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Abstract 

Microalgae are a diverse group of unicellular microorganisms found in various environments, ranging from small garden ponds to lakes with extreme 

salinity. Common for all microalgae is their ability to convert solar energy and carbon dioxide into chemical energy via photosynthesis. Additionally, 
they are capable of assimilating large amounts of nitrogen and phosphorus to produce proteins and lipids. These abilities have made microalgae an 

interesting candidate for next generation wastewater treatment coupled with production of biogas, a renewable energy source in advancement. At the 

Nykvarn wastewater treatment plant in Linköping, Sweden, 15,400,000 m3 of wastewater are treated annually to remove nitrogen and phosphorus that 

otherwise would risk to cause eutrophication in surrounding lakes and rivers. Moreover, the treatment plant manages large amounts of sewage sludge 

that is anaerobically digested to produce biogas and simultaneously reduce the sludge volumes. At the Nykvarn wastewater treatment plant, dewatering 

of the digested sludge results in a sludge fraction of about 30 % dry content and reject water, which is very nutrient-rich and therefore requires 
treatment in a SHARON process before it is reintroduced to the main stream of the wastewater treatment plant.  

 

In this thesis, the potential of microalgae for nutrient assimilation was studied by monitoring the nutrient removal efficiency of a mixed culture of 
microalgae when fed with 1) 100 % incoming wastewater, 2) 80 % incoming wastewater + 20 % reject water and 3) 60 % incoming wastewater + 40 

% reject water. Furthermore, the effect of a process additive on the nutrient removal efficiency was evaluated. The results showed that microalgae are 
capable of removing 100 % of ingoing ammonium nitrogen and phosphate phosphorus when fed with incoming wastewater. At transition to 20 % and 

40 % reject water, the culture was light-limited with a resulting ammonium reduction of 60 % and a phosphate reduction of around 30 %. The process 

additive slightly improved the ammonium reduction, however, mainly by formation of nitrite and nitrate by nitrifying bacteria. Moreover, a bio-
methane potential test compared the methane potential of the microalgal biomass and the biomass from the SHARON process. The test resulted in an 

accumulated methane production around 70 mL g-1 VS-1 for the microalgal biomass and 35 mL g-1 VS-1 for the biomass from the SHARON process. 

That is, the mixed microalgal culture used in this experiment has a methane potential twice that of the biomass from the SHARON process. Finally, 
an economic analysis of a microalgae based process for purification of reject water showed that the operating costs exceed those of the SHARON 

process due to high energy consumption. It is thus necessary to choose a cultivation system that effectively utilize the solar energy, as well as maximize 

the biogas yield from anaerobic digestion of microalgal biomass.  
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Abstract 
 

Microalgae are a diverse group of unicellular microorganisms found in various environments, 

ranging from small garden ponds to lakes with extreme salinity. Common for all microalgae is 

their ability to convert solar energy and carbon dioxide into chemical energy via photosynthesis. 

Additionally, they are capable of assimilating large amounts of nitrogen and phosphorus to 

produce proteins and lipids. These abilities have made microalgae an interesting candidate for 

next generation wastewater treatment coupled with production of biogas, a renewable energy 

source in advancement. At the Nykvarn wastewater treatment plant in Linköping, Sweden, 

15,400,000 m3 of wastewater are treated annually to remove nitrogen and phosphorus that 

otherwise would risk to cause eutrophication in surrounding lakes and rivers. Moreover, the 

treatment plant manages large amounts of sewage sludge that is anaerobically digested to 

produce biogas and simultaneously reduce the sludge volumes. At the Nykvarn wastewater 

treatment plant, dewatering of the digested sludge results in a sludge fraction of about 30 % dry 

content and reject water, which is very nutrient-rich and therefore requires treatment in a 

SHARON process before it is reintroduced to the main stream of the wastewater treatment 

plant.  

 

In this thesis, the potential of microalgae for nutrient assimilation was studied by monitoring 

the nutrient removal efficiency of a mixed culture of microalgae when fed with 1) 100 % 

incoming wastewater, 2) 80 % incoming wastewater + 20 % reject water and 3) 60 % incoming 

wastewater + 40 % reject water. Furthermore, the effect of a process additive on the nutrient 

removal efficiency was evaluated. The results showed that microalgae are capable of removing 

100 % of ingoing ammonium nitrogen and phosphate phosphorus when fed with incoming 

wastewater. At transition to 20 % and 40 % reject water, the culture was light-limited with a 

resulting ammonium reduction of 60 % and a phosphate reduction of around 30 %. The process 

additive slightly improved the ammonium reduction, however, mainly by formation of nitrite 

and nitrate by nitrifying bacteria. Moreover, a bio-methane potential test compared the methane 

potential of the microalgal biomass and the biomass from the SHARON process. The test 

resulted in an accumulated methane production around 70 mL g-1 VS-1 for the microalgal 

biomass and 35 mL g-1 VS-1 for the biomass from the SHARON process. That is, the mixed 

microalgal culture used in this experiment has a methane potential twice that of the biomass 

from the SHARON process. Finally, an economic analysis of a microalgae based process for 

purification of reject water showed that the operating costs exceed those of the SHARON 

process due to high energy consumption. It is thus necessary to choose a cultivation system that 

effectively utilize the solar energy, as well as maximize the biogas yield from anaerobic 

digestion of microalgal biomass.  
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1 Introduction 

1.1 Background 

The purpose of this master thesis project was to evaluate the potential of using microalgae for 

purification of reject water of dewatered sludge from anaerobic digesters. Moreover, the 

methane potential without pre-treatment of the algal biomass was examined.  

 

Tekniska verken i Linköping AB (publ.) (TvAB) has a vision of building the most resource-

efficient region in the world, and although they are at the leading edge of recovery of waste and 

biogas production, there is still much potential for making the biogas process more resource 

efficient. One major challenge is the need to remove nutrients, especially nitrogen, from the 

reject water that arises as a result of dewatering of digested sludge from the biogas production 

process at Nykvarn wastewater treatment plant (WWTP). The reject water is treated separately 

from the main stream in a biological process called SHARON, which efficiently removes 

nitrogen (N) and phosphorus (P) before it is reintroduced to the main stream of the WWTP. 

This solution prevents the high nitrogen concentrations in the reject water from affecting the 

efficiency of the main treatment steps. Figure 1 illustrates a simplified chart of the reject water 

treatment process.  

 

 
Figure 1. Flow chart of the current process for treatment of reject water at Nykvarn WWTP. Nitrogen is removed by 

conversion to N2. Additionally, both nitrogen and phosphorus are removed by assimilation to the microbial biomass, which is 

then anaerobically digested to produce biogas consisting mainly of methane (CH4) and carbon dioxide (CO2). 

 

Furthermore, even though biogas is a renewable energy source, the production gives rise to 

carbon dioxide (CO2), which at TvAB is currently released into the atmosphere. Since CO2 is a 

greenhouse gas, it is in the interest of both TvAB and society to decrease these emissions.  

 

Microalgae are able to grow photoautotrophically using inorganic carbon, e.g. CO2, and solar 

energy (Caporgno, et al., 2015), and thereby provide an opportunity to recycle the CO2 that 

would otherwise be released into the atmosphere. Moreover, studies have shown that 

microalgae have the ability to assimilate N and P for metabolic activities and biomass formation 

(Zeng, et al., 2015), thus making algal treatment an alternative to other biological wastewater 

treatment methods. Furthermore, algae have the potential to generate substantial amounts of 

biomass and lipids that could serve as an appropriate substrate for biogas production (Pittman, 

et al., 2010). Consequently, microalgae could potentially be used for removal of nutrients from 
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reject water and simultaneously utilize excess CO2, as well as provide a substrate for biogas 

production. A schematic chart of the concept is presented in Figure 2 below. 

 

 
Figure 2. Flow chart of the concept of using microalgae for reject water treatment. CO2 from the biogas process and 

nutrients from the reject water are utilized to produce algal biomass, which is then anaerobically digested to give biogas. 

