters such as agitation, type of reactor, aeration, 

media components and the impact of these parameters on the algal metabolism and cellular 

structure would have to be studied to reduce the biomass loss during night respiration and improve 

the productivity of biofuel from algae. 
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