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Abstract 
Large volumes of aquaculture wastewater (AWW) are discharged every day directly into the 
environment, causing pollution of freshwater and saltwater ecosystems. This wastewater is 
rich in nitrogen, phosphorus, organic carbon, and other elements. These chemicals, on the 
other hand, are essential for microalgae. Thus, due to the potential of AWW to be used as a 
microalgal growth medium, in this project, experiments are performed to evaluate the 
behavior of Chlorella sorokiniana when it grows in AWW. The experiments performed test 
the microalgal growth on untreated vs. pretreated wastewater; on pH-controlled vs. pH-
uncontrolled conditions; and its growth when different airflows are used to airlift the cell 
suspension in the photobioreactor columns. As a result, it was found that C. sorokiniana 
cultures can reach a high cell density when it grows in AWW (82 million cells per milliliter 
or a biomass dry weight of 2.60g/L). For successful cultivation of the microalgae, the 
wastewater needs to be sterilized before inoculation, and the pH needs to be controlled. 
Furthermore, the maximum microalgae growth rate in the column photobioreactor was 
obtained with an airflow rate of 6L/min. The results of the present research show that 
microalgae cultivation in wastewater has a great potential to reduce contamination while 
generating economic benefits, as microalgae biomass is widely used as a feedstock, and 
high-value products can be obtained from it. 

Útdráttur 
Umtalsvert frárennsli frá fiskeldisstöðum er losað er á hverjum degi beint í umhverfið. Það 
mengar lífríki vatna og sjávar. Afrennslið er ríkt af köfnunarefni, fosfór, lífrænu kolefni og 
öðrum efnum. Þessi efni eru nauðsynleg fyrir þörunga. Þess vegna er mögulgt að nýta 
frárennslið til þörungareæktunar. Í þessu verkefni er gerð tilraun með að rækta Chlorella 
sorokiniana í frárennsli frá fiskeldi. Tilraunir voru gerðar með að rækta þörunginn í 
hreinsuðu og óhreinsuðu frárennsli, einnig að stýra eða stýra ekki ph-gildi ætisins. Einnig 
var athugað áhrif mismunandi loftflæðis í ræktunartönkum. Niðurstaða tilraunanna er að 
mögulegt var að ná háum frumuþéttleika af C. sorokiniana með ræktun í frárennslisvatni úr 
fiskeldi (2,60 g/L). Nauðsynlegt reyndist dauðhreinsa frárennslisvatnið áður en þörungum 
er sáð og stjórna  sýrustiginu. Ennfremur náðist hámarks vaxtarhraði örþörunga ef 
loftstreymið í ræktuninni var 6L/mín. Niðurstöðurnar sýna að ræktun örþörunga í frárennsli 
fiskeldisstöðva getur dregið umtalsvert úr mengun og skapað efnahagslegan ávinning, þar 
sem þörungarnir eru notaðir m.a. í fóður og hægt er að vinna verðmæt efni úr þeim. 
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need, ensuring their proliferation. However, this was not the case when AWW was used. 
The AWW can have chemical compounds that are toxic to microalgae, high concentration 
of nutrients, an ionic charge imbalance, among other factors that can affect the microalgae 
negatively. As these factors can vary depending on the type and conditions of the aquaculture 
system, it was unknown how the microalgae would react in the AWW. 

Moreover, information about the phycoremediation of AWW is scarce. In the documents 
found, the authors do not seem to face any significant problem regarding the growth of the 
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1 Introduction 

1.1 Background 
Aquaculture Systems (AS) are farming methods that are used to produce animals and plants 
in aquatic environments (FAO, 2018). During the last few decades, the production of animals 
in these systems has been proliferating (Figure 1). The industry grows faster than many other 
major food production sectors. In 2016, the world annual productivity of animals in AS was 
estimated to be over 80 million tons (FAO, 2014, 2018). 

 

Figure 1 World aquaculture production of food fish and aquatic plants, 1990-2016 (FAO, 
2018). 

In AS, the animals are fed regularly to promote faster growth. However, frequent feeding 
increases waste production, which decreases the quality of the water rapidly. The water 
quality affects the productivity of fishes directly. Thus, to maintain optimal production, the 
water needs to be frequently treated or changed by freshwater (Lin, Jing, Lee, & Wang, 
2002). The method used to improve the quality of the water depends on the type of AS used. 
There are two main types of aquaculture systems: the Recirculating Aquaculture Systems 
(RAS) and the flow-through. In the RAS, the effluent water is (partially) reused after going 
under treatment, while in the flow-through, the effluent water is discharged and replaced by 
freshwater. Although the RAS is the most environmentally sustainable, the flow-through is 
the most used (Martins et al., 2010).  

The amount of AWW treated or discharged directly into the environment is unknown. 
However, the effluent water from the flow-through systems is often discharged directly into 
the environment, causing algal blooms by eutrophication and deterioration of freshwater 
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ecosystems (Toze, 2006). On the other hand, some farmers use the effluent water for 
irrigation of crops. Although this practice reduces the use of freshwater in agriculture 
systems, it can have a negative impact as it reduces dramatically the soil microbial functional 
diversity (L. Chen et al., 2017; Toze, 2006). 

The Aquaculture Wastewater (AWW) is rich in chemicals required by microalgae: nitrogen, 
phosphorus, organic carbon, iron, molybdenum, zinc, sodium, nickel, magnesium, and 
potassium (Ansari, Singh, Guldhe, & Bux, 2017). This wastewater does not contain 
detergents or other chemicals that could be harmful to green microalgae. Furthermore, the 
concentration of chemicals in the AWW does not require dilution, which lowers the 
consumption of freshwater in microalgae production systems (Ansari et al., 2017). For such 
reasons, microalgae appear to be useful organisms for AWW treatment.  

Wastewater treatments are processes that attempt to remove the contaminants from the 
water. Such treatments involve the use of physical, chemical, and biological methods. For 
instance, conventional wastewater treatment plants perform three treatments. In the primary 
treatment, the heavy solids are removed by precipitation, while flotation processes remove 
the oil, grease, and lighter solids. In the secondary treatment, the dissolved and suspended 
organic compounds are removed by aquatic microorganisms (Bacteria and protozoa) in a 
managed aerobic area. Finally, different chemicals or physicals processes (pH changes, UV 
light exposure, ozonification, chlorination, etc.) are used in the tertiary treatment, mainly for 
disinfection purposes, before the water is reused or discharged (Rawat, Ranjith Kumar, 
Mutanda, & Bux, 2011). Although different methods are applied in conventional wastewater 
treatments, Martinez (2009) found that they do not remove efficiently certain types of 
pollutants, such as antibiotics and heavy metals. 

Researchers have also tested alternative methods for AWW treatment. Some of these 
methods remove the pollutants with the use of electrochemical technologies: ion exchange, 
reverse osmosis, electrodialysis, and activated carbon adsorption (Mook et al., 2012). 
Although these methods eliminate the pollutants efficiently, they could face critical 
problems, such as slow start-up, high cost, and generation of toxic by-products (Guldhe et 
al., 2017; Mook et al., 2012). Other methods, eco-friendlier and more sustainable, make use 
of plants or microalgae to reduce the nutrients and pollutants contained in the AWW. Results 
from these last methods mentioned are promising; however, further experiments on a large 
scale are needed for the microalgae system (Guldhe et al., 2017; Thorarinsdottir et al., 2015). 

1.2 Problem Statement and Objective 
The production of microalgal biomass during wastewater treatment could have both 
economic and ecological benefits. However, information about large scale systems (volume 
larger than 1000L) is limited. The objective of this project is to study and optimize 
microalgal biomass production coupled with the AWW treatment on a pilot-scale system 
(volume of ~850L). The attempts to improve the microalgae productivity are focused on pH 
regulation, wastewater pre-treatment, and airflow rate.  
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1.3 Chapters summary 

1.3.1 Theory 

Chapter 2 describes the main applications and uses of microalgae. Starting with the use of 
living cells to remediate wastewater and finalizing with a more detailed description of 
different products that can be obtained from its biomass, such as biofuels, bioactive and 
medicinal compounds, as well as food and feed ingredients. Then, it describes the cultivation 
methods that have been developed for microalgae cultivation and the different microalgae 
species that have potential use for wastewater treatment. Finally, the chapter ends with a 
short description of the recirculating aquaculture system used in this project and the species 
of finfish cultivated in it. 

1.3.2 Materials and Methods 

Two types of works were performed in this project: the first type comprises the design and 
assembly of the photobioreactors used, while the second type covers the planning and 
execution of the experiments. Detailed information on both types of works is described in 
the Materials and Methods chapter, including the conditions in which each of the four 
experiments were performed. 

1.3.3 Results 

Chapter 4 presents the outcome of the work performed to the microalgae cultivation systems, 
as well as the achievements obtained in each of the experiment carried out. Although the 
goal of this research was achieved successfully and high biomass concentrations were 
obtained, in the first two experiments unexpected problems appeared, such as culture 
contamination and strong pH fluctuations, which caused cells’ death. 

1.3.4 Discussion 

Chapter 5 explains why the initial lighting and aeration systems were not adequate for the 
types of photobioreactors and how the new systems could enhance the microalgae growth. 
Also, it is explained why the microalgae did not survive in some of the experiments. Finally, 
the results obtained in this project, such as growth rate and cultivation conditions, are 
compared to the literature. 

1.3.5 Conclusion 

Chapter 6 describes briefly that even though further studies are needed, the results of this 
project show the great potential of using AWW for microalgae biomass production.
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2 Theory 

2.1 Applications of Microalgae 
During the last few decades, several species of microalgae have been recognized as 
promising sources of materials in different production sectors. Microalgae biomass is 
commercially used as a feedstock to extract a wide range of value-added products for the 
pharmaceutical, food, feed, and fuel industries (Chew et al., 2017). On the other hand, a 
different and unique use has been explored, which consists of growing microalgae on 
wastewater for phycoremediation purposes (Guldhe et al., 2017).  

2.1.1 Phycoremediation of Wastewater 

Phycoremediation refers to the use of macroalgae or microalgae to remove or biotransform 
pollutants, such as nutrients and harmful chemicals from wastewater, and CO2 from waste 
air (Olguín, 2003). The utilization of this technique can generate positive economic and 
environmental impacts. For example, at first, this algal treatment is considered as eco-
friendly since it uses fewer chemicals than conventional wastewater treatment. Secondly, 
wastewaters that go under phycoremediation have high-levels of nutrient removal. Thirdly, 
heavy metals are removed more efficiently by some species of microalgae than by 
conventional treatments. Finally, the cost of phycoremediation can be lower than 
conventional wastewater treatments, and it can even generate incomes when the microalgae 
biomass is used as a feedstock (Guldhe et al., 2017; Hoffmann, 1998). 

Although microalgae can remediate wastewater efficiently, researches indicate that is 
necessary to take some factors into special consideration (Guldhe et al., 2017). For instance, 
the species tolerance to the physicochemical factors of the wastewater, such as pH, nutrient 
concentration, dissolved solids, salinity, and temperature. Furthermore, a dilution of the 
wastewater might be required when it contains toxins such as antibiotics and heavy metals. 
A pretreatment of the wastewater might be also necessary to reduce the number of microbes 
that can feed on the microalgae or compete with it for the substrate (Guldhe et al., 2017; 
Mennaa, Arbib, & Perales, 2015).  

On the other hand, phycoremediation might require of more supervision and regulation than 
conventional wastewater treatment, since some of the physicochemical factors of the 
wastewater are highly influenced by microalgae growth. The pH, for instance, can change 
depending on the ions that the microalgae consume. Assimilation of nitrogen ions have the 
strongest influence on pH changes due to the fact that they are consumed in higher quantities 
than other elements (Wang & Curtis, 2016). The assimilation of ammonium decreases the 
pH; while the assimilation of nitrate increases the pH. Other ions that affect the pH include 
potassium, phosphate, sulfate, and magnesium (Wang & Curtis, 2016). The pH changes can 
be that extreme that can cause cell damage or even kill the cells (Scherholz & Curtis, 2013). 
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2.1.2 Microalgae as a Feedstock 

Microalgal biomass is used as a feedstock in different biorefinery processes (Figure 2). 
Several chemicals can be extracted from the biomass, including biofuels, bioactive medicinal 
products, and even food ingredients. More information about these products is described 
below. 