The outgoing water is recirculated to the WWTP main stream, where it is further treated. 

 

 

1.2 Objectives 

The main objective was to find conditions in which nutrient removal by algal cultivation can 

compare to, or surpass, the conventional SHARON process in regard to phosphorus and 

nitrogen fixation, using the existing SHARON reactor. The hypothesis is that microalgae can 

assimilate large amounts of nitrogen and phosphorus and simultaneously recycle CO2 from the 

biogas process. The aim was achieved by answering the following questions:  

 

1. Can reject water be used as substrate for microalgae cultivation? 

2. How does the N/P ratio of the reject water affect the algal growth rate and 

photosynthetic activity? 

3. Does microalgae cultivation require a process additive in order to obtain enhanced 

biomass concentration? 

4. What is the phosphorus and nitrogen reduction efficiency resulting from algal 

cultivation and how does it compare to the SHARON process at Nykvarn WWTP? 

5. Is removal of nutrients by microalgae associated with higher or lower costs compared 

to the method currently used at Nykvarn WWTP? 

6. How much methane can be produced from algal biomass and how does the methane 

potential compare to that of the biomass from the SHARON process? 

The questions were answered by execution of lab-scale experiments using two bioreactors, one 

of which served as a reference. The first experiment aimed to evaluate whether the algal culture 

could survive when grown in reject water and how the N/P ratio affects growth and nutrient 

removal efficiency. Additionally, one of the reactors was treated with a process additive with 

the aim of studying the possibility to optimize growth and removal of nutrients. The process 

additive contains factors that are believed to have positive effects on the production of 

photosynthetic pigments and the microalgal growth. Herein, the additive is not described in 
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more detail, but will simply be referred to as “process additive”. Finally, the methane potential 

of the microalgal biomass was determined in a bio-methane potential test. 

 

Analyses on biomass concentration as well as phosphorus and nitrogen content were performed 

in order to provide information on growth rate and capability of removing nutrients. These were 

compared to the current SHARON process, taking into account the nutrient removal efficiency, 

methane potential and economical aspects. 

 

 

1.3 Boundary conditions 

The study took place at the facilities of TvAB, at Nykvarn WWTP, Linköping. Materials and 

equipment, such as chemicals, substrates, reactors, instruments and laboratory equipment, were 

provided by TvAB. The initial algal culture was kindly provided by Mälardalen University. 

 

The project was delimited to only investigate the potential of microalgae to remove nutrients 

from reject water, and to the study of the methane potential of the biomass. Due to shortage of 

time and other resources, the project did not include experimental evaluation of techniques for 

harvesting of the algal biomass. Harvesting was done using centrifugation in order to perform 

the batch experiment on methane potential. 

 

 

1.4 Ethical aspects 

The use of microalgae for wastewater treatment is not associated with any ethical aspects. 

Conversely, replacement of the SHARON process with an algae based technique could in fact 

ease the ethical predicament of CO2 emissions from the biogas process. Furthermore, neither 

this work, nor the work with a potential full scale solution, have been assessed to imply ethical 

issues or poor working environment.  

 

1.5 Social relevance 

This work considers several aspects of social relevance. Firstly, as recently discussed, the 

biogas process gives rise to CO2 that is currently released into the atmosphere. Algal cultivation 

provides an opportunity for recycling of CO2, which contributes to reduced emissions of 

greenhouse gases. For TvAB, this would imply negative net emissions. 

 

Secondly, the project investigates the possibility to remove nitrogen and phosphorus from 

nutrient-rich reject water and may thereby contribute to improved overall nutrient removal 

efficiency for the WWTP. Moreover these nutrients are removed by assimilation to the 

microalgal biomass, which could serve as a substrate for biogas production. Considering the 

increasing global energy demand, it is of great interest to find new substrates for enhanced 

biogas production. 
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2 Process 

2.1 Time plan 

In the initial phase of the project, a time plan was made in order to give an overview of the 

activities related to the project and facilitate the process of execution. Additionally, the time 

plan provides a tool for systematic follow-up to ensure that the project is progressing in the 

right direction. Moreover, important milestones were defined as a part of the planning of the 

work. These milestones, including deadlines, are compiled in Table 1 below.  

 
Table 1. Milestones and deadlines 

Milestone 

number 

Activity Deadline 

(week) 

Comments 

1 Project planning 4 Together with supervisor at TvAB  

2 Define objectives of the project 4  

3 Planning report 5 Submission to examiner 

4 Steady-state reached 5  

5 Half-time report 12 Presentation of project and results at 

half-time. 

6 Termination of experiments 17  

7 Final report 22 Submission to examiner 

8 Report to opponent 23 Submission to opponent 

9 Final presentation 23 Presentation given at LiU 

10 Internal presentation 24 Presentation given at  TvAB 

 

The milestones were, together with the key activities of the project, compiled in a Gantt chart 

(Figure 3). The activities were sorted based on five main categories: Literature study, Planning, 

Experiments, Report and Presentations. Milestones are marked with a red X. 

 

 
Figure 3. The initial time plan presented as a Gantt chart. 

Week: 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Literature study

Planning

Project plan

Hypotes

Experiments

Adaptation

Transition to 100 % reject water

Transition to 100 % reject water + process additive

Time for additional experiments

Biogas experiment

Report

Background and theory

Materials and methods

Results and diskussion

Presentations

Prepare for half-time presentation

Prepare for final presentation

Milestones

Project planning

Define objectives of the project

Planning report

Steady-state reached

Half-time report

Termination of experiments

Final report

Report to opponent

Final presentation

Internal presentation

20% 40% 60% 80% 100%

20% 40% 60% 80% 100%
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2.2 Plan for systematic follow-up 

Weekly, the work of the past week was compared to the time plan to ensure that the plan was 

followed and that nothing got too time-consuming or was falling behind. Additionally, the plan 

for the upcoming week was revised. Follow-up of the activities was done according to the steps 

1-4 below. 

 

1. Planning and goal set-up of activity 

2. Execution of activity 

3. Analysis of results in regard to the plan and the goals 

4. If the results accord with the goal of the activity, move on to next activity. Otherwise, 

repeat steps 1-4. 
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3 Theory 

3.1 Wastewater treatment in Sweden 

Swedish wastewater treatment has undergone some major changes during the past centuries. 

Historically, the systems for treating waste have been of inferior standard. In the 1500s, waste 

from households was disposed in the streets and washed away with water or buried in the 

ground. Eventually the odor became unbearable and it was decided that waste and latrines were 

to be transported away by boat. However, this system was of little help, since the waste rarely 

reached the boats. Instead the streets were flooded with garbage and disposed latrines, and the 

situation was worse than ever. Then, in the late 1800s, some of the largest cities made a serious 

attempt to get control of the situation. This lead to the development of a completely new system 

for handling wastewater. The new system was based on pipelines that were connected to 

kitchens and water toilets to transport household wastewater to nearby lakes or rivers. From the 

1920s and forward, most large cities, and eventually also smaller communities, were connected 

to the pipeline network. However, the wastewater was discharged in lakes or rivers without any 

treatment, which lead to problems with contamination and eutrophication of these waters. The 

responsibility of wastewater treatment was put on the municipalities, many of which lacked the 

means to handle the problem. The city of Skara, in 1911 was the first city in Sweden to build a 

plant for biological treatment of waste water, and in 1942 the first activated sludge system was 

put in operation (Svenskt Vatten, 2007).  

 

However, the development of new treatment plants was slow. It was not until the 1960s, when 

the Swedish government introduced a new national law, the Environmental Protection Act 

(miljöskyddslagen), that the pace increased (Naturvårdsverket, 2014). In 1965, 66 % of the 

urban areas had some kind of treatment, and in the same year chemical treatment was developed 

(Svenskt Vatten, 2007). Through-out the 1970s, the government financed the expansion of 

Swedish WWTPs, leading to significant improvement of lake and river water quality in just a 

few years (Naturvårdsverket, 2014). By the 1980s, 75 % of the urban areas had biological-

chemical treatment, and ten years later the corresponding number had reached 90% (Svenskt 

Vatten, 2007).  

 

During the 1970s and 1980s, as a consequence of stricter requirements on nitrogen and 

phosphorus discharges, WWTPs began to concentrate to the larger cities of the municipalities. 

This led to fewer but more efficient WWTPs. Between 1960 and 2000, the emissions of organic 

material decreased by 80 % and the phosphorus concentration in effluent water decreased by 

more than 90 % during the same period. Since 1980, the nitrogen concentration in effluent water 

has declined by more than 25 %, probably much due to the introduction of separate nitrogen 

removal processes as a complement to biological treatment (Svenskt Vatten, 2007). Today, as 

good as all households in urban areas are connected to the municipal sewerage system and the 

wastewater from 95 % of these areas undergo both biological and chemical treatment 

(Naturvårdsverket, 2014). 

 

Wastewater treatment is an important service for the society and its citizens, and there are high 

demands on reliability, stability and nutrient removal efficiency. In compliance with Directive 

91/271/EEC concerning urban waste water treatment (avloppsdirektivet), the nitrogen content 

of the effluent of the WWTPs must be less than 10 mg L-1 for WWTPs dimensioned for a load 

of >100,000 person equivalents (p.e.) and 15 mg L-1 for WWTPs with a load between 10,000 

and 100,000 p.e. Alternatively, the total nitrogen reduction must be at least 70 %. The total 

phosphorus concentration in the effluent is limited to 1 mg L-1 (>100,000 p.e.) and 20 mg L-1 
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(10,000 – 100,000 p.e.), or a minimum reduction of 80 % (The Council of the European 

Communities, 1991). 

 

Apart from demands on reliability and function, there are also requirements on environmental 

impact and conservation of natural resources (Svenskt Vatten, 2007). These include a 

sustainable treatment of sewage sludge and return of nutrients to forest and agricultural land 

(Naturvårdsverket, 2014). Wastewater treatment is associated with generation of large amounts 

of sewage sludge, and the disposal can represent up to 50 % of a WWTP’s operating costs 

(Appels, et al., 2008). To reduce its volumes and simultaneously get a revenue from the sludge, 

many of the large Swedish WWTPs treat the sludge by anaerobic digestions to produce 

renewable biogas. In addition, biogas production gives rise to nutrient-rich digested sludge, 

which after dewatering can be used as a fertilizer (Statens energimyndighet, 2015). In 2014 

there were 139 Swedish WWTPs treating sewage sludge by anaerobic digestion (Statens 

energimyndighet, 2015). 

 

Dewatering of the digested sludge separates the solids, which is used as a fertilizer, from the 

water phase. The water phase is called reject water and is typically recycled to the influent of 

the WWTP. However, the reject water usually contains very high concentrations of nutrients, 

especially nitrogen. Even though the reject streams of WWTPs usually contribute to only 2 % 

of the total influent flow, it can represent up to 25 % of the total nitrogen load (Sahu, et al., 

2013). Because of the high nitrogen concentration of the reject water, immediate recirculation 

to the main stream may compromise the treatment efficiency and hence the nitrogen 

concentration in the effluent of the plant (Meyer & Wilderer, 2004). Therefore, reject water is 

commonly treated by nitrogen removal in a separate treatment step before it is recycled to the 

main stream of WWTP to undergo further treatment (Svenskt Vatten, 2013a). 

 

 

3.1.1 Nykvarn WWTP 

Nykvarn WWTP is located in the outer parts of Linköping, Sweden. Yearly, 15,400,000 m3 of 

wastewater from Linköping and surrounding districts arrive at Nykvarn WWTP where it is 

treated before it is discharged into the recipient, Stångån. According to the TvAB 

Environmental Report (Tekniska verken i Linköping, 2014), Nykvarn WWTP is dimensioned 

for up to 340,000 p.e., specified as maximum mean weekly load of organic matter measured as 

biochemical oxygen demand (BOD7). The same year, the WWTP treated wastewater 

corresponding to 212,100 p.e.  

 

The wastewater treatment processes of Nykvarn WWTP include mechanical, biological and 

chemical steps, all of which are integrated in the overall treatment process. Additionally, the 

WWTP treats large amounts of sewage sludge that is anaerobically digested to give biogas. The 

following sections discuss wastewater treatment operated at Nykvarn WWTP as described by 

the TvAB Environmental Report 2014. 

 

3.1.1.1 Mechanical treatment 

When the wastewater arrives at the WWTP it is pretreated by mechanical treatment (Figure 4). 

The first step is filtration though grids, removing cotton swabs, plastics, sanitary articles and 

other large objects. After the grids, the wastewater is transferred to a grit chamber where small 

particles, such as sand and coffee grounds, settle and are separated from the water.  
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Wastewater contains considerable amounts of phosphorus which is removed by precipitation 

with FeSO4. In the grit chamber and the subsequent primary aeration tank, Fe2+ is oxidized to 

Fe3+, precipitating with organic matter and phosphorus by forming insoluble FePO4. As the 

wastewater reaches the primary sedimentation, the precipitate settles at the bottom of the tank 

and is separated to be utilized for biogas production. The water phase is further transferred to 

the biological treatment step. Figure 4 illustrates the steps of the chemical treatment as 

described in the TvAB Environmental Report 2014. 

 

 
Figure 4. The wastewater that arrives at the WWTP is pretreated in the mechanical treatment steps. First, large objects and 

particles are filtrated, after which phosphorus is removed by precipitation with iron ions. Illustration modified from the TvAB 

Environmental Report 2014 (Tekniska verken i Linköping, 2014). 

 

3.1.1.2 Biological treatment 

In the biological treatment, microorganisms serve to remove organic matter and nitrogen 

containing compounds, like ammonium (NH4
+), from the wastewater in three parallel activated 

sludge processes (Tekniska verken i Linköping, 2014). In the activated sludge process, 

microorganisms utilize the organic matter in the wastewater as substrate for growth. The 

microorganisms also convert NH4
+ to nitrite (NO2

-) and nitrate (NO3
-) in the nitrification 

process, consuming O2.  

 

The activated sludge process consists of an aeration tank where the wastewater is added to the 

activated sludge, followed by a sedimentation tank where the biomass settles to the bottom 

(Figure 5). Most of the settled sludge is recirculated back to the aeration tank, thus maintaining 

the microbial flora in the activated sludge process. Excess sludge is recirculated to the grit 

chamber at the influent of the WWTP. In the subsequent primary sedimentation, the sludge 

settles and is withdrawn for biogas production.  
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Figure 5. Biological treatment is comprised of three parallel activated sludge processes. Here, NH4

+ is converted to NO2
- 

and NO3
-. Illustration modified with inspiration from the TvAB Environmental Report 2014 (Tekniska verken i Linköping, 

2014). 

 

To ensure that the demands on nitrogen separation of the WWTP are met, the effluent water 

from the activated sludge process is transferred to an anoxic denitrification tank (Figure 6). In 

absence of oxygen, denitrifying bacteria convert NO2
- and NO3

- to N2 which is released into the 

atmosphere. The water then returns to the main stream for final phosphorus reduction in the 

chemical treatment step. 

 
Figure 6. Nitrogen is removed by denitrification, where denitrifying bacteria convert NO2

- and NO3
- to N2, which is released 

into the atmosphere. Illustration modified from the TvAB Environmental Report 2014 (Tekniska verken i Linköping, 2014). 

 

3.1.1.3 Chemical treatment 

After biological treatment follows chemical treatment to precipitate and separate remaining 

phosphorus from the water (Figure 7). The precipitant, aluminum chloride (AlCl3), is added to 
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the water, upon which precipitation occurs. The phosphorus-containing precipitate settles in a 

sedimentation tank and the effluent water phase is released into the recipient, Stångån. 