 

Figure 2 Applications in microalgae biorefinery; modified from Chew et al. (2017). 

Biofuels 
Microalgae can synthesize and store molecules with a high-quantity of energy (e.g., lipids 
and carbohydrates). Compounds such as acyl lipids, polar lipids, unsaponifiable matters, and 
chlorophyllides, compose the lipids. The most common acyl lipids are the Triacylglycerol 
(TAG) and Free Fatty Acids (FFA), although they comprise a wider variety of structures. 
The polar lipids, with a mainly structural role, are characterized by the hydrophilic head and 
a lipophilic tail. They are classified into two categories: phospholipids and glycolipids. The 
unsaponifiable matters are constituted by sterols, phytol, hydrocarbons, and pigments. The 
carbohydrates, on the other hand, have a simpler composition, consisting mainly of cellulose 
and starch (Yao, Gerde, Lee, Wang, & Harrata, 2015; Yen et al., 2013). 

The fatty acids are synthesized mainly in the chloroplasts of the microalgae. They are used 
as building blocks for the synthesis of more complex lipids. The quantity of lipids and 
carbohydrates synthesized and stored depends mainly on the microalgal species and the 
development phase, which is influenced by environmental conditions (Spolaore, Joannis-
Cassan, Duran, & Isambert, 2006). Even for the same species, the composition of lipids can 
fluctuate under the influence of light, temperature, nitrogen concentration, and salt stress. 
Likewise, microalgae under stress conditions tend to store higher quantities of energy-rich 
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molecules. The biomass of some species can be composed of up to 80% of lipids (Khan, 
Shin, & Kim, 2018).  

In contrast to vascular plants, microalgal biomass does not contain lignin, which is an 
organic polymer strongly resistant to hydrolysis reactions. Thus, a higher biofuel yield can 
be obtained from microalgal biomass. Bioethanol is the alcohol commonly produced from 
microalgal carbohydrates, although other alcohols can be obtained (Figure 3). Bioethanol 
production, in summary, begins with the extraction of the cell’s carbohydrates, following by 
enzymatic or chemical degradation of the carbohydrates to fermentable sugars, and ends 
with the fermentation of these sugars to bioethanol (Chew et al., 2017; Khan et al., 2018). 

Furthermore, microalgae biomass contains a small portion of polyunsaturated fatty acids, 
such as Omega-3 and Omega-6. This type of fatty acid is of high value in other industries 
(health and food). Biorefineries processes often separate the polyunsaturated fatty acids 
before the production of biodiesel as these are high-value products. The rest of the fatty acids 
are used for biodiesel production. This production involves the transesterification of the 
lipids, which is a chemical reaction directed by certain chemicals or enzymes (Figure 3) 
(Chew et al., 2017; Yen et al., 2013). 

 

Figure 3 Algal biomass conversion processes for biofuels production; modified from Chew 
et al. (2017). 
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Bioactive Medicinal Products 
Among all the chemicals produced by microalgae, pigments are the most commonly used in 
the health industry. They play a vital role as precursors of vitamins, antioxidants, anti-
inflammatory, and wound healing additives (Henríquez, Escobar, Galarza, & Gimpel, 2016; 
Sonani, Rastogi, Patel, & Madamwar, 2016). Three basic classes of pigments found in 
microalgae need to be highlighted: Carotenoids, Chlorophylls, and Phycobiliproteins (Chew 
et al., 2017).  

Microalgae can also synthesize other compounds widely used in the pharmaceutical 
industry. For instance, vitamin E, with antioxidant activity and used during the treatment of 
cancer, heart disease, eye disease, Alzheimer’s disease, Parkinson’s disease, and others. The 
vitamin C, also with antioxidant activity; essential for the biosynthesis of collagen, carnitine, 
and neurotransmitters; and used as an immunomodulator and to treat cancer and 
atherosclerosis. The butylated hydroxytoluene, another compound with antioxidant activity. 
The glutathione, which is a potent antiviral agent, and also with antioxidant activity. As well, 
microalgae can produce polysaccharides, glycerol, lectins mycosporine-like amino acids, 
glycoprotein, antifreeze proteins, and antibiotics (Skjånes, Rebours, & Lindblad, 2013).  

The polyunsaturated fatty acids (PUFAs) are essential molecules for different processes in 
animal cells. The lack of PUFAs on a diet can cause severe damage to the organism. 
Although animals do not synthesize them, most of the PUFAs on the market are extracted 
from fish liver oil. Furthermore, omega-3 fatty acids are used to treat several diseases as they 
react as anti-inflammatory, anti-thrombotic, anti-arrhythmic, hypolipidemic, and 
vasodilatory (Skjånes et al., 2013). 

Food and Feed Ingredients 
Microalgae whole-cells have a high quantity of proteins and are highly digestible, which 
makes it a suitable food for human and animal consumption. However, protein extraction is 
often performed using microalgae biomass. Some species can have up to 70% of their 
biomass composed of protein (Chew et al., 2017). Other compounds used as health food 
supplements are also extracted from its biomass; for example, essential amino acids, 
peptides, carbohydrates, and long-chain fatty acids such as eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) (Khan et al., 2018; Yen et al., 2013). Additionally, it is 
relevant to mention that some pigments are widely used as a dye in the food industry (Khan 
et al., 2018; Sonani et al., 2016). 

Microalgae are widely used to feed or to produce food for animal species farmed in 
aquaculture systems. For instance, living cells are used to feed animals such as bivalves, 
abalones, and crustaceans or finfish at an early stage. Feeding microalgae whole cells 
promotes the growth and health of the animals. On the other hand, microalgae can be used 
to feed the zooplankton that is later used to feed crustaceans or finfish. Furthermore, during 
the last years, microalgae biomass has become a fundamental food ingredient of the meals 
for fish species that require DHA, EPA, and astaxanthin (Brown & Blackburn, 2013). The 
use of microalgae as a food ingredient has a positive ecological impact as it decreases the 
use of fishmeal. 
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2.2 Technologies for Microalgae Cultivation 
Under natural phototrophic growth conditions, microalgae use the photons from sunlight, 
assimilate carbon dioxide from the air, and nutrients from the aquatic habitats. Therefore, 
artificial production systems should attempt to replicate and enhance the optimum natural 
growth conditions. Different methods have been developed to cultivate microalgae, e.g., 
suspended cultures, immobilized cultures, and foam-bed cultures. Detailed information 
about the cultivation methods is reviewed in this section. 

2.2.1 Suspended cultures 

The suspended culture method is the most used. There are two major cultivation systems for 
suspended cultures: closed photobioreactors and open ponds. Each of the cultivation systems 
have advantages and disadvantages; nevertheless, the selection of the system depends mainly 
on the (1) investment cost, (2) desired products, (3) type of growth media, and (4) CO2 
sequestration (Klinthong, Yang, Huang, & Tan, 2015; Rawat et al., 2011).  

Among the available open systems, the most used are the open raceway ponds with a paddle 
wheel stirrer (Figure 4). Their surface areas are relatively fixed to the size of the pond. The 
important parameters are the volume and the open upper area, as this is the only area that is 
lit. Due to the “shadow effect”, they range in depths of 0.2 to 1m, irrespective of how big 
they are. These systems use paddlewheels to mix the media continuously. The main 
advantage of the open ponds system is the low cost of construction and maintenance, which 
allows the production of microalgal biomass at a low price. Additionally, these systems are 
easy to clean and can fit large volumes of water for microalgal cultivation (Klinthong et al., 
2015). 

 

Figure 4 Open raceway pond for microalgae cultivation (MicroBio_Engineering_Inc., 
n.d.). 
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The major drawback of open ponds is that they require the use of a larger land than 
photobioreactors, which excludes the open pond as an indoor solution. Furthermore, the 
biomass productivity in these systems is reduced to daylight periods, and it is affected 
directly by weather conditions (Park, Craggs, & Shilton, 2011). Also, the low investment in 
these system can result in limitations such as insufficient illumination, high evaporation, low 
diffusion of CO2 from the atmosphere, easy contamination, and deficient mixing (Klinthong 
et al., 2015).  

Although open ponds require the use of land, they do not necessarily compete for land with 
existing agricultural crops, since they can be implemented in areas with marginal crop 
production potential (Klinthong et al., 2015). Further information about the pros and cons of 
the use of raceway ponds is available in Table 1. 

In contrast to the open pond, the photobioreactors are closed systems which allow the users 
to have better control of operating conditions. In summary, having better control leads to 
benefits such as low risk of contamination, higher biomass yield, and also permits the 
cultivation of monocultures. However, these systems are complicated to construct and 
expensive to operate. The photobioreactors most commonly used in large scale systems are 
the tubular, the flat, and the column (Figure 5). More detailed information about these 
photobioreactors is available in Table 1. 

(A)  

(B)   (C)  

Figure 5 Photobioreactor types commonly used for large scale systems: (A) tubular, (B) 
flat plate, and (C) column (ABiRe, 2019; Biotech_&_Sostenibility, n.d.; Wikipedia, 2019). 

Photobioreactors are built with transparent materials to increment light penetration. The 
tubular and flat photobioreactors have more illumination surface than the column 
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photobioreactor. However, the column photobioreactors are the cheapest option on the 
market. The photobioreactors can be placed either outdoor or indoor; nevertheless, artificial 
illumination is frequently needed when the system is indoor. Furthermore, a mechanical or 
airlift pump is also used in these systems to keep the cells in suspension and to maintain the 
nutrients well mixed. Among these pumps, the airlift pump may be the best option as it also 
helps to decrease the concentration of dissolved oxygen and increase the concentration of 
CO2. 

Table 1 Advantages and limitations of open ponds and photobioreactors (Brennan & 
Owende, 2010). 

Production system Advantages Limitations 
Raceway pond Relatively cheap Poor biomass productivity 
(Figure 4) Easy to clean Large area of land required 
 Utilizes non-agricultural 

land 
Limited to a few strains of algae 

 Low energy inputs Poor mixing, light and CO2 
utilization 

 Easy maintenance Cultures are easily 
contaminated 

Tubular 
photobioreactor 

Large illumination surface 
area 

Some degree of wall growth 

(Figure 5A) Suitable for outdoor cultures Fouling 
 Relatively cheap Requires large land space 
 Good biomass productivities Gradient of pH, dissolved 

oxygen, and CO2 along the 
tubes 

Flat plate 
photobioreactor 

High biomass productivities Difficult scale-up 

(Figure 5B) Easy to sterilize Difficult temperature control 
 Low oxygen build-up Small degree of hydrodynamic 

stress 
 Readily tempered Some degree of wall growth 
 Good light path  
 Large illumination surface 

area 
 

 Suitable for outdoor cultures  
Column 
photobioreactor 

Compact Small illumination area 

(Figure 5C) High mass transfer Expensive compared to open 
ponds 

 Low energy consumption Shear stress 
 Good mixing with low shear 

stress 
Sophisticated construction 

 Easy to sterilize  
 Reduced photoinhibition and 

photo-oxidation 
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2.2.2 Immobilized Cultures 

In immobilized cultures, the cells are prevented from moving freely in the medium (Figure 
6). This type of cultivation system is commonly used for biomass production and nutrient 
removal (Mantzorou & Ververidis, 2019; Srinuanpan, Cheirsilp, Boonsawang, & Prasertsan, 
2019). They seem to be an attractive cultivation system to microalgae producers, as they 
require less energy and water than suspended cultures. A high biomass yield can be obtained, 
higher than in suspended cultures, and the construction and operation cost of biofilm systems 
is low compare to photobioreactors (Mantzorou & Ververidis, 2019). 

Another important advantage of this system is reduction of the production cost of microalgae 
biomass as a result of a reduction of the harvesting cost. Due to the size of microalgae cells, 
harvesting from suspended cultures require a high energy input, while immobilized 
microalgae cells can be harvested easily by a sieving or a scrapping method (Mantzorou & 
Ververidis, 2019; Srinuanpan et al., 2019). The microalgae scrapped from biofilms has a 
similar moisture content to some species harvested by centrifugation. Thus, the biomass does 
not require of a further dewatering process (Mantzorou & Ververidis, 2019). 

 

Figure 6 Harvesting of microalgae biofilm by a scrapping method (Boelee, 2013). 