 
Figure 7. Chemical treatment involves final sedimentation of remaining phosphorus by precipitation with AlCl3. Illustration 

created with inspiration from the TvAB Environmental Report 2014 (Tekniska verken i Linköping, 2014). 

 

3.1.1.4 Treatment of sludge by anaerobic digestion 

At Nykvarn WWTP, sludge from primary sedimentation (Figure 4) is anaerobically digested to 

give biogas. Sewage sludge, a by-product of the wastewater treatment process, is a common 

substrate for biogas production as it serves as a way of getting revenue from the large amounts 

of excess sludge that normally implies high disposal costs for WWTPs (Appels, et al., 2008).  

 

Biogas is a renewable energy source composed of methane (CH4) and CO2. The main 

compound, CH4, is an energy-rich molecule that can be used to produce heat and electricity as 

well as a vehicle fuel. Biogas is formed in a naturally occurring process called anaerobic 

digestion in which a large number of microbes participates to degrade organic matter and to 

form biogas (Weiland, 2010). The process is commonly divided into four steps: hydrolysis, 

acidogenesis, acetogenesis and methanogenesis (Appels, et al., 2008). In the hydrolysis step, 

organic compounds, such as carbohydrates, lipids and proteins, are degraded into smaller, 

soluble organic substances, e.g. sugars, amino acids and long chain fatty acids (Weiland, 2010). 

These are then further degraded during acidogenesis to form volatile fatty acids and alcohols 

alongside with ammonia, CO2 and other by-products (Appels, et al., 2008). Higher volatile fatty 

acids and alcohols are digested by acetogenic bacteria to produce acetate, CO2 and H2 in the 

third step, acetogenesis (Appels, et al., 2008). In the final step, methanogenesis, the 

methanogenic microorganism digest acetic acid, CO2 and H2 to give the desired product CH4 

along with CO2 (Weiland, 2010). 

 

The biogas yield and the composition of the produced biogas, i.e. its methane content, is highly 

dependent on the substrate composition. Essentially any type of organic matter can be used as 

substrate as long as they contain carbohydrates, fats or proteins as main components (Weiland, 

2010). Fats, however, provide the highest biogas yield compared to carbohydrates and proteins 

(Weiland, 2010).  

 

At Nykvarn WWTP, the substrate is made up of dewatered sewage sludge from the primary 

sedimentation. This sludge consists of sediment from biological and chemical treatment, e.g. 

solid particles, microorganisms from the activated sludge process, denitrification and 
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SHARON, as well as chemical flocks from chemical treatment (Svenskt Vatten, 2013b; 

Tekniska verken i Linköping, 2014). Digestion takes place at 37°C and the average time the 

sludge remains in the digestion chamber, i.e. the hydraulic retention time (HRT), is 20 days 

(Tekniska verken i Linköping, 2014). With these conditions, Nykvarn WWTP achieves a yearly 

biogas production of 2,800,000 m3 with a methane content of 55 % (personal communication, 

Jan Moestedt). The biogas is upgraded to a methane content of >97 %. 

  

Moreover, to facilitate disposal of digested sludge, the outgoing sludge from the digestion 

chambers is dewatered in a screw press. The separated water phase, the reject water, contains 

high concentrations of nitrogen, which need to be reduced before recycling to the main 

treatment steps. 

 

3.1.1.5 Nitrogen removal from reject water 

There are many methods for nitrogen removal from reject water, some included in the main 

streams of the WWTP while others treat the reject water separately before recirculation to the 

main stream. At Nykvarn WWTP, the reject water is treated as a side-stream, separated from 

the main wastewater treatment stages, in a SHARON process (Figure 8). The SHARON process 

removes around 95 % of the NH4-N content of the reject water, resulting in an effluent water 

of less than 100 mg NH4-N L-1 and an average of 40 and 100 mg L-1 of NO2-N and NO3-N, 

respectively (personal communication, Robert Sehlén). The effluent water is recirculated to the 

main treatment steps of the WWTP to further reduce the nutrient content. The biomass is 

returned to the primary sedimentation where it is collected to be anaerobically digested (Figure 

8). 

 
Figure 8. The SHARON process efficiently removes nitrogen from reject water by intermittent nitrification and 

denitrification. The illustration was created with inspiration from the TvAB Environmental Report 2014 (Tekniska verken i 

Linköping, 2014). 

 

The SHARON process was originally developed by the Delft University of Technology as a 

response to the stricter regulations of WWTPs for reducing the N-content in the effluent water 

(Hellinga, et al., 1998). SHARON is an acronym for Single reactor High activity Ammonia 

Removal over Nitrite and is a biological treatment method which takes advantage of the 

different growth rates of NO2
- oxidizing bacteria and NH4

+ oxidizing bacteria at high 

temperatures (Hellinga, et al., 1998). The normal temperature of wastewater is 5-20 C, at 
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which the growth rate of NO2
- oxidizers exceeds that of NH4

+ oxidizers, leading to complete 

oxidation of NH4
+ to NO3

-. The reject water of Nykvarn WWTP, however, has a temperature 

around 28 C, which favors the growth of NH4
+ oxidizers and thus the oxidization of NH4

+ to 

NO2
- (Hellinga, et al., 1998; Tekniska verken i Linköping, 2014). In addition, the SHARON 

process operates with well-mixed bioreactors and without any biomass retention, which means 

that the solids retention time (SRT) depends on the HRT. Thus, the HRT can be set to such a 

rate that NH4
+ oxidizers grow fast enough to be retained in the reactor while the NO2

- oxidizers 

are washed out (Jetten & van Loosdrecht, 2001). Theoretically, nitrification will thus lead to 

formation of only NO2
-.  

 

Nitrification is followed by denitrification where NO2
- is converted to N2 by denitrifying 

bacteria. Denitrification occurs in the absence of O2, with NO2
- serving as oxidant instead of 

O2. The N2 that is formed in the denitrification process is released into the atmosphere. The 

anoxic environment required for denitrification is achieved by intermittent aeration, allowing 

for both nitrification and denitrification using a single reactor system (van Kempen, et al., 

2001). Denitrification also requires addition of a carbon source, usually ethanol or methanol 

(Hellinga, et al., 1998). The SHARON process of Nykvarn WWTP uses ethanol as carbon 

source, the reactions can be expressed as: 

 

2NH4
+ + 3O2  2NO2

- + 2H2O + 4H+  (Nitrification) 

 

4NO2
- + C2H5OH + 4H+  2N2 + 5H2O + 2CO2 (Denitrification) 

 

Nitrification is associated with proton production and therefore contributes to a lowering of the 

pH. The ammonium conversion rates are influenced by the pH, where a pH below 6.5 inhibits 

nitrification (Shalini & Joseph, 2012). Conversely, denitrification consumes protons and 

thereby increases the pH. The increase in pH caused by denitrification compensates for the 

decrease that follows nitrification (van Kempen, et al., 2001). 

 

An advantage of oxidation of NH4
+ to NO2

- is that it consumes less O2 than oxidation of NH4
+ 

to NO3
-. Hence nitrogen removal over NO2

- requires less aeration energy than nitrogen removal 

over NO3
- (van Kempen, et al., 2001). Another advantage of nitrogen removal via formation of 

NO2
-, rather than NO3

-, is that less carbon is needed for denitrification, thus lowering operating 

costs further (Mulder, et al., 2006).  

 

Other techniques for removal of nitrogen from reject water include both chemical and biological 

methods. A common chemical treatment method suitable for treatment of reject water is 

ammonia stripping. Ammonia stripping refers to ammonium removal by elevation of the pH to 

cause a shift from NH4
+ to gaseous ammonia (NH3), which is stripped from the water by an 

airflow. The NH3 gas is then absorbed to sulphuric or nitric acid, yielding an ammonium 

sulphate or ammonium nitrate solution, respectively, which both be used as fertilizer (Svenskt 

Vatten, 2013a). However, a disadvantage of ammonia stripping is that it does not remove other 

nitrogen compounds, such as NO2
-, NO3

- and organic nitrogen.  

 

Biological treatment offers several methods for separation of nitrogen containing compounds 

from wastewater. Biological treatment is usually, like the SHARON process, based on three 

separate steps: oxidation, nitrification and denitrification (Svenskt Vatten, 2013a). Several 

technologies and combinations for biological treatment exist, with some of the most common 

being activated sludge systems, sequencing batch reactor (SBR), membrane bioreactor (MBR) 

and biofilm systems (Shalini & Joseph, 2012; Svenskt Vatten, 2013a). These systems can be 
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combined to meet the requirements for space, location, economy and efficiency (Svenskt 

Vatten, 2013a). 

 

An alternative method to the conventional biological treatment methods previously mentioned, 

is nutrient removal by microalgae. Microalgae have received increasing attention during the 

past decades, not only for its potential for treatment of nutrient-rich wastewaters, but also for 

production of biofuels.  

 

 

3.2 Microalgae 

3.2.1 Diversity and prevalence 

Microalgae are a diverse group of microorganisms comprising eukaryotic photoautotrophic 

protists and prokaryotic cyanobacteria (Nguyen & Rittmann, 2015). These microorganisms are 

capable of converting solar energy and CO2 in the atmosphere into chemical energy via 

photosynthesis. Because of the vast diversity among algal species, it is difficult to present a 

clear definition for microalgae (Andersen, 2013) and thus some disagreement still prevails in 

their taxonomical classification (Singh & Saxena, 2015). The microalgal diversity also 

contributes to an ability of these organisms to live in various natural habitats (Singh, et al., 

2015). Most green microalgae live in freshwater or seawater, while other species have adapted 

to environments with more extreme salinity (Singh & Saxena, 2015).  

 

Microalgae, or green algae, occur as free-living cells or associate with other algal cells to form 

filaments or colonies. The morphology of microalgae differs greatly between species but also 

between different life stages of a species. Based on the shape of the cell, microalgae can be 

divided into six groups: flagellates, amoeboids, palmelloids, coccoids, filamentous and 

sarcinoids (Andersen, 2013). What separates these groups is mainly their motility and their way 

of associating to other cells.  

 

Flagellates can occur as single cells that move through the water using flagella (Andersen, 

2013). Flagella are long filaments present on the cell surface, singly or in groups. The algal cell 

propel along though the medium by moving the flagella in a whip-like motion. This ability 

allows for the microbe to move towards favorable conditions or move away from harmful 

conditions (Madigan, et al., 2009). Moreover, flagellates may also associate to form motile 

colonies, some consisting of a few cells while others, like the Volvox can comprise hundreds of 

cells.  

 

Amoeboid cells have a different movement pattern, as they move by amoeboid movement. The 

movement results from the formation of pseudopodia, which cause a streaming of the cytoplasm 

as it move toward the extended pseudopodia (Madigan, et al., 2009). Apart from being used for 

movement, the pseudopodia also function as way of feeding. The amoeboid cells use the 

pseudopodia to capture and by phagocytosis enclose bacteria and nutrients (Andersen, 2013; 

Madigan, et al., 2009).   

 

Other microalgae lack the ability to move actively and tend to form colonies. Coccoid algae 

can appear as single cells, but usually they produce colonies. Common coccoids are Chlorella, 

Oocystis and Scenedesmus which all usually appear in colonies. Palmelloids also form colonies, 

however the cells are not in direct contact with each other, but rather connected by a gelatinous 

matrix. Moreover, sarcinoids form colonies that result from cell division in three planes, thus 
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creating cube shaped colonies (Andersen, 2013). Filamentous microalgae attach end-to-end to 

each other to form long, chain-like assemblages. The simplest form of filaments consist of an 

unbranched, single-stranded chain, while more complex patterns are branched and multi-

stranded chains (Andersen, 2013). However, it is believed to exist several hundreds of 

thousands, even millions, of algal species, many of which do not fit into any of the categories 

above, alternatively, fit into several of them (Andersen, 2013; Singh & Saxena, 2015).  

 

 

3.2.2 Metabolism 

Microalgae are photoautotrophs, meaning they are capable of capturing the photon energy in 

light and use it for ATP synthesis and assimilation of dissolved inorganic carbon, e.g. CO2 and 

CO3
2-, under the formation of oxygen (Nguyen & Rittmann, 2015). These reactions are possible 

due to photosynthesis (Madigan, et al., 2009). Photosynthesis is traditionally divided into two 

phases, the light reactions and the dark reactions, where the light reactions convert light energy 

to chemical energy (NADPH2 and ATP), and the dark reactions utilize the chemical energy to 

reduce CO2 to carbohydrates (Masojídek, et al., 2013). An overview of the light and dark 

reactions are shown in Figure 9. 

 

 
Figure 9. The light and dark reactions of photosynthesis as described by Masojídek, et al. (2013). The light reactions 

produce the energy compounds NADPH2 and ATP under formation of O2. The dark reactions convert CO2 to carbohydrates. 

 

3.2.2.1 Light reactions of photosynthesis 

The light reactions take place in the membranes of thylakoids inside the chloroplast (Figure 

10). The thylakoid membranes contain five protein complexes: light harvesting antennae, 

photosystem II (PSII), photosystem I (PSI), cytochrome b6/f (Cyt bf) and ATP synthase 

(ATPase). These complexes participate in the conversion of light energy to chemical energy by 

maintaining photosynthetic electron transport and photophosphorylation (Masojídek, et al., 

2013).  

 

Light is captured by the photosynthetic pigments, chlorophylls, of the light harvesting antennae 

which transfer the energy to the reaction center chlorophylls of PSI and PSII, called P700 and 

P680, respectively (Madigan, et al., 2009). Upon illumination, light is absorbed by the reaction 

center P680 of PSII, causing oxidation of two molecules of H2O by a manganese complex in 

PSII. The oxidation results in formation of one molecule of O2, four electrons (e-) and four 

protons (H+), thus creating a pH gradient over the thylakoid membrane (Masojídek, et al., 

2013). The gradient drives ATP synthesis, catalyzed by the transmembrane protein ATPase 

(Dall'Osto, et al., 2015). As protons flow through the ATPase from the thylakoid lumen to the 

chloroplast stroma, ATP is generated from ADP and inorganic phosphate (Pi), a reaction called 
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photophosphorylation (Madigan, et al., 2009). Furthermore, the electrons from the oxidation of 

H2O are donated to P680, making it more electronegative and thus a stronger reductant. The 

electrons then enter a chain of electron carriers, including Cyt bf, and are then further 

transferred to the reaction center P700 of PSI. From the electronegative P700 the electrons 

travel through a series of electron carriers, ending with the reduction of 2NADP+ to 2NADPH2 

(Masojídek, et al., 2013; Madigan, et al., 2009).  

 

 
Figure 10. Photosynthesis carried out in the thylakoid membrane as described by Madigan et al. (2009). Light energy is 

absorbed by reaction center PSII, causing oxidation of H2O. The electrons flow through PSII and PSI, resulting in formation 

of NADH2. ATP is generated by ATPase which is driven by the pH gradient. 

 

3.2.2.2 Dark reactions of photosynthesis 

When there is no light present, the autotrophic part of the algal metabolism occur, that is, 

assimilation of CO2 to carbohydrates. The pathway for fixation of CO2 into cell material in 

microalgae is called the Calvin Benson cycle, and requires two molecules of NADPH2 and three 

molecules of ATP, both of which are produced in the light reactions of photosynthesis, for 

conversion of one molecule of CO2 (Masojídek, et al., 2013). The reaction can be expressed as 

 

XCO2 + 2XNADPH2 + 3XATP  (CH2O)x + 2NADP+ + 3ADP + 3Pi + H2O 

 

Where X is the amount of CO2 molecules and (CH2O)x represents the carbohydrates. 

 

The Calvin Benson cycle include four phases (Masojídek, et al., 2013):  

 

(i) Carboxylation phase, where CO2 is added to ribulose-bis-phosphate to give two 

molecules of phosphoglycerate. 