Two methods are used to immobilize the cells: encapsulation (Figure 7) and induced biofilm 
formation (Figure 8). The encapsulation method makes used of a polymer matrix to 
immobilize the cells. The most commonly used polymers to encapsulate the microalgae are 
polysaccharides, such as agars, carrageenans, and alginates, due to their low toxicity and 
high transparency (Lam & Lee, 2012). This method has a great potential for water treatment. 
The nutrient removal efficiency is high, and there is low contamination of the matrix. 
However, the high cost of the polymer matrix increases considerably the cost of production 
of the microalgae biomass (Christenson & Sims, 2011). 

On the other hand, the cultivation of microalgae in biofilms require only the use of a substrate 
(a surface) where the cells can attach. The substrate can be made out of glass, fiber glass, 
plastics, metals, and a number of different organic materials (Mantzorou & Ververidis, 
2019). Furthermore, studies have revealed that the surface topography of the material is a 
key factor on biomass productivity and attachment strength, being both higher in surfaces 
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with patterns than in flat surfaces. Also, the attachment time of the microalgae to the surface 
is lower in surface with patterns, as the microgrooves can act as anchor points (Huang et al., 
2018).  

Although immobilized microalgae cultures are susceptible to contamination, studies have 
shown that the presence of bacteria in biofilms enhances the attachment and growth of the 
microalgae (Mantzorou & Ververidis, 2019). They can use the secondary metabolites and 
gases secreted by other microorganisms. For instance, the microalgae increase the oxygen 
concentration in the water, which is used by bacteria, and the bacteria increase the carbon 
dioxide concentration in the water, which is essential for phototropic growth (Mantzorou & 
Ververidis, 2019). Furthermore, some cultivation systems, such as the twin-layers 
photobioreactor (Figure 8), have shown a great potential to prevent eukaryotic contamination 
(Naumann, Çebi, Podola, & Melkonian, 2013).  

 

Figure 7 Microalgae immobilized in polysaccharides. Beads formed from 2% alginate and 
1% CaCl2 containing R. subcapitata; modified from Benasla and Hausler (2018). 

 

Figure 8 Microalgae cultivation on twin-layers photobioreactor. Eight modules were used 
to cultivate three species of microalgae. is, Isochrysis sp. T.ISO; nc Nannochloropsis sp.; ts, 
T. suecica; Modified from Naumann et al. (2013). 
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2.2.3 Foam-bed Cultures 

Cultivation of microalgae in foam-bed photobioreactors is a method that was recently 
developed by Janoska et al. (2017). It was intended to reduce the production cost of 
microalgae biomass based on a reduction of the harvesting cost. The energy required for 
production and harvesting is only 8.5% of what is required in suspended cultures. In this 
system, the microalgae cultures contain a small volume of water (about 5% v/v) and high 
biomass density (Figure 9). Hence, during the harvesting process less energy is required to 
concentrate the cells (Janoska, Andriopoulos, Wijffels, & Janssen, 2018; Janoska et al., 
2017). 

 

Figure 9 Foam in the foam-bed reactor containing microalgae (Janoska et al., 2017). 

In this system, the foam is formed by the injection of gas into the photobioreactor. The foam 
properties influence directly the microalgae biomass production. For instance, smaller 
bubbles increase the area of the bubble’s liquid layer where the microalgae is suspended; 
thus, more cells can be suspended in small bubbles. The bubble size is mainly dependent on 
the design of the gas distributer. On the other hand, properties such as bubble stability, 
homogeneity of the foam, and surface tension of the bubbles are influenced mainly by the 
cell suspension properties. The cell suspension can have natural properties that enhance foam 
formation, or foam stabilizing agents can be added to it. 

The high gas transfer rate and the high biomass productivity are the advantages of foam-bed 
cultures (Janoska et al., 2017). With a mathematical method, Janoska et al. (2018) predicted 
the CO2 uptake to be up to 97% in the foam-bed photobioreactors, ensuring minimal CO2 
loss. Janoska et al. (2017) reported that the biomass productivity in foam-bed cultures can 
be as high as in cell suspended cultures, reaching growth rates of up to 0.1/h. Furthermore, 
the low pressure drops generated in foam-bed photobioreactors can reduce the construction 
cost of the photobioreactor, as elements that are less resistant can be used for its construction. 

The biggest limitation of the foam-bed photobioreactor is the foam formation. Janoska et al. 
(2017) used bovine serum albumin as a protein-based foaming agent and obtained a good 
and stable foam. However, the foam formation stopped when the protein contained in the 
bovine serum albumin was depleted. Furthermore, other types of foam-forming agents can 
be harmful to the microalgae, and they can affect the stability of the metabolites produced 



32 

by the cells. Thus, more research is needed on stable foam forming agent for operation of 
the foam-bed photobioreactor (Janoska et al., 2017). 

The microalgae biomass harvesting in this type of photobioreactor is a continue process. As 
new foam is forming continuously, the foam in the photobioreactor raises until it escapes 
from the upper outlets (Figure 10). The foam that escapes is led to a foam breaker device, 
which collects the high cell concentration liquid and let the gas contained in the bubbles flow 
out (Janoska et al., 2017). 

 

Figure 10 Schematic overview of the foam-bed photobioreactor. Gas is fed at the bottom of 
the reactor via a gas distributor plate, releasing fine gas bubbles into the bulk liquid, 
continuously creating foam. The foam leaves the reactor on the top and is then transported 
towards the foam breaker. After break-up of the foam the separated liquid and gas phase 
end up in a collector vessel from where the gas leaves through the condenser and the 
liquid is pumped back into the reactor. 

2.3 Microalgae Species that can be Used for 
Wastewater Treatment 

In most cases, the selection of the microalgae species cultivated depends strongly on the 
chemical compound desired by the cultivators. Some species might have higher yields than 
others or even have pathways for secondary metabolites that other species do not have. For 
instance, Haematococcus pluvialis is often cultivated for astaxanthin production due to its 
high yield of production (Shah, Mahfuzur, Liang, Cheng, & Daroch, 2016). Spirulina species 
are cultivated for dietary supplementation due to their high protein content (Koyande et al., 
2019). Botryococcus braunii is cultivated for lipid production, as it can produce and store 
high quantities of lipids (Khan et al., 2018). Also, Chlorella species are good producers of 
lipids and carbohydrates (Khan et al., 2018). 
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However, when microalgae are used for phycoremediation of wastewater, other factors 
should be taken into consideration, as the cultivation conditions might not be ideal for certain 
species. The species selected should tolerate a high concentration of nutrients, be highly 
competitive, and have robust growth. Species with these properties have an excellent 
capability to treat wastewater and can remove high amounts of the contaminants in a short 
time (Chinnasamy, Bhatnagar, Hunt, & Das, 2010; Ma et al., 2017). 

Three microalgae species were considered for the tests: Chlorella sorokiniana, Botryococcus 
braunii, and Haematococcus pluvialis. C. sorokiniana, Shihira and Krauss strain 211/8K 
(CCAP, Scotland, UK) was selected for the experiment based on results from previous 
studies that showed the enormous potential of this species to treat wastewater (Ansari et al., 
2017; de Godos Crespo et al., 2010; Gupta et al., 2016; A Lizzul et al., 2014). 

2.3.1 Chlorella sorokiniana (Microalgae Species Used) 

Chlorella sorokiniana is a eukaryotic unicellular species of algae (Figure 11). Sorokin and 
Myers (1953) isolated the first strain from high-temperature freshwater samples. Although, 
due to the similar cell morphology between C. sorokiniana and C. vulgaris, they classified 
it as a strain of C. vulgaris that could tolerate higher temperatures. Their main phenotypic 
differences are the hydrogenase activity and tolerance of high temperatures possessed by C. 
sorokiniana. However, DNA sequencing analyses revealed that their genotypic differences 
are sufficient to be considered as different species (Huss et al., 1999). 

Chlorella sorokiniana reproduces asexually by binary division. This non-motile green 
microalgae can grow autotrophically, heterotrophically, and mixotrophically (Qiao & Wang, 
2009). In photoautotrophic cultures, through the photosynthesis process, the cells harvest 
light energy and use the CO2 as a carbon source. In heterotrophic cultures, microalgae do 
not require illumination, as it takes the energy from organic carbons such as sugars and 
organic acids. While in mixotrophic culture, the cells can obtain energy by performing 
photosynthesis or by consuming organic carbons. Nonetheless, the cells consume the organic 
carbons only in light-limited periods. Hence, light/dark cycles are needed in mixotrophic 
cultures to promote the consumption of organic carbon (Cheirsilp & Torpee, 2012). 

 

Figure 11 Optical microscope image of Chlorella sorokiniana cells (Salbitani & Carfagna, 
2017). 
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Chlorella sorokiniana has been tested for the phycoremediation of urban and municipal 
wastewater (Bohutskyi, 2016; Gupta et al., 2016; A Lizzul et al., 2014; Mennaa et al., 2015; 
Ramanna, Guldhe, Rawat, & Bux, 2014); agro-industrial wastewater (de Godos Crespo et 
al., 2010; Hernández, Riaño, Coca, & García-González, 2013; Kobayashi et al., 2013; Salati 
et al., 2017); industrial wastewater (Van Wagenen, Pape, & Angelidaki, 2015); and even 
aquaculture wastewater (Ansari et al., 2017). Results from the previous experiment showed 
that this species could grow successfully in environments with a high concentration of 
nutrients; and under conditions that would be unfavorable for other algal species (Gupta et 
al., 2016; Palmer, 1969). Moreover, it removes most of the nutrients and contaminants 
successfully from the wastewater. Although more research is required to ascertain its 
performance in large scale systems, it is known that the wastewater should have a high 
concentration of N and P and a low concentration of toxins (A. Lizzul, Lekuona-
Amundarain, Purton, & Campos, 2018; Van Wagenen et al., 2015). 

2.3.2 Botryococcus braunii 

This is a colony-forming eukaryotic species of microalgae. This species is widely distributed 
on all continents, can be found in freshwater, brackish and saline lakes, reservoirs or even 
small pools (Órpez et al., 2009). It is often cultivated due to its capacity to produce 
unsaturated long-chain hydrocarbons; as up to 80% of its biomass can be composed of lipids 
(Khan et al., 2018).  

Órpez et al. (2009) evaluated the potential of B. braunii to remediate urban wastewater. 
Results from their research indicate that this species was able to use the nutrients from the 
wastewater for its growth. However, compared to its performance in a synthetic growth 
medium, the microalgae in wastewater had lower biomass productivity, lower growth rate, 
and longer lag phase (Órpez et al., 2009). On the other hand, the microalgae grown in 
wastewater had a higher production of carotenoids, hydrocarbons, and lipids (Table 2).  

Table 2 Biochemical composition of the biomass of B. braunii at the end of the culture 
using two types of medium: wastewater and synthetic medium; modified from Órpez et al. 
(2009). 

Compounds Wastewater 
mg dm-3 

 
% dry weight 

Synthetic medium 
mg dm-3               % dry weight 

 

Chlorophyll a 0.65 0.1 0.85 0.13 
Chlorophyll b 0.18 0.03 0.3 0.04 
Total carotenoids 0.5 0.08 0.38 0.06 
Proteins 95.43 12.54 203.49 30.11 
Total lipids - 17.85 - 10.96 
Hydrocarbons - 1.91 - 0.29 

 

2.3.3 Haematococcus pluvialis 

Haematococcus pluvialis is a unicellular eukaryotic species of microalgae from freshwater 
ecosystems. Under optimal conditions, this species perform cell division. The cells can 
divide into 2 to 32 daughter cells by mitosis (Figure 12) (Wayama et al., 2013). However, 
under stress conditions, the cells form cysts, expanding their cell size and losing their 
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flagella, becoming more resistant to unfavorable environments (Figure 12). Also, the cells 
accumulate lipids during encystment, including astaxanthin, which is the main compound 
extracted from this species of microalgae (Wayama et al., 2013). 