(ii) Reduction phase, where the two molecules of phosphoglycerate are 

phosphorylated to bis-phosphoglycerate, using two ATP. The molecules of bis-

phosphoglycerate are then reduced by two molecules of NADPH2 to form two 

molecules of phosphoglyceraldehyde.  

(iii) Regeneration phase, which involves a series of reactions to regenerate ribulose-

bis-phosphate from phosphoglyceraldehyde, consuming one ATP. 
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(iv) Production phase, the formation of hexose from two molecules of 

phosphoglyceraldehyde, formed in (ii). These hexose molecules are then used for 

algal growth. 

Depending on the conditions in regard to light intensity, O2/CO2 concentrations and nutrient 

access, the end product varies. The primary end products of photosynthesis are considered 

carbohydrates, but also fatty acids, amino acids and lipids are needed for algal growth. Building 

of lipids and proteins requires phosphorus and nitrogen, thus making algae possible candidates 

for effective removal of phosphates and nitrates from wastewater or reject water (Rawat, et al., 

2013). 

 

Moreover, photorespiration is a reaction which occurs in the absence of light. Photorespiration 

can be characterized as competing process to the carboxylation step in the Calvin Benson cycle, 

since it converts organic carbon to CO2 without any metabolic gain. The reaction has shown to 

be dependent on the relative concentrations of O2 and CO2 where a high O2/CO2 ratio favors 

photorespiration and a low O2/CO2 ratio stimulates photosynthesis (Masojídek, et al., 2013). 

For microalgal cultivation it would therefore be necessary to lower the O2/CO2 ratio, e.g. by 

CO2 enrichment. 

 

3.2.2.3 Interactions between microalgae and bacteria 

In the water, the microalgae live in communities involving bacteria and other microbes. It 

appears as if their relationship can be symbiotic as well as parasitic, although little is known 

about the mechanism of interaction (Unnithan, et al., 2014). However, recently Kouzuma and 

Watanabe (2015) suggested three types of interaction: exchange of nutrients, signal 

transduction and gene transfer, where nutrient exchange is the most commonly occurring 

interaction (Kouzuma & Watanabe, 2015). The nutrient exchange includes breakdown of 

dissolved organic carbon by heterotrophic bacteria, which results in the release of CO2. The 

CO2 is consumed by microalgae for photosynthesis, evolving O2, which is utilized by bacteria 

to further break down organic matter and produce CO2 (Kouzuma & Watanabe, 2015; Muñoz 

& Guieysse, 2006). 

 

In addition to this exchange studies have shown a symbiotic relationship between microalgae 

and bacteria regarding synthesis of vitamin B12. Most algae are incapable of producing the 

vitamin, which they need as a cofactor for the enzyme Methionine synthase (Kazamia, et al., 

2012). Therefore, microalgae are dependent on the B12 synthesis of bacteria (Kouzuma & 

Watanabe, 2015). In return, the bacteria get fixed carbon from the algae, thus making the 

relationship mutual (Kazamia, et al., 2012).  

 

 

3.2.3 Effect of environmental parameters on microalgal production 

3.2.3.1 Light 

Since microalgae are phototrophs, they need light in order to perform photosynthesis (Singh & 

Singh, 2015). However, only wavelengths in the spectral range 400-700 nm can be utilized by 

microalgae for photosynthesis. This portion of the light energy is referred to as photo-

synthetically active radiation (PAR). For solar radiation, 48 % of the energy is PAR. A total of 

eight photons are required in order to complete one round of photosynthesis; four photons are 

needed to split 2H2O into O2 and 4H+, and four additional photons are required to assimilate 

4H+ and CO2 into algal biomass (Park, et al., 2011). Since the reactions of photosynthesis are 
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dependent on the number of photons in the range 400-700 nm, PAR is often measured as photon 

flux density with the unit µmol m-2 s-1.  

 

The photosynthetic activity increases with increasing light intensity up to a point where the 

growth rate declines as a result of photoinhibition (Park, et al., 2011). Excess of light cause 

damage of the reaction centers of PSI and PSII, thus interrupting both ATP and NADPH2 

synthesis as well as CO2 fixation. Initially, mainly the activity of PSII was thought to be affected 

by photoinhibition. However, Harvey and Bishop (1978) showed that also PSI is deactivated 

upon excess illumination (Harvey & Bishop, 1978; Sonoike, 1996).  

 

The light saturation point at which photoinhibition occurs differs between algal species, but 

most species are inhibited at light levels >200 µmol m-2 s-1 (Park, et al., 2011). Hence, the algal 

productivity depends on the quality and intensity of the light source as well as the length of the 

photoperiod. A generalized range of light:dark (hours) is 24:0 to 16:8, depending on algal 

species, cell density and light intensity (Singh, et al., 2015). 

 

3.2.3.2 Temperature 

Temperature is another key parameter in microalgal culturing and depending on the algae 

species, the optimum temperature varies. Based on their optimum temperature range, 

psychrophilic, mesophilic and thermophilic microalgae have been distinguished, with a 

temperature optimum of <20 C, 20-35 C and >35 C, respectively (Soeder, et al., 1985). 

However, most microalgae have their optimum temperature in the range 18-24 C (Singh, et 

al., 2015).  

 

Temperature directly influences the growth of algae by affecting metabolic activities, kinetics 

of chemical and biochemical reactions and selection for certain species (Singh, et al., 2015). 

Generally, the algal productivity increases with increasing temperature up to an optimal 

temperature above which photorespiration is enhanced, causing a decrease in algal growth. Also 

sudden temperature changes have negative effects on growth (Park, et al., 2011). Another effect 

related to temperature is chlorophyll content, which has been observed to increase with 

temperature up to the optimum temperature (Singh, et al., 2015). 

 

3.2.3.3 CO2/O2 exchange 

Algal biomass is made up of approximately 45-50 % carbon and thus require a carbon source, 

CO2 or CO3
2-, for biosynthesis (Nguyen & Rittmann, 2015; Singh, et al., 2015). In nature, CO2 

availability mainly depends on the oxidation of organic compounds performed by heterotrophic 

bacteria activity (Park, et al., 2011). For effective algal production, however, CO2 is often added 

to obtain sufficiently high CO2 concentration to support algal production (Singh, et al., 2015; 

Park, et al., 2011). Addition of CO2 also decreases the pH, thus also serving to prevent pH 

inhibition (Park, et al., 2011). 

 

As CO2 is dissolved, it is utilized by the algal cells for photosynthesis under formation of O2 

(Singh, et al., 2015). High levels of dissolved O2 are an indicator of a healthy culture with high 

photosynthetic activity (Torzillo & Vonshak, 2013). Additionally, O2 is thought to protect the 

photosynthetic pigments from photoinhibition by diverting the excess light energy through 

photorespiration (Torzillo & Vonshak, 2013). On the other hand, levels of O2 over normal air 

saturation are believed to inhibit algal productivity (Molina, et al., 2001; Park, et al., 2011) due 

to the increased photorespiration (Masojídek, et al., 2013). Moreover, high O2 levels are thought 
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to enhance the activity of oxygenase enzymes, causing a shift to uptake of O2 rather than CO2 

(Singh, et al., 2015). This results in a loss of fixed carbon and hence decreased growth (Hartig, 

et al., 1988). 

 

3.2.3.4 pH 

The pH of the medium is a crucial parameter since it affects algal growth, metabolism and 

availability of CO2 and nutrients (Singh, et al., 2015). In turn, pH is a function of algal and 

bacterial productivity and respiration, since consumption of CO2 raises the pH, whereas 

synthesis of CO2 lowers the pH (Park, et al., 2011). Additionally, the efficiency of CO2 addition 

influences the pH of the medium – the more dissolved CO2, the lower pH (Park, et al., 2011). 

Moreover, in mixed cultures containing nitrifying bacteria, pH is also affected by the formation 

of NO2
- and NO3

-. During aerobic oxidation of NH4
+ to NO2

- and NO3
-, protons are produced, 

thus lowering the pH (van Kempen, et al., 2001). 

 

High pH values have positive effects on ammonium-N and phosphorus removal (García, et al., 

2000). However, in aqueous solutions NH4
+ coexists with free ammonia (NH3) and the 

equilibrium between these is dependent on the pH of the solution. Since the pKa of the 

equilibrium of NH4
+/NH3 is 9.25 (Markou, et al., 2016), pH values above 9.25 tend to shift the 

equilibrium towards higher concentrations of NH3 (Markou, et al., 2016; Park, et al., 2011), 

which has been shown to significantly reduce the growth and photosynthetic activity of 

microalgae (Azov & Goldman, 1982; Craggs, et al., 2011). It is therefore of great interest to 

keep the pH sufficiently high to obtain efficient N and P removal, yet low enough to avoid 

accumulation of free ammonia. Both heterotrophic bacteria and many algal species have an 

optimum pH around 8, under and above which bacterial activity and algal productivity is 

significantly decreased (Park, et al., 2011). Therefore, a suitable pH range is 7-9 (Singh, et al., 

2015). 

 

3.2.3.5 Mixing 

The main purpose of mixing is to evenly distribute nutrients and heat, obtain efficient gas 

exchange and to prevent sedimentation of algal cell (Singh, et al., 2015). Mixing also serves as 

a way to avoid shading effects caused by the cells, hindering the light from reaching cells farther 

from the light source (Richmond, 2013). This is especially important for high density cultures, 

where the light penetration depth can be very limited (Singh, et al., 2015). Mixing of the algal 

culture can thus ensure that the biomass is intermittently exposed to the light (Park, et al., 2011). 

 

However, even though mixing plays an important role in achieving high algal productivity and 

biomass, too intensive mixing can also cause cell damage (Singh, et al., 2015). Additionally, 

mixing is often associated with high energy consumption, providing yet another reason for 

moderate mixing.  

 

3.2.3.6 Nutrients 

Apart from CO2, microalgae also need nitrogen and phosphorus containing compounds for 

biosynthesis (Rawat, et al., 2013). The bioavailable forms of nitrogen, i.e. the forms available 

for microalgal uptake, are NH4
+ and NO3

-, with NH4
+ being preferred over NO3

- (Krustok, et 

al., 2016). Phosphorus is available for algal uptake when existing as dissolved orthophosphate 

(PO4
3-) (Reynolds & Davies, 2001). According to Park et al, the algal biomass can be assumed 

to have the composition (C106H181O45N16P), suggesting a medium with an N/P ratio of 16 would 

be suitable for complete assimilation of both N and P (Park, et al., 2011). However, N/P ratios 
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varying from 4 to 40 have been reported (Craggs, et al., 2011). The roles of N is mainly 

associated with amino acid synthesis and a limited N supply hence reduces the protein synthesis 

(Beuckels, et al., 2015). P is a component of phospholipids and nucleic acids (Mayers, et al., 

2014), in fact, most P is stored in the ribosomal RNA (Beuckels, et al., 2015). 

 

Moreover, high NH4
+ concentrations have a positive effect on PO4

3- uptake by algal biomass. 

In a recent study, Beuckels et al. quantified growth and biomass composition in media with 

different N and P concentrations with the aim of investigating to what extent supply of one 

nutrient influences the removal of the other nutrient. The result showed that the concentration 

of N did not only affect the uptake of N but also the uptake of P. An initial N concentration 

above 40 mg L-1 caused a P removal of 6 mg L-1. However, as the concentration of N was 

lowered to below 20 mg L-1, the removal of P was only 2 mg L-1, implying that the removal of 

P from the medium is influenced by the concentration of N (Beuckels, et al., 2015). Conversely, 

the uptake of N was not dependent on the P concentration, but only on the N content of the 

medium (Beuckels, et al., 2015). 

 

However, high NH4
+ concentrations also have inhibitory effects on algal productivity and 

growth, especially in combination with high pH, since this shifts the equilibrium towards higher 

concentrations of NH3 (Markou, et al., 2016; Park, et al., 2011). Uptake of NH4
+ requires active 

transport across the cell membrane and can thus be regulated. In contrast, NH3 diffuses 

passively across the cell membrane causing elevated intracellular NH4
+/NH3 concentrations 

(Markou, et al., 2016). High intracellular NH4
+/NH3 concentrations interfere with proton 

balance and thus affect the photosynthetic activity and electron transport (Markou, et al., 2016) 

(Schuldiner, et al., 1972). Despite NH4
+ being a preferred nutrient over NO3

- it has been reported 

to be toxic at concentrations as low as 100 mg L-1 (del Mar Morales-Amaral, et al., 2015). 

However, this is mostly relevant when operating cultivation in batch mode. In continuous mode 

the influent concentration can be well above 100 mg L-1, since the real concentration, to which 

the culture is exposed, can be lower (del Mar Morales-Amaral, et al., 2015). 

 

In contrast, nitrogen starvation causes a shift from protein synthesis to lipid synthesis and thus 

serves as a tool for up-regulation of algal lipid content (Najafabadi, et al., 2015). High lipid 

content could be of interest when using algae for production of biofuels (Pittman, et al., 2010). 

However, enhanced lipid accumulation is accompanied by a loss in algal productivity and thus 

lower biomass (Najafabadi, et al., 2015). Moreover, phosphorus depletion has been shown to 

cause a reduction in productivity and photosynthetic activity in microalgae (El-Sheek & Rady, 

1994).  

 

 

3.3 Microalgae for wastewater treatment 

Wastewater treatment includes removal of high concentrations of nutrients, in particular 

nitrogen and phosphorus. The ability of microalgae to grow in nutrient-rich waters, 

simultaneously assimilating nutrients, has made them a potential candidate for a sustainable 

alternative for wastewater treatment (Pittman, et al., 2010). The idea of using algae for 

wastewater treatment dates back more than 50 years, when Oswald and Gotaas (1957) 

pioneered microalgae for sewage treatment. Since then, there has been extensive research on 

the potential of microalgae for wastewater treatment (Oswald & Gotaas, 1957; Park, et al., 

2011; Sahu, et al., 2013), and more recently also for production of biofuels, e.g. biodiesel and 

biogas (Caporgno, et al., 2015; Craggs, et al., 2011). As a result of the growing interest for 

algal-based biofuel production, the search for more nutrient-rich growth media has expanded. 
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For instance, a few reports have been made on algal cultivation and nutrient removal in reject 

water, however, mainly with focus on achieving high algal growth and productivity rather than 

efficient nutrient removal (Sahu, et al., 2013; Uggetti, et al., 2014). 

 

 

3.3.1 Microalgal species 

The choice of species is crucial and highly dependent on the objectives of the microalgal 

cultivation. In an application involving wastewater treatment, nutrient removal is considered an 

important parameter, along with tolerance to high NH4
+ concentrations. For biofuel production 

on the other hand, high productivity and accumulation of organic compounds, in particular 

lipids, is a critical issue that depends on species (Murphy, et al., 2015). Moreover, some species 

have very thick cell walls, thus making them less degradable by anaerobic digestion. For 

instance, Chlorella species have been reported to contain thick cell walls, which might require 

pre-treatment of the algal biomass prior to anaerobic digestion (Murphy, et al., 2015).  

 

Some of the most extensively studied species include Chlorella and Scenedesmus, both of 

which have showed efficient nutrient removal and tolerance to high NH4
+ concentrations 

(Krustok, et al., 2015; Riano, et al., 2012; Singh & Singh, 2015). Another species that has been 

proven efficient in nutrient removal, but has received somewhat less attention, is Muriellopsis 

sp. (del Mar Morales-Amaral, et al., 2015). This species had a maximum N-removal rate of 

47.5 mg L-1 day-1 and a P-removal rate of 3.8 mg L-1 day-1, comparable to the N-removal rate 

of Chlorella, which was determined to be 22.7 mg L-1 day-1 under optimal conditions (del Mar 

Morales-Amaral, et al., 2015). 