 

Figure 12 Life cycle of H. pluvialis. A. Fluorescence microscopy images, showing the 1- to 
32-cell stages, and the flagellated stage. DIC: differential interference contrast image; 
SYBR: SYBR Green I-stained cells (green); CHL: chlorophyll autofluorescence (red); and 
Overlay: overlaid images of SYBR and CHL. B. Illustration of life cycle of H. pluvialis. 
Refresh: when old cultures are transplanted into fresh medium, coccoid cells undergo cell 
division to form flagellated cells within the mother cell wall. Germination: Flagellated 
cells settle and become coccoid cells. Continuous and/or strong light accelerate the 
accumulation of astaxanthin during encystment (red arrows) (Wayama et al., 2013). 

Kang, An, Park, and Sim (2006) tested the growth and performance of H. pluvialis using 
primary-treated sewage and primary-treated piggery wastewater. The authors found that the 
microalgae could grow in both types of wastewaters and that it was able to reach similar 
growth rates to the H. pluvialis grown in a synthetic growth medium. However, its growth 
was inhibited in wastewaters with high concentrations of nitrogen and phosphorus, which 
required the dilution of the piggery wastewater to avoid growth inhibition. The microalgae 
growth, in both types of wastewaters, ceased after the nitrogen was exhausted regardless of 
the phosphorus concentration in the medium. Furthermore, after cell division ceased, the 
intense light induced the cell encystment, leading to an accelerated accumulation of 
astaxanthin (Kang et al., 2006). 
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Kang et al. (2006) concluded that H. pluvialis has a great potential for wastewater treatment, 
as the microalgae reached high growth rates, and removed successfully different inorganic 
wastes. They also concluded that the astaxanthin production cost can be reduced by 
eliminating the need to supply nutrients to the cultures. 

2.3.4 Other Species with Potential Use for AWW Treatment 

Ankistrodesmus falcatus 
This is a unicellular eukaryotic species of microalgae, which potential to treat wastewaters 
have been tested since the early nineties (Talbot, Thébault, Dauta, & De la Noüe, 1991). 
Ansari et al. (2017) evaluated the growth and performance of this species when used to treat 
AWW. The authors obtained a biomass concentration of A. falcatus of 2.25g/L and biomass 
productivity of 0.16g/L/day. Also, they found that the species has a high nutrients removal 
efficiency, being able to assimilate 80.85% of the nitrate, 99.73% of the nitrite, 86.45% of 
the ammonium, and 98.52% of the phosphate. 

Auxenochlorella protothecoides 
Zhou et al. (2012) isolated a strain of A. protothecoides from a municipal wastewater 
treatment plant and examined its growth on wastewater, its potential to remove the nutrients, 
and its lipid accumulation. Obtaining as results that the microalgae could reach a high growth 
rate (0.49/day), high biomass productivity (0.27g/L/day), and high lipid productivity 
(0.078g/L/day). Furthermore, the microalgae removed 59% of the total nitrogen and 81% of 
the total phosphorus within 6 days (Zhou et al., 2012). 

Botryococcus terribilis 
A research was conducted to evaluate the biomass production of B. terribilis using domestic 
wastewater as the growth medium (Cabanelas et al., 2013). The results show that the species 
can adapt and grow in wastewater, reaching a maximum biomass productivity of 
0.225g/L/day and a maximum biomass concentration of 2.17g/L. It was able to remove 
2.63mg/L/day of ammonium and 0.40mg/L/day of phosphate. Furthermore, the biomass 
harvested showed great nutritional values, containing 67% of protein and 25% lipids 
(Cabanelas et al., 2013). 

Chlamydomonas reinhardtii 
This is a model species of green microalgae. It has been extensively studied for lipid and 
biohydrogen production (Scranton, Ostrand, Fields, & Mayfield, 2015). Kong, Li, Martinez, 
Chen, and Ruan (2009) evaluated the biomass production of C. reinhardtii using wastewater 
as the growth medium. They found that the microalgae grows well in the wastewater, 
achieving a maximum biomass production of 2.0g/L/day. Also, it was able to remove up to 
83% of the nitrogen and 14.45% of the phosphorus. 

Chlorella vulgaris 
Similar to C. sorokiniana, C. vulgaris is a eukaryotic unicellular species of algae. It is often 
consumed as food supplements or use for biodiesel production, as under stress conditions it 
is capable to produce and store important amounts of lipids (Safi, Zebib, Merah, Pontalier, 
& Vaca-Garcia, 2014). Gao et al. (2016) studied the growth of C. vulgaris in AWW using a 
membrane photobioreactor. The results showed that the species could adapt well to the saline 
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aquaculture wastewater. However, the microalgae biomass productivity (0.042g/L/day) was 
not the best compared to other studies. The authors explain that low biomass productivity 
might be caused by a low concentration of nutrients in the wastewater. 

Dunaliella Salina 
If the wastewater is originated in a saltwater aquaculture system, Dunaliella salina would 
be a great species to remediate it. This is a halophilic species of microalgae often cultivated 
due to its ability to produce and store beta carotene (Liu & Yildiz, 2018). Liu and Yildiz 
(2018) utilized this species to remediate municipal wastewater. However, due to the 
requirements of this species, the wastewater had to be mixed with saline water. The results 
indicated that D. salina was able to remove nitrate, ammonia, and phosphorus from the 
wastewater by 88.8%, 70.7%, and 45.7%, respectively. 

Dunaliella tertiolecta 
This species of Dunaliella is also highly salt tolerant. Thus, it can be used to treat saltwater 
aquaculture systems. It is commonly used as feed for a variety of fish larvae and penaeid 
shrimp larvae (Andreotti, Solimeno, Chindris, Marazzi, & García, 2019). This species grows 
well in AWW, achieving biomass productivities of 0.047g/L/day and biomass 
concentrations of 0.33g/L. Furthermore, D. tertiolecta can assimilate more than 96% of the 
dissolved inorganic nitrogen and phosphorus (Andreotti et al., 2019). 

Spirulina platensis 
This is a filamentous cyanobacterium commonly used as a food supplement due to its high 
protein content and nutritional value (Wuang, Khin, Chua, & Luo, 2016). Its potential to 
treat AWW was tested by Wuang et al. (2016), who found that the species was able to 
assimilate quickly the ammonia and nitrate; however, the microalgae was not able to remove 
the nitrite. The authors also reported a fast growth rate of the microalgae in the AWW, which 
was able to duplicate its concentration every 28 hours. 

Tetraselmis suecica 
Tetraselmis suecica is a unicellular marine eukaryotic species of microalgae. It is commonly 
used as a feedstock in aquaculture, serving as feed for a variety of live prey, such as fish 
larvae, penaeid shrimp larvae and bivalve mollusk larvae (Andreotti et al., 2019). In AWW, 
this species grows well and can achieve biomass productivity of 0.065g/L/day and biomass 
concentration of 0.46g/L. Furthermore, T. suecica is also able to assimilate more than 96% 
of the dissolved inorganic nitrogen and phosphorus (Andreotti et al., 2019). 

2.4 Fish Species Used 
The work was performed in collaboration with the company Samvist ehf., which study 
methods to couple aquaculture systems with the production of microalgal biomass during 
the treatment of the AWW. A RAS was already set up and functioning by the company, 
where Nile tilapia is the fish farmed. For such reason, the AWW used in this research comes 
from a tilapia farming facility. 
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2.4.1 Nile tilapia: Oreochromis niloticus 

The species Oreochromis niloticus (family Cichlidae), is a fish native to the fresh waters of 
tropical Africa (Figure 13). It has an omnivorous behavior, feeding mainly on algae, aquatic 
plants, small invertebrates, and detrital material and the associated bacterial films 
(Fitzsimmons, 1997). Regarding its reproduction habits, fishes can reach sexual maturity 
when they are only a few months old; however, it is more related to the size of the fish than 
to the age. After the female releases the eggs, and the male fertilizes them, the female takes 
care of the eggs and fry by mouthbrooding (Peña-Mendoza, Gómez-Márquez, Salgado-
Ugarte, & Ramírez-Noguera, 2005). On the other hand, after sexual maturation occurs, the 
growth rate of females decreases considerably since a significant amount of energy is used 
for oocytes production, and also because females do not eat while they are mouthbrooding 
(Pullin & Lowe-McConnell, 1982). 

 

Figure 13 Illustration of the species Oreochromis niloticus (Coad, 2016). 

This species can tolerate a wide range of environmental conditions. However, their growth 
rate might be affected by the water temperature, pH, nitrogen waste, dissolved oxygen 
concentration, food quantity and quality, genetic makeup, sex of the fish and their interaction 
(Pandit & Nakamura, 2010; Workagegn, Ababboa, Yimer, & Amare, 2014). O. niloticus is 
easy to breed in captivity and has a fast growth under optimal conditions. The individuals 
can achieve a weight of 1kg after 8-9 months (Martins, Ochola, Ende, Eding, & Verreth, 
2009; Thorarinsdottir et al., 2015). Additionally, members of the genus Oreochromis do not 
require fish meal or other animal protein in their diet (Fitzsimmons, 1997). These previously 
mentioned characteristics make O. niloticus a convenient choice for aquaculture systems. It 
has been introduced into many countries of the world to support the development of 
freshwater aquaculture (FAO, 2014, 2018). Moreover, among the species of finfish used in 
aquaculture, O. niloticus has been and continues to be one of the species most commonly 
farmed (Table 3) (FAO, 2014, 2018).  

Table 3 Major species produced in world aquaculture (FAO, 2018). The units are tons, 
and percentage in the last column. 
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Species of finfish 2010 2012 2014 2016 % of 
total, 
2016 

Grass carp, Ctenopharyngodon idellus 4362 5018 5539 6068 11 
Silver carp, Hypophthalmichthys molitrix 4100 4193 4968 5301 10 
Common carp, Cyprinus carpio 3421 3753 4161 4557 8 
Nile tilapia, Oreochromis niloticus 2537 3260 3677 4200 8 
Bighead carp, Hypophthalmichthys nobilis 2587 2901 3255 3527 7 
Carassius spp. 2216 2451 2769 2006 6 
Catla, Catla catla 2977 2761 2770 2961 6 
Freshwater fishes nei, Osteichthyes 1378 1942 2063 2362 4 
Atlantic salmon, Salmo salar 1437 2074 2348 2248 4 
Roho labeo, Labeo rohita 1133 1566 1670 1843 3 
Pangas catfishes nei, Pangasius spp. 1307 1575 1616 1741 3 
Milkfish, Chanos chanos 809 943 1041 1188 2 
Tilapias nei, Oreochromis (=Tilapia) spp. 628 876 1163 1177 2 
Torpedo-shaped catfishes nei, Claritas spp. 353 554 809 979 2 
Marine fishes nei, Osteichthyes 477 585 684 844 2 
Wuchang bream, Megalobrama 
amblycephala 

652 706 783 826 2 

Rainbow trout, Oncorhynchus mykiss 752 883 796 814 2 
Cyprinids nei, Cyprinidae 719 620 724 670 1 
Black carp, Mylopharyngodon piceus 424 495 557 632 1 
Snakehead, Chana argus 377 841 511 518 1 
Other finfishes 5849 6815 7774 8629 16 
Finfish total 38493 44453 49679 54091 100 
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3 Materials and Methods 
The work in this project was divided into two parts. The first includes the design and 
assembly of the microalgae culture systems used. The second includes the planning and 
execution of the experiments. The experiments performed in this project were intended to 
evaluate the microalgae performance when it is cultivated in AWW. In total, four 
experiments were performed (Table 4), which focus on wastewater pre-treatment, pH 
regulation, and configuration of the photobioreactor settings. 

Table 4 Experiments performed. 

Name of the experiment Growth 
medium 

AWW 
treatment 

pH 
controlled 

Airflow 
rate 

Measurement of cell concentration BG11* 
AWW 

 
None 

No - 
- 

Effect of the AWW pretreatment AWW None* 
Filtration 
Autoclaving 
Exposure to 
UV-C light 

No - 
- 
- 
- 

Controlling the pH of the cell 
suspension 

AWW Exposure to 
UV-C light 

Yes 
No* 

- 
- 

Effect of the airflow in the 
column photobioreactor 
 

AWW Exposure to 
UV-C light 

Yes 2L/min 
4L/min 
6L/min 
8L/min 

(*) Identifies the control samples of the experiments. ---------------------------------------------
(-) The unit was not measured. 

3.1 Photobioreactors Improvements 
Two photobioreactors were used in this project. One was used to grow microalgae on a small 
scale, which was used to maintain the stock culture for the company. The other to grow 
microalgae on a larger scale, which was a column photobioreactor, used for wastewater 
treatment. Further information about the settings and development of the two 
photobioreactors is described in the following sections. 

3.1.1 Photobioreactor for Small Scale Production 

The microalgae culture system used was the HXDJB50-42 (Dalian Huixin Titanium 
Equipment Development Co., Ltd, China) (Figure 14). The system consists of a lighted shelf 
with magnetic stirrers, which can fit 42 flasks. However, the stirrer system worked 
continuously at a high number of revolutions per minute. The rapid and continuous stirring 
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can generate stress to the microalgae, reducing its growth rate. To reduce the stress, the 
electrical circuit of the stirrer system was modified to have stirred intervals of 10s every 50s. 

 

Figure 14 Microalgae culture system HXDJB50-42. 

The pulsed stirring is controlled by the circuit components shown in Figure 15. The power 
supply is connected to the pulse pause cyclic timer relay circuit board. This cyclic relay, 
which has an input and output of 12V, was set to have a delay of 50s before each pulse of 
10s. As the output voltage of this relay is not enough to activate the motors, it was connected 
to the open frame relay. The open frame relay, which does not have the pulse pause 
controllers, has an input of 12V and an output of 220V. The open frame relay was connected 
to a second power supply (not shown in the picture), which has the output voltage necessary 
to supply the energy required by all the motors of the system. The motors are connected in 
series; thus, one power supply was enough to run all of them. 
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Figure 15 Electronic controller, and its components, used to supply energy to the motors of 
the stirring system. 

The illumination system that came with this photobioreactor used four long fluorescent 
bulbs, two under the top shelf, and two under the middle shelf. According to the 
manufacturer of the bulbs, the light spectrum emitted is cool outdoor daylight white, which 
is commonly used in stock culture maintenance systems. 

To increase the light intensity and decrease the heat emission from the light source, the 
fluorescent bulbs were replaced with newly available “white” with LED’s stripes (Light-
Emitting Diodes). The color temperature of the LEDs used for this system was 5700K (bluish 
white). The electrical work needed for this replacement was the connection in series of the 
strips to an electronic control gear for LED, which has an input of 220V. Additionally, the 
distance from the light to the flasks was reduced. Thus, the LED strips are more proximal to 
the flasks than the fluorescent bulbs were. 

Furthermore, an air pump and pipes were installed to bubble air into the flasks. Each air pipe 
was connected to a valve, which regulates the air flow; and at the outlet, the pipe was 
connected to an air stone. The air stones decrease the size of the bubble, which increases the 
possibilities of CO2 exchange from the air to the liquid medium. 

3.1.2 Column Photobioreactor 

The column photobioreactor used was the HXDYKZ-12 (Dalian Huixin Titanium 
Equipment Development Co., Ltd, China) (Figure 16 and Table 5). This photobioreactor is 
composed of 12 transparent plastic column containers, and the illumination and aeration 
equipment. Each container has a capacity of 70L, and the whole system has a capacity of 
840L. The containers can be used separately or can be interconnected. In the experiments of 
this project, the containers were handled separately. 

Pulse pause cyclic timer 
relay circuit board, 12VDC

Light bulb as electric 
current flow indicator

12V power supply

Open frame relay, 12VDC, 220V
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Figure 16 Microalgae culture System HXDYKZ-12 (Dalian-Huixin-Titatanium-Equipment-
Dev.-Co.). 

Table 5 Description of the numbers indicated in Figure 16. 

No. Description No. Description 
1. Photobioreactor 6. To 20mm pipe 
2. Air filter 7. Air stone 
3. Tubular fluorescent bulbs 8. Ball valve 
4. Oxygen pump 9. Air vent 
5. UV sterilization unit 10. Control box 

 

Improvements to the Lighting System 
The lighting system provided with the photobioreactor also used fluorescent bulbs (Figure 
16). Although fluorescent lamps can be used for microalgae cultivation, the LED are much 
more efficient (Carvalho, Silva, Baptista, & Malcata, 2011). More than 95% the light emitted 
by LED lamps can be used for photosynthesis, while only around 20% of the light emitted 
by fluorescent bulbs can be used for photosynthesis. This is therefore of overwhelming 
importance in large scale photobioreactors. Thus, to improve the photobioreactor, the 
fluorescent bulbs were replaced by custom LED lamps with emission spectrum tailored to 
the absorption spectrum of green algae. 

Two LED panels were installed for each container of the photobioreactor. Each panel has 5 
meters of LED strips, the LEDs are connected in series on a conductor on the strip, and the 
strip itself is connected to an electronic LED driver of 12V (Figure 17). The stripes use LEDs 
of two colors: red and blue, in a ratio 3:1. These LED stripes used were design for this project 
according to the light spectrum required for microalgae growth. 
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Figure 17 On the left, the LED strips connected in series. On the right, the electronic LED 
driver used to supply power to the LEDs. 

Modifications to the Airflow System 
The airflow system was also modified. The original system utilized an air pump, and two air 
filters connected in parallel (Figure 18). At the outlet, a manifold of 12 ports was used to 
conduct the air into all the containers. Differently, the modified system uses two air pumps, 
a pressure meter, a gas mixer chamber, 13 flowmeters, and the connections to increase the 
CO2 concentration of the air (Figure 19). The two air pumps are connected in parallel with a 
gas pipe Tee connector. The outlet of the Tee is then connected to the pressure meter and 
then to a flow meter. The pressure meter is used for constant airflow and CO2 mixing 
purposes, while the flowmeter is used to estimate the concentration of CO2 on the air after 
mixing. The air and CO2, which is contained in a gas bottle, are mixed in the gas mixer 
chamber. The gas mixer chamber is then connected to a manifold of 12 ports, which allows 
the distribution of the air to all the containers. Finally, 12 flowmeters are used between the 
manifold and the containers to control the volume of air flowing into each container 
individually. 

 

Figure 18 Flow diagram of the original airflow system. 

Pump

Air filter

Outlet
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Figure 19 Flow diagram of the modified airflow system. 

Additionally, the opening of the CO2 gas bottle is regulated with an electric solenoid valve. 
This allows to increase the CO2 concentration in the air only during the light periods when 
the photobioreactor is used for mixotrophic cultivation. 

3.2 Medium and Wastewater Preparation 

3.2.1 Growth Media 

The BG11 medium was used to maintain the stock culture of C. sorokiniana used during this 
project. The BG11 is a synthetic medium composed strictly by minerals (Stanier, Kunisawa, 
Mandel, & Cohen-Bazire, 1971). The exact composition of this medium is presented in 
Appendix A. 

3.2.2 Wastewater Preparation 

As mentioned previously, the wastewater used in this project comes from a recirculating 
aquaculture system where Nile tilapia is the fish farmed. The effluent water from the fish 
tanks is passed through a sedimentation tank, then through a biofilter, and finally conducted 
back to the fish tanks. Occasionally, freshwater is added to the tanks to replenish the water 
lost by evaporation and the water extracted to perform the experiments. The biofilter 
contains beds of the type K1 Media that serve as housing for denitrifying bacteria. For the 
experiments, the AWW was extracted directly from the fish tanks and used immediately. 

3.3 Analytical Methods 
Unless otherwise noted, the experiments were carried out under autotrophic conditions 
(24/0-h light/dark cycle), and at a temperature of 25-30°C. 

CO2

Pump

Flow meter

Outlet

Pressure meter

Gas mixer chamber

Gas bottle
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3.3.1 Measurement of Cell Concentration 

The cell concentration can be directly measured by counting the number of cells contained 
in a specific volume of an aqueous medium. Hemocytometers and more advanced machines, 
such as cell counters, are the instruments currently used to measure the cell concentration. 
However, these techniques can be time consuming or costly, which decreases the efficiency 
of the researchers. On the other hand, efficient and faster methods have been developed to 
estimate cell concentrations indirectly. For instance, spectrophotometric methods, where the 
light source is set to a fixed wavelength outside the absorption spectrum of the microalgae, 
giving then a measure of the cell concentration based on ballistic scattering of the cells in 
the suspension. This is based on the Beer-Lambert law in optical physics, which states 
mathematically that the amount of scattering is in direct relationship to the cell density, i.e. 
number of cells per volume (Myers, Curtis, & Curtis, 2013). 

The Beer-Lambert law equation: 

𝑂𝐷 = 𝐴 = 	𝜀 ∗ ℓ ∗ 𝒸 

Where “𝑂𝐷” is the optical density, “𝐴” is the attenuation, “𝜀” is the attenuation coefficient, 
“ℓ” is the pathlength, and “𝒸” is the concentration of the sample (Myers et al., 2013). 

The estimation from scattering measurements can be highly accurate, if thoroughly and 
solidly calibrated, e.g. with a hemocytometer (Myers et al., 2013). To calibrate this method, 
it is necessary to create a correlation between the scattering measurements and the cell 
concentration. In this project, to create the correlation, a new culture of microalgae was 
started with a low cell concentration, which was monitored until the growth curve reached 
the stationary phase. Every 24 hours, the optical density was measured with a 
spectrophotometer (DR 3900, Hach Lange, Germany), and the number of cells was counted 
with a hemocytometer (Bright-Line, Hausser Scientific, Horsham, PA).  The optical density 
was measured at four different wavelengths: 600, 680, 700, and 750nm. Furthermore, due to 
the fact that the scattering measurements of a sample can vary if different 
spectrophotometers are used, in this project, all the measurements were taken in the same 
spectrophotometer (Myers et al., 2013). 

This experiment was done using 2L Erlenmeyer flasks in the photobioreactor for small scale 
production. Comparative measurements were intended to be performed for two types of 
medium: BG11 and AWW. A set up for each medium was studied in triplicates, under the 
same illumination and stirring conditions, and similar airflow. Each flask had 1000ml of 
BG11 medium or 1000ml of untreated AWW, and 10ml of inoculum. The cell concentration 
of the inoculum was 123 million cells per milliliter. 

3.3.2 Effect of the AWW Pretreatment 

Microorganisms that are harmful to Chlorella are often present in AWW. Thus, in these 
experiments, three sterilization pretreatments were applied to the AWW samples to evaluate 
their effect on the growth of C. sorokiniana. The pretreatments were: filtration, autoclaving, 
and exposure to ultraviolet (UV-C) light. The filters used for filtration were the Whatman 
GF/F of 4.7cm diameter, which are glass microfiber filter with a porosity of 0.7µm. The 
autoclave used is the model ASB290 from the company Astell, and the samples were heated 
to a temperature of 121 for 15 min. The UV-C lamp used was the Pond Friend 3600, 
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manufactured by Pondteam, in which the water was pumped through at a flowrate of 4L/min 
approximately. The growth of Chlorella was monitored every 24 hours, by measuring the 
optical density at 750nm. Additionally, the average pH of all the treatments was periodically 
measured throughout the experiment. 

This experiment was performed in the photobioreactor for small scale production using 
2000L Erlenmeyer flasks. Each flask contained 1000ml of the pretreated AWW and 50ml of 
inoculum. Moreover, these treatments were carried in triplicates under the same illumination 
conditions and similar airflow. The cell concentration of the inoculum was 63 million cells 
per milliliter. Additionally, untreated AWW with the same inoculum was used as a control 
treatment. 

3.3.3 Controlling the pH of the Cell Suspension 

The pH regulation can prevent biomass losses, as an acidic or basic medium can decrease 
the growth rate or even cause the death of the microalgae. The effect of controlling the pH 
on C. sorokiniana cultures grown in AWW is evaluated in this experiment. For this, the pH 
was measured every 24 hours and maintained between 6 and 8, which is the ideal pH for the 
maximum growth of C. sorokiniana. Also, the growth of Chlorella was tracked by 
measuring the optical density at 750nm every 24 hours. To control the pH, a 0.5M solution 
of Potassium Hydroxide (KOH) or a 5M solution of Hydrochloric Acid (HCl) was added to 
the culture. The volume of solution added depended on the initial pH value. 

This experiment was carried out in the photobioreactor for small scale production using 2L 
Erlenmeyer flasks. The pH control was done in triplicates under the same illumination 
conditions and similar airflow. Each flask had 1000ml of AWW pretreated with the UV-C 
lamp and inoculated with 50ml of the stock culture. The cell concentration of the inoculum 
was 109 million cells per milliliter. The same medium and inoculum, without the pH control, 
was used as the control treatment. 

3.3.4 Effect of the Airflow in the Column Photobioreactor 

Air bubbling is used to mix the cell suspension by airlifting and to increase the concentration 
of inorganic carbon, and to decrease the concentration of oxygen in the medium. The 
optimization of the airflow is necessary to obtain proper mixing while generating low stress 
to the microalgae. Thus, the effects of bubbling air at three different flow are evaluated in 
this experiment. The flow rates tested are 4, 6, and 8 liters per minute. The growth rate was 
tracked by measuring the optical density at 750nm every 24 hours. 

This experiment was carried out in the column photobioreactor. Each container was filled 
with approximately 65 liters of AWW passed through the UV-C lamp and inoculated with 
500ml of the stock culture with a concentration of 50 million cells per milliliter. The air 
supplied to the containers was slightly enriched with pure CO2 (99% air and 1% CO2). The 
pH was maintained between 6 and 8 by adding a 0.5M solution of KOH or a 0.5M solution 
of HCl.  Each flow rate was tested in triplicates under the same illumination conditions. 
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3.3.5 Measurement of Dry Weight  

For dry weight biomass analysis, at first, the filters Whatman GF/C (4.7 cm diameter) were 
immersed in distillated water and shaken to eliminate loose particles. The filters were then 
dried in an oven at 100℃ for 12h and stored in a vacuum desiccator over KMnO4 crystals 
until weighted (m1). The OD of the cell suspension was measured and 10ml were filtered (V 
= 10ml). Next, the filters were dried in an oven at 100℃ for 24h and stored in a vacuum 
desiccator until weighted (m2). Finally, the dry weight (DW) was calculate with the 
following equation: DW(g/ml) = (m2-m1)/10ml. The analyzed samples were taken from six 
different cultures, and the DW of each sample was measured in triplicate. 

A correlation between the DW measurements and the OD of the samples was constructed. 
Obtaining as a result an equation that allows the estimation of the biomass DW from a sample 
if the OD is measured.
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4 Results 
The aim of the project was to study and optimize microalgal biomass production coupled 
with the AWW treatment on a pilot scale system. Results from the comparative studies 
performed show that C. sorokiniana can grow in AWW and achieve high cell densities. Also, 
that a wastewater pretreatment, pH control and adequate air bubbling enhance microalgae 
growth. More information about the results of each experiment is described in the following 
sections. 

On the other hand, although experiments were not performed to evaluate the effect of the 
photobioreactors changes on the microalgal growth rate, it is important to mention that 
Chlorella sorokiniana grew well in both cultivation facilities after the changes were made. 
The improvements of the two photobioreactors consisted of changes in the lightning system 
and air/gas flow system.  

4.1 Performance of the Photobioreactor for 
Small Scale Production 

The main purpose of this system was to maintain the microalgae stock, although it was also 
used for comparative growth experiments. The use of the stirring system in it was to mix the 
cultures and to prevent sedimentation of cells and biofilm forming on the walls of the 
Erlenmeyer flasks. Although, stirring enhanced the growth of C. sorokiniana, using only the 
stirrer system to mix the culture was not enough to achieve a high growth rate. On the 
contrary, the aeration system was not enough to prevent biofilm formation or sedimentation 
of the cells (Figure 20). When both the stirrer and aeration systems were activated, the 
microalgae reached the highest growth rate.  

 

Figure 20 Sedimentation of cells and biofilm formation in a C. sorokiniana cell suspension 
mixed only by airlifting. 
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4.2 Performance of the Column Photobioreactor 
The air pressure generated by the pump of the original aeration system in the column 
photobioreactor was lower than the needed by the system, and the outflow of air in all the 
columns was not accomplished. By using two air pumps in parallel, the air pressure 
generated was sufficient to obtain outflowing air in all the columns. The flowmeters 
indicated a maximum airflow into each container of 8 liters per minute (when all the valves 
of all containers are open). Furthermore, the air filters were removed from the system as they 
generated resistance to the airflow, decreasing the airflow considerably. 

The light intensity increased considerably with the changes made (Figure 21). The design 
and distribution of the lamps decrease energy losses, as the LED strips are attached to a 
reflective panel that reduces light dissipation out of the photobioreactor. Furthermore, the 
use of two lamps per column improves the distribution of light within each column. 
Nonetheless, the LED lamps increased from 2 to 5°C the temperature of the room and, 
therefore, the temperature of the culture. 

 

Figure 21 Microalgae culture System HXDYKZ-12 after the instalation of LED.  
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4.3 Measurement of Cell Concentration 
Chlorella sorokiniana grew well on the synthetic medium BG11. The highest cell 
concentration was 160 million cells per milliliter, reached on day 21 of the experiment 
(Figure 22). The growth curves obtained by cell counting and by measuring the optical 
density have a similar pattern. However, the optical density continued increasing until the 
last day of the experiment, while the cell concentration (cells/ml) leveled off in the end. Only 
the optical density measured at 750nm is represented graphically, as the curves obtained with 
the other three optical densities have the same pattern. 

 

Figure 22 Growth curves of C. sorokiniana grown in triplicates in the synthetic medium 
BG11. Cell concentration by cell count and optical density measurement over time. 

The cells in one of the triplicates (culture 1) obtained a higher growth rate than the others, 
more than the double (Figure 22). However, the cells in the triplicate with a higher growth 
rate were smaller than the cells with a lower growth rate (Figure 23). It is possible to see in 
Figure 23-A that the cells with higher growth rates were hardly visible, while the cells with 
lower growth rate reached a larger size. Red circles are used in this figure to point out only 
a few of the photographed cells. 
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Figure 23 Cells of C. sorokiniana, grown in synthetic medium BG11, photographed using a 
microscope with a 10X objective. (A) Cells with higher growth rate; (B) cells with lower 
growth rate. Red circles are used to point out only some of the cells. 

The correlation obtained between the cell concentrations and the optical densities are 
generally high (R2 > 0.95) (Table 6). However, the correlation obtained with the data from 
sample 3 had a coefficient of determination between 0.88 and 0.92. The optical densities 
measured at 680 and 700nm had the highest correlations. Following the correlation with the 
data at 750nm, and lastly at 600nm. Although the correlations obtained at 750nm were not 
the highest, this wavelength was selected to measure the optical density in the next 
experiments. 

Table 6 Coeficients of determination obtained from the correlation between the cell 
concentrations and the optical densities measured at four wavelengths in three samples.  

Optical density Sample 1 Sample 2 Sample 3 
600nm 0.9591 0.9474 0.8845 
680nm 0.9676 0.9583 0.9103 
700nm 0.9676 0.9571 0.9114 
750nm 0.9596 0.9547 0.9070 

 

The cell concentrations and the optical densities (at 750nm) from the three samples were 
combined and correlated in one plot (Figure 24). The distribution of the data shows a positive 
correlation between the concentration and the optical density. In the plot, the trendline fitted 
well within the data, and the coefficient of determination obtained was high (R2 = 0.9404). 
Thus, the equation y = 33.721x – 29.234, where “y” is the cell concentration and “x” the 
optical density at 750nm, can be used to estimate the cell concentration; as long as same 
spectrophotometer and the same strain of C. sorokiniana are used. 

A B
0.25mm
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Figure 24 Correlation between the cell concentrations by cell count and the optical densities 
measurements from the three samples combined. 

On the other hand, this correlation was not possible when AWW was used, as the cells 
clustered in the medium, which interfered with the cell counting procedure. The optical 
density of the cell suspension continued to be measured. As shown in Figure 25, the optical 
density decreased during the first week of the experiment. Then, it increased at a low rate 
compared to the culture in the BG11 medium. 

 

Figure 25 C. sorokiniana growth curves, in triplicate, using aquaculture wastewater as 
nutritional media. Optical density measurements over time. 

In microscopic observations of this cell culture, cells with a morphology different from C. 
sorokiniana were identified. Some cells were eukaryotic, round-shaped, of green color, and 
had a size of 12.5µm approximately (Figure 26). While other cells, also eukaryotic, were 
oval-shaped, of light-green color, and had a size of 10µm approximately. These microalgae 
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species that grew in the AWW are unknown, as identification analyses were not performed 
in this project. Furthermore, other microorganisms, such as bacteria, rotifers, euglenoids, 
and others, were also viewed. Some of the rotifers contained green particles on the inside, 
and did not have a flagellum, which means that they were predating microalgae and 
performing cell division. 

 

Figure 26 Microscopic view of a monoculture of C. sorokiniana grown in sterilized medium 
(at left); and a culture C. sorokiniana grown in raw AWW contaminated by other microalgae 
species (right). The photographies were taken using a microscope with a 40X objective. 

4.4 Effect of the AWW Pretreatment 
Chlorella sorokiniana grew well in all the experimental treatments during the first four days, 
except for the control treatment, in which the microalgae grew only until the third day 
(Figure 27). After the fourth day, all the cells died, the color of the cell cultures changed 
from dark green to yellow or white (Figure 28), and the optical densities decreased. On the 
other hand, the pH started to drop on the second day of the experiment and remained constant 
from the fourth day, when all the microalgae died (Figure 27). Low pH values were 
registered, being the lowest at 3.21. 

During the pretreatment of the samples, it was noticeable that the use of a UV-lamp was a 
convenient option to sterilize the AWW. With the UV-lamp the water can be treated rapidly, 
efficiently, and economically. The other pretreatments tested were not as efficient as the UV-
lamp, and they do not appear to be suitable for large scale systems. For instance, it took 
approximately 30min to filter 1L of the AWW and the filter had to be replaced constantly 
because it became blocked. Autoclaving was time-consuming, energy-consuming, and it 
required the use of expensive equipment. 

0.05mm
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Figure 27 Average optical densities of the C. sorokiniana cultures, with their standard 
deviation, and the average pH. AWW was used as the growth medium, and three 
pretreatments of the medium were tested: filtration, Autoclavation, and exposure to UV-C 
light. Untreated AWW was used as control. 

 

Figure 28 Dead cultures of C. sorokiniana after the pH dropped. 
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4.5 Controlling the pH of the Cell Suspension 
The pH of the culture was controlled successfully with the addition of the KOH or HCl 
solutions. As shown in Figure 29, the pH increased in both cultures during the first day of 
the experiment. Then, the pH decreased in both cultures during the second and third days. 
During these first three days, the cultures were in a lag phase, with a low growth rate. After 
the third day, the pH-controlled culture entered into the exponential phase, having a rapid 
growth rate, which lasted three days. Through the exponential phase and after it, the pH was 
increasing continuously, and it was regulated by adding HCl. This culture reached a cell 
density of 58 million cells/ml approximately. On the other hand, in the pH-uncontrolled 
culture, the pH dropped to its lowest value on the third day, which caused the cells’ death. 
After the cells died, the optical density started to decrease, the culture changed from green 
to a yellow color (Figure 30), and the pH increased from 3.55 to 5.04. 

 

Figure 29 pH measurements and growth curve, with standard deviation, of two cultures of 
C. sorokiniana cultivated in AWW. On black, the pH-controlled culture; and on gray, the 
pH-uncontrolled culture. In red is indicated when the pH was controlled. 

 

Figure 30 Two cultures of C. sorokiniana cultivated in aquaculture wastewater. At left, the 
pH-controlled culture. At right, the pH-uncontrolled culture. 
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4.6 Effect of the Airflow in the Column 
Photobioreactor 

Despite flocculation was observed in the columns, high concentrations of cells were reached 
in the cultures bubbled at the flowrates of 4, 6, and 8L/min (Figure 31). The highest cell 
concentration (OD of 3.3) was measured on the fifth day in the cultures bubbled at 6L/min. 
With the use of the equation to estimate the concentration, an OD of 3.3 is equal to 82 million 
cells/ml. Furthermore, the most stable growth curve was obtained with the flowrate of 
8L/min, while the rest of the curves have fluctuations. On the other hand, the cell cultures 
bubbled at 2L/min had a low growth rate, and the suspension changed from green to brown 
color after the fifth day of the experiment (Figure 32). 

 

Figure 31 Average optical densities measured within the cultivation period, with standard 
deviation, of C. sorokiniana using AWW and airbubbling with four different flowrates (2, 4, 
6, and 8L/min). 

 

Figure 32 Samples from the cell cultures extracted on the eighth day of the experiment. On 
the left, a sample from the culture bubbled at a flow rate of 2L/min; and on the right, a 
sample from the cell culture bubbled at a flow rate of 8L/min. 
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Due to the fast growth of the microalgae, the pH of the cultures dropped rapidly. Thus, it 
was necessary to raise the pH every twelve hours, by adding KOH, during the first three days 
of the experiment. From the fourth day, the pH stopped decreasing and maintained stable.  

Estimation of the Maximum Growth Rate 

The maximum growth rate (µ) was calculated making use of the following equation: 

𝜇 =
ln(𝑁/) − ln	(𝑁2)

𝑡/ − 𝑡2
 

Where t0 and t1 is beginning and end of the logarithmic growth, corresponding to the OD N0 
and N1. The beginning of the logarithmic growth was considered to be at day 2 (t0), and the 
end at day 5 (t1). 

The µ obtained for the four treatments of the experiment are shown in Figure 33. The 
maximum growth obtained occurred in the columns with an airflow rate of 6L/min, where 
the growth was 0.655/d. 

 

Figure 33 Maximum growth rate of C. sorokiniana cultured in AWW and bubbled with four 
different flowrates (2, 4, 6, and 8L/min). 

Biomass Losses Registered 
Moreover, biomass losses were registered as a result of the bubbling. At first, the bubbling 
promoted foam formation, and due to the small surface of the medium in the photobioreactor, 
the foam kept forming until it spilled from the photobioreactor (Figure 34). Secondly, the 
bubbling promoted biofilm formation above the water level in the photobioreactor (Figure 
35). The biofilm formed was highly dense; however, it was contaminated by other types of 
microorganisms. 
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Figure 34 The upper opening of the column photobioreactor. The microalgae that can be 
observed was spilled as a result of the foam formation. 

 

Figure 35 Microalgae biofilm formation in the photobioreactor above the water level. 

4.7 Measurement of Dry Weight  
The DW and the optical densities (at 750nm) measurements from the six samples were 
combined and correlated in one plot (Figure 36). The distribution of the data shows a positive 
correlation between the concentration and the optical density. In the plot, the trendline fitted 
well within the data, and the coefficient of determination obtained was high (R2 = 0.9559). 
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Thus, the equation y = 0.8169x – 0.1072, where “y” is the biomass dry weight and “x” the 
optical density at 750nm, can be used to estimate the DW of the sample; as long as same 
spectrophotometer and the same strain of C. sorokiniana are used. 

 

Figure 36 Correlation between DW measurements and optical densities measurements from 
six different cultures of C. sorokiniana. The standard deviation of the DW measurements is 
included, as the DW from each sample was measured in triplicates. 
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5 Discussion 

5.1 Photobioreactors Improvements 
The design of the photobioreactors often limits microalgae biomass production. As factors 
that are controlled by the photobioreactor, such as illumination, mixing, and gas exchange, 
affect the microalgae performance considerably. Many efforts have been made to improve 
the efficiency of these factors, and excellent results have been obtained (Khan et al., 2018; 
Richmond, 2004). For instance, the use of artificial illumination with a narrow spectral 
output that overlaps the photosynthetic absorption spectrum (C. Y. Chen, Yeh, Aisyah, Lee, 
& Chang, 2011). Likewise, the even distribution of radiation, and reduction of the diffusion 
barriers around the cells by appropriate mixing (Richmond, 2004). However, the 
improvement of these factors increases the investment and production cost. 

Although no experiments were carried in this project to evaluate the effect of these changes 
in the microalgae growth quantitatively, the changes in the system were planned based on 
literature reviews. Efficiency and cost-effective of the changes were taken into consideration 
during planning and design. 

5.1.1 Photobioreactor for Small Scale Production 

Excessive mixing of the cell suspension increases the shear forces in the fluid. The shear 
forces generate stress to the cells, preventing microalgae growth, and even generating cell 
damages. Differently, the lack of mixing leads to flocculation and sedimentation of the cells, 
uneven distribution of nutrients, low gas exchange, and decreases light exposure, which 
reduces the microalgae biomass productivity. On the other hand, adequate mixing provides 
a homogeneous distribution of nutrients, air, and CO2 in the microalgae culture. Also, it 
enables the uniform exposure of the cells to the light (Khan et al., 2018). 

Initially, the stirring system of the photobioreactor run at a high number of revolutions per 
minute, generating excessive mixing. The stirrers use single-phase synchronous motor, 
which runs at speed directly proportional to the frequency of the electric power source. To 
reduce the number of revolutions per minute, either the power supplied to the motors had to 
be reduced, or a pulse pause cyclic timer relay had to be included in the electric circuit. In 
this project was selected the use of a pulse pause cyclic timer relay, as the motors need a 
high voltage startup, which would increase the complexity of the required changes. 

The results obtained show that the stirring system prevents flocculation and sedimentation 
of the cells. However, this is not enough to obtain a high growth rate. To achieve a higher 
biomass production is necessary to have the stirring and aeration system working together. 
The reason appears to be that the aeration increases considerably the concentration of 
inorganic carbon dissolved in the medium, which is essential for microalgae grown under 
phototrophic conditions (C. Y. Chen et al., 2011; Khan et al., 2018).  
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Furthermore, although C. sorokiniana grew fast with the time intervals used in the pulse 
pause cyclic timer relay, the effect of other timing options should be evaluated, particularly 
if flasks of different sizes are used. As when the same stirring settings are used in a smaller 
flask, the turbulence generated is more significant, which increases the shear stress. The 
opposite happens when a bigger flask is used, the turbulence is lower, and the medium is 
poorly mixed. 

5.1.2 Column Photobioreactor 

In photobioreactors, especially the column and flat plate type, air bubbling can highly benefit 
the growth of microalgae. It not only increases the concentration of dissolved inorganic 
carbon in the medium but also mixes the culture by airlifting. The airflow rate needs to be 
optimized in each photobioreactor, as a low airflow rate does not mix well the culture, and 
neither increases the concentration of dissolved inorganic carbon in the medium. On the 
other hand, a high flow rate can reduce microalgal growth due to the shear forces, or due to 
the increase of dissolved oxygen in the medium (Khan et al., 2018). For these reasons, an 
experiment was performed to evaluate the effect of different flow rates on the growth of C. 
sorokiniana. 

Due to the lack of equipment, a comparison of the effect of the use of LEDs versus 
fluorescent lamps over the growth rate of C. sorokiniana could not be performed in this 
research. However, it is known that the use of a mix of blue (420-470nm) and red (645-
700nm) light is sufficient for photosynthesis. The blue light needs to be in a small proportion 
during the cell division phase, as a large proportion of blue light would instead promote the 
synthesis of secondary metabolites (e.g.: lipids and pigments) (Carvalho et al., 2011; C. Y. 
Chen et al., 2011). The LEDs used in this project have a higher proportion of red light, as 
they are intended to promote microalgal cell division, which requires the consumption of the 
nutrients contained in the wastewater. 

The light-path in the photobioreactor is affected by cell density. In Ultra High Density 
Cultures (UHDC), the light-path becomes very short; only a few centimeters (Richmond, 
2004). Due to the diameter of the containers of the photobioreactor used, 22cm ca., the light 
intensity and distribution had to be improved to achieve a faster growth rate and obtain a 
higher biomass production. Although, both the light intensity and the illumination surface 
increased considerably with the changes made. The illumination system could be further 
improved with the use of an internal light source (C. Y. Chen et al., 2011). 

5.2 Measurement of Cell Concentration 
The correlation was intended to be performed for two different growth mediums: BG11 
artificial growth medium and aquaculture wastewater. In the artificial growth medium, the 
microalgae proliferated and reached high cell densities. Although different growth rates were 
observed within the triplicates (Figure 22), these differences do not affect the correlation 
negatively. Indeed, it could help to decrease the error during the estimation. As the 
correlation is made using data from cultures grown with different physicochemical 
conditions. The differences in the growth rates were generated by the lack of control of the 
air supplied, as these flasks did not have airflow meters, and the flow was adjusted 
qualitatively.  
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On the other hand, when wastewater was used as the medium, the microalgae grew slowly 
for the first two days, and then the cells died (Figure 25). In microscopic analyses, it was 
observed that the cultures were contaminated with other microalgae species, as well as 
protozoans. Within the protozoans observed, some were rotifers, while others were 
flagellates. These types of protozoans have been reported as predators of different species of 
microalgae, including those of the genera Chlorella (Day, Gong, & Hu, 2017). Hence, the 
cell densities of C. sorokiniana decreased possibly as a result of predation. Furthermore, the 
species of microalgae that grew in this culture had cells of bigger size than C. sorokiniana, 
a size that might have exceeded the upper size limit for ingestion by the protozoans present, 
thus protecting the algae from predation (Day et al., 2017). 

In this project, methods to grow microalgae successfully in AWW were designed. However, 
it was observed that flocculation often occurs when C. sorokiniana grows in AWW. 
Although mechanical procedures were used to separate the cells, the clumps remained 
formed. It became an obstacle during cell counting, which is a necessary step to perform the 
correlation needed for the estimation of cell density. Thus, the correlation between the OD 
measurements and the cell concentration could not be performed when AWW was used as 
the growth medium. Nevertheless, Griffiths, Garcin, van Hille, and Harrison (2011) found 
that it is possible to estimate cell concentration with correlations obtained under different 
environmental conditions (e.g., different growth media, temperature, illumination, and 
others) if some strategies to minimize errors are applied. The strategies include choosing the 
right wavelength, using the right blank in the spectrophotometer, and mixing well the culture 
before performing the measurements. 

This spectrophotometric analysis to estimate the concentration of cells in the medium can be 
highly reliable. However, its accuracy can decrease depending on the wavelength used. The 
reason is that measurements at some wavelengths are strongly influenced by the pigments 
contained in the microalgae, which concentration is highly variable (Griffiths et al., 2011). 
Therefore, to minimize errors in this project, the measurements were performed at 750nm, 
which is a wavelength out of the absorption spectrum of the microalgal pigments.  

5.3 Effect of the AWW Pretreatment 
Different challenges can be present when it comes to the use of wastewater for microalgae 
cultivation. One of them is the contamination of the wastewater by other microorganisms 
(Guldhe et al., 2017). As seen in the first experiment, several species of microorganisms 
were found in the AWW, which reduced the growth of C. sorokiniana considerably. Among 
the microorganisms found in the AWW, some competed for nutrients with the cultivated 
species, while others fed on it. Hence, it is crucial to reduce the contamination by other 
microorganisms in the wastewater when used for microalgal cultivation. 

Although the microalgae did not survive due to the lack of pH regulation, remarkable results 
were obtained. For instance, among the three sterilization methods tested, the use of UV-C 
radiation is the most suitable for large scale systems. This method allows the sterilization of 
large volumes of water in a reasonable time, and with low energy usage. While autoclavation 
and filtration are time-consuming, require more manual labor, and use more energy and 
material. Furthermore, autoclaving can generate changes in the molecular structure of the 
nutrients in the wastewater resulting in a less suitable water source for microalgal cultivation 
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(Guldhe et al., 2017). Likewise, filtration of the wastewater reduces the concentration of 
nutrients available in the wastewater and does not remove bacteria efficiently. 

UV lamps have been successfully used in different projects to pretreat wastewater before 
microalgae cultivation. For instance, Qin et al. (2014) used UV radiation to pretreat dairy 
wastewater. They achieved high microalgal biomass productivity in a large-scale system. 
Similar results were obtained by Passero et al. (2014), finding that pretreating the wastewater 
with UV radiation enhances the utility of the wastewater as a medium for microalgal 
cultivation. The authors reported that radiation changes the quantity and quality of the 
dissolved organic matter, which reduced light attenuation in the wastewater. Likewise, the 
bacterial population was reduced by 99%.  

This experiment was not repeated with pH regulation as it was completely evident that 
autoclavation or filtration is not feasible for large scale production systems. 

5.4 Controlling the pH of the Cell Suspension 
The microalgae C. sorokiniana exclusively utilize ammonium when both ammonium and 
nitrate are available in the growth medium (Zheng et al., 2013). Perez-Garcia, Escalante, de-
Bashan, and Bashan (2011) explain the microalgal preference for ammonium from an 
energetic point of view. These authors describe that the ammonium is preferred because it is 
the most energetically efficient nitrogen source since less energy is required for its uptake. 
However, Scherholz and Curtis (2013) explain that this preference occurs as a result of the 
inhibitory effect of the ammonium over both nitrate transport and reduction (Figure 37).  

The assimilation of ammonium can be represented simplistically as: 

 

Where the nitrogen contained in the ammonium becomes part of the peptide bond created 
by the condensation polymerization of amino acids. Alone with the creation of the peptide 
bond, two other products are generated: H2O and H+ (Zheng et al., 2013). The proton 
exchange results in a dramatic drop in the pH, which affects the microalgae negatively. In 
this project, the lowest pH value measured was 3.21, during the cultivation of C. sorokiniana 
in the AWW. However, this species does not tolerate acidic environments, and it does not 
survive at pH 5 or lower (Zheng et al., 2013). 

NH4+ C    N C           + H2O + H+

R   H

O
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Figure 37 Schematic of cellular regulation of nitrogen assimilation in the algae 
Chlamydomonas reinhardtii. The number of identified transporters is indicated on the 
respective membrane (i.e., 3x = three ammonium transporters on the chloroplast 
membrane). Dashed lines in the figure legend represent the regulatory elements involved in 
nitrogen metabolism. Additional key notations: Amt = ammonium transporter, Nit = nitrate 
transporter, NR = nitrate reductase, NiR = nitrite reductase, CA = carbonic anhydrase, 
CCM = carbon concentration mechanisms. Modified from Scherholz and Curtis (2013). 

Chlorella sorokiniana has an optimal growth rate between pH 6.0 and 8.0. Hence, the 
cultivation of this species in an ammonium-rich growth medium requires a proportional 
addition of a basic chemical agent to maintain the pH between the optimal range (Scherholz 
& Curtis, 2013; Wang & Curtis, 2016; Zheng et al., 2013). Some authors, such as Wang and 
Curtis (2016), suggest the addition of NaOH to raise the pH. While other authors, such as 
Choi et al. (2017), claim that KOH is the proper chemical agent to control the pH in 
microalgae cultures. The K+ ions are essential for plant life; they maintain the charge balance 
in the cytoplasm, are involved in enzyme reactions, and maintain the osmotic pressure of 
vacuoles. In contrast to Na+, which are essential only for some C4 species of plants (Choi et 
al., 2017). 

After depletion of ammonium, the inhibition of the nitrate transporters stops, and the 
assimilation of nitrate takes place. The assimilation of nitrate can be represented 
simplistically as: 
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In these reactions, the nitrate is at first transformed into nitrite, then into ammonium, and 
finally, the nitrogen is used for protein building. As a result of the nitrate assimilation, 
chemical compounds such as O2 and OH- are produced. Thus, in contrast to ammonium 
assimilation, nitrate assimilation leads to a pH increment (Zheng et al., 2013). This explains 
the increase in the pH registered during this experiment.  

The addition of an acidic chemical agent can maintain the pH within the optimal range during 
the cultivation of microalgae in a nitrate-rich medium (Wang & Curtis, 2016). Hydrochloric 
acid (HCl) was the chemical agent used by Wang and Curtis (2016) and also used in this 
project, which helped, in both projects, to obtain high-density cultures. On the other hand, 
Zheng et al. (2013) obtained as a result that the pH increased gradually until nitrate depletion 
without affecting the microalgae C. sorokiniana. However, the nitrate concentration used by 
Zheng et al. (2013) is lower than in the AWW. Therefore, an experiment without pH control 
in a nitrate-rich medium should be performed to study the effect of the lack of pH regulation 
over the microalgae. 

5.5 Effect of the Airflow in the Column 
Photobioreactor 

In this experiment, flocculation was observed in all the columns during all the growth phases 
of the microalgae. The pH measurements taken indicate that it was normally between 5 and 
7. Ji et al. (2015) mention that auto-flocculation is possibly enhanced in the wastewater due 
to the high concentration and large number of ionic species, which decrease the double-layer 
repulsion between the colloidal particles. However, different authors, including Ji et al. 
(2015), report that flocculation occurs at a pH higher than 8. They say that the increase on 
the pH induces the production of insoluble precipitates such as struvite, calcium phosphate 
and calcium carbonate; which shift the zeta potential of the cells, causing flocculation 
(Beuckels et al., 2013; Ji et al., 2015; Vandamme, Beuckels, Markou, Foubert, & Muylaert, 
2015). Thus, due to the pH values registered in this experiment, it is unclear whether auto-
flocculation occurred in this experiment at a lower pH or something else led to the formation 
of flocs.  

A second possible reason for the formation of the cell flocs could be that the cells became 
attached to the solid organic matter or fibers suspended in the wastewater. This could be 
confirmed with a new experiment where the microalgae behavior is tested when filtered 
AWW is used as a growth medium. Hence, if the flocs are formed only in the non-filtered 
AWW, there is a great possibility that the cells are grouping together because they are 
attaching to a material suspended in the wastewater.  

Although the microalgae grew well in AWW and high cell concentrations were achieved, its 
growth could have been affected negatively by the flocculation. For instance, the cells in the 
external border of the flocs, possibly, were the only cells exposed to light, as they blocked 
the light path to the rest of the cells. Also, the cells in the inner area of the flocs could have 
suffered from nutrient and CO2 limitation, as most of the surface of their cell wall is in 
contact with other cells, which reduces the surface area used for nutrient adsorption. On the 
other hand, it is possible that the flocculation could protect the microalgae from different 
external factors. Firstly, it could reduce cell predation by other microorganisms. Secondly, 
it could prevent cell damage by light or reduce photoinhibition. Finally, it could reduce the 
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cells exposition to toxic chemicals or other harmful compounds. More research is needed to 
study the effect of the flocculation on the growth rate of the microalgae, as most of the 
research done on flocculation was intended to reduce the harvesting cost.  

Possibly, an experiment where anti-flocculant agents are added to the AWW could reveal 
what effect the flocculation might have the microalgal growth rate. Flocculation could be 
inhibited by adding organic compounds, such as organic acids with high molecular weight 
and other similar molecules (Beuckels et al., 2013). Different authors think that the 
inhibitory effect occurs, probably, because the organic molecules prevent the precipitation 
of calcium phosphate (Beuckels et al., 2013). 

More studies are also needed to evaluate the effect of flocculation on estimation of the cell 
density with spectrophotometric analyses, as it is possible that uneven distribution of the 
cells would alter considerably the OD measurements. To corroborate this, is necessary to 
generate a correlation between optical density and biomass dry weight.  

Regarding the effect of the different airflow rates on the microalgal growth rate, there is not 
significant difference between the microalgal growth rate from the 4, 6 and 8L/min groups. 
However, due to the fluctuations observed on Figure 31, it seems that the cell suspension 
with a flow rate of 8L/min was better mixed. The peaks observed in the curves where the 
flow rate was 4 and 6L/min could have been generated as a result of poor mixing, which led 
to sedimentation of the cells.  

Furthermore, a flow rate of 2L/min was demonstrated to be insufficient for microalgal 
cultivation in the photobioreactor used. Despite the fact that the microalgae grew faster at 
2L/min during the first two days, this cell culture did not reach a high cell concentration. 
The reason why is unclear, although it is possibly related to the poor mixing. 

Finally, the foam produced in the photobioreactor contained a high concentration of cells. 
The foam, in microalgae cultures, is regularly formed due to the increment of lipids from 
dead cells in the suspension. The use of antifoam agents appears to be the only solution to 
reduce biomass losses due to foam formation. However, in some cases they cannot be used, 
as the antifoam can be toxic for the microalgae, causing contamination of the culture and 
death of the cells. Also, the antifoam can reduce mass transfer and affect negatively on the 
downstream processes of the biomass (Janoska et al., 2017). On the other hand, a different 
solution to reduce biomass losses is to collect and process the foam to extract the biomass it 
contains. 

5.6 Measurement of Dry Weight  
Although the correlation was built with samples from six different cultures, the coefficient 
of determination obtained was very high (R2 = 0.9559). Hence, the equation (y = 0.8169x – 
0.1072) can be used to estimate the growth rate, in terms of DW, from the previous 
experiments. Also, it can be used to estimate DW of the highest biomass concentration 
reached in the previous experiment. Examples of the estimations are shown next. 
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Growth Rate 
In Figure 31, the highest growth rate achieved in the column photobioreactor using AWW 
as the growth medium, was obtained at an airflow rate of 6L/min. At the beginning of the 
exponential growth phase (at the 2nd day), the OD of the culture was 0.47; while at the end 
of the exponential growth phase (at the 5th day), the OD was 3.32, which means an average 
increase on the OD of 0.95 per day. Thus, the biomass DW increased on average 
0.67g/L/day. 

The growth rate obtained in this experiment was much higher than the growth rate reported 
by Ansari et al. (2017). Ansari et al. (2017), who also evaluated the growth of C. sorokiniana 
using AWW as the growth medium, obtained a growth rate of 0.157 g/L/day. Furthermore, 
this growth rate reported by Ansari et al. (2017) was obtained using AWW containing 
600mg/L of sodium nitrate, which helped to increase the microalgae growth considerably. 
Without the addition of sodium nitrate, the growth rate obtained on AWW was 0.107g/L/day. 

Highest Biomass Concentration 
The highest optical density registered in the column photobioreactor was of 3.32 (Figure 31). 
Using the equation for DW estimation, this OD can be translated to a DW biomass of 
2.60g/L. This biomass concentration is also higher than the reported by Ansari et al. (2017), 
who obtained a biomass concentration of 1.51g/L in pure AWW, and 2.20g/L in AWW 
containing 600mg/L of sodium nitrate. 

The differences between the results obtained in this research and the results obtained by 
Ansari et al. (2017) could have been generated by differences in the initial concentration of 
N and P in the wastewaters. However, these concentrations were not measured in this project 
and further comparisons cannot be made.
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6 Conclusion 
The present study clearly demonstrates the potential of C. sorokiniana to remediate AWW. 
Although the concentration of N and P was not measured before and after cultivating the 
microalgae in the wastewater, the high microalgae biomass concentrations obtained are an 
indicator that the microalgae could utilize the nutrients from the wastewater. However, 
further studies need be carried to evaluate the efficiency of removal of different nutrients 
contained in the wastewater, as well as an assessment to evaluate the potential of the water 
to be reused in aquaculture systems. 

To successfully cultivate C. sorokiniana using AWW as the growth medium, it is necessary 
to maintain the pH close to 7. As in the AWW there are different ions that generate pH 
changes when they are assimilated. Due to the fact that in the AWW there are predators and 
other species that compete for the same nutrients, pretreating the wastewater helps to 
increase the microalgae biomass yield. Also, bubbling the cultures at an adequate flow rate 
increases the microalgae biomass yield considerably. Thus, all these factors need to be taken 
into consideration to maintain an optimal microalgae growth. 

Although phycoremediation of AWW can be achieved in the photobioreactor used, an 
economic analysis should be performed. Using two LED lamps per column promotes the 
fast growth of the cells; however, it increases considerably the energy usage of this system. 
If the system is used as it is, high value products should be aimed in order to offset the 
production costs, e.g. pigments.
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Appendix A: Composition of BG11 
medium 

Type of solution Compounds Concentration 
Stock  Per 500ml 
 (1) NaNO3 75.00g 
 (2) K2HPO4 2.00g 
 (3) MgSO4.7H2O 3.75g 
 (4) CaCl2.2H2O 1.80g 
 (5) Citric acid 0.30g 
 (6) Ammonium ferric citrate 0.30g 
 (7) EDTANa2 0.05g 
 (8) Na2CO3 1.00 g 
   
 (9) Trace metal solution Per 1000ml 
       H3BO3 2.86g 
       MnCl2.4H2O 1.81g 
       ZnSO4.7H2O 0.22g 
       Na2MoO4.2H2O 0.39g 
       CuSO4.5H2O 0.08g 
       Co(NO3)2.6H2O 0.05g 
   
   
Medium  Per 1000ml 
 Stock solutions 1 – 8 10.0ml 
 Stock solution 9 1.0ml 

Distillated water was used to for the solutions and medium preparation. 