 

Obviously, the species that are most effective for wastewater treatment are not necessarily the 

best choice for biofuel production. Consequently, in order to successfully combine wastewater 

treatment and algae-based biofuel production, cultivation of mixed algal cultures may be the 

only way to meet all requirements (Chen, et al., 2015). 

 

 

3.3.2 Reactors 

There are several approaches for microalgal cultivation, all of which differ from each other 

regarding the construction, process performance and economical aspects. The cultivation 

systems can principally be divided into open and closed cultivation systems (Pulz, 2001). 

Historically, open cultivation systems have dominated, but during the past decades closed 

systems have gained ground. 

 

Open systems resemble the environment where algae naturally grow. The most common design 

are ponds/raceways, which can be described as open reactors operated at depths ranging from 

0.1-1 m (Park, et al., 2011). Mixing is usually driven by paddle wheels to achieve a horizontal 

water movement at a mean velocity of 0.15-0.3 m s-1 (Park, et al., 2011; Pulz, 2001). Open 

ponds usually yield biomass concentrations up to 1000 mg L-1 and productivities in the range 

10-25 g m-2 day-1 (Pulz, 2001). The productivity is mainly limited by poor light penetration, 

which is one of the major disadvantages associated with this system. Other drawbacks are the 

need for large areas, high evaporative losses and risk of contamination (Pulz, 2001). In addition, 

due to the relatively shallow depth, sparged CO2 has a short residence time, resulting in poor 

solubility and thereby losses of CO2 to the atmosphere (Murphy, et al., 2015). Open systems 

also imply challenges in monitoring and regulation of parameters such as temperature, pH, 
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mixing and light. Therefore it is often difficult to maintain a certain microalgal population, 

since different conditions select for different species (Pulz, 2001). In spite of all the drawbacks 

of open systems, they are still very common in large-scale applications. This is much due to 

their cheap and simple maintenance as well as good up-scaling possibilities (Murphy, et al., 

2015). 

 

In contrast, closed systems, or photobioreactors, offer more complex constructions including 

tubular reactors, flat panel reactors and tank bioreactors. Closed reactors have the advantages 

of better control of process parameters compared to open systems. Additionally, the closed 

photobioreactors are characterized by considerably lower risks of contamination and less CO2 

losses, as well as reproducibility and flexibility (Pulz, 2001). These advantages also enable for 

a higher biomass concentration and productivities up to 3-fold those obtained in open systems 

(Carvalho, et al., 2006). Nevertheless, the high costs for both investment and operation 

associated with closed systems have limited their use in large-scale applications (Carvalho, et 

al., 2006; Pulz, 2001). However, development of closed systems is in progress, with several 

pilot-scale configurations being tested (Murphy, et al., 2015).  

 

In the end, the choice of cultivation system depends on the objective of the cultivation. For 

wastewater treatment, closed systems are currently precluded due to high costs in combination 

with the low added value of the product (Carvalho, et al., 2006). 

 

 

3.3.3 Biogas production from algal biomass 

Wastewater treatment produces large amounts of sewage sludge that through anaerobic 

digestion is converted to methane (Caporgno, et al., 2015). The idea of using microalgae for 

biofuel production developed 60 years ago when their ability to generate high biomass and 

accumulate lipids was discovered (Caporgno, et al., 2015; Pittman, et al., 2010). Due to the high 

lipid content, microalgal biomass initially appeared promising in biodiesel production. 

However, biodiesel production from microalgae is not yet economically viable, primarily due 

to the high costs associated with drying and extraction of the lipids (Caporgno, et al., 2015). 

Anaerobic digestion, on the other hand, utilizes wet biomass and converts not only lipids, but 

other organic compounds as well, into biogas. 

 

According to Craggs et al. (2011), findings by Oswald and Golueke (1960) indicated that 

anaerobic digestion of microalgae results in average biogas yield of 0.3 L g-1 VS-1 of microalgal 

biomass, and a 60 % methane content. In addition, 50-60 % of the VS were converted to biogas. 

The relatively low yields of methane produced by digestion of algal biomass was suggested to 

be due to ammonia inhibition caused by the high intracellular N concentrations of algal biomass 

(Craggs, et al., 2011). Moreover, while some species possess no cell walls, others are protected 

by rigid cellulose cell walls that make them less easily degradable and thus result in lower gas 

yields (Murphy, et al., 2015).  

 

Since the findings by Oswald and Golueke, several studies on specific methane potential of 

different microalgal species have been performed. Murphy et al. (2015) compiled the methane 

production of several species and found values varying between 0.10 and 0.42 L g-1 VS-1. The 

broad range indicates that the methane is highly dependent on species, which can be explained 

by the variation in cell composition, that is, the relative amount of carbohydrates, proteins and 

lipids between different species. Another key determinant is the characteristic of the cell walls, 

which may be more or less easily digestible (Murphy, et al., 2015).  
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However, there are methods to increase the methane production. One approach is to enhance 

lipid accumulation by nitrogen starvation, which has been shown to cause a shift from 

carbohydrate to lipid synthesis (Chen, et al., 2015). However, the response to nitrogen limitation 

differs between different microalgal species. For instance, a study that compared the change in 

energy content in five Chlorella strains grown in low nitrogen medium showed that the lipid 

content increased in four of five species (Illman, et al., 2000). Also the total energy content 

increased in four species, however, not the same species. The highest lipid content, 63 %, was 

found in Chlorella emersonii grown in low nitrogen medium and corresponded to an increase 

in lipid content of 117 % compared to when grown in a conventional medium. The highest 

calorific value, 29 kJ g-1, was also found in Chlorella emersonii and implied a 38 % increase 

compared to when grown in the conventional medium (Illman, et al., 2000). It should be 

mentioned though, that the shift to increased lipid synthesis may be at the expense of 

productivity, why complete starvation is not recommended (Chen, et al., 2015). Excess lipids 

may also cause accumulation of long chain fatty acids, which are known to have inhibitory 

effects on anaerobic microorganisms (Appels, et al., 2008).  

 

Moreover, biogas production rates and yields may be enhanced by pre-treatment of the algal 

biomass. This method is of particular relevance for species with thick cell walls, which can 

significantly limit the biogas production rate. A pre-treatment step prior to anaerobic digestion 

could serve to break up the cell walls of microalgae and thus make them more easily available 

for digestion by anaerobic microorganisms (Murphy, et al., 2015). A recent study investigates 

the effect of three common pre-treatment methods that had previously been successfully applied 

on primary sludge to enhance the CH4 productivity (Alzate, et al., 2012). These methods were 

biological, ultrasound and thermal treatment. The results indicated that biological treatment 

caused negligible enhancement on CH4 production. Ultrasound and thermal treatment both 

significantly increased the productivity, however, thermal treatment proved to be the most 

efficient with a 60 % increase (Alzate, et al., 2012). Similar results were achieved in a more 

recent study, where the productivity was doubled by thermal treatment prior to anaerobic 

digestion in both batch and semi-continuous mode (Schwede, et al., 2013). 
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4 Materials and methods 

4.1 Origin of algal culture 

The initial microalgal culture was supplied by Mälardalen University. The culture had for a 

longer time-period been cultivated in a pilot-scale open bioreactor for wastewater treatment and 

contained in addition to microalgae also nitrifying bacteria. The origin of the culture was lake 

water from Lake Mälaren, which is the third largest lake in Sweden, with a water volume of 14 

km3 (Kvarnäs, 2001). The topography of Lake Mälaren is characterized by several sub-basins 

separated by islands and islets (Andersson, 2001; Kvarnäs, 2001). The water properties of the 

sub-basins vary considerably, especially seen to nutrient content. The westernmost basin is 

considered very eutrophic, with a phosphorus content of more than 50 µg P L-1 (Andersson, 

2001). These parts also exhibited a high nitrogen concentration, but this decreased in the 1970s 

when a nearby fertilizer plant installed an improved water treatment method (Andersson, 2001). 

However, as for the rest of the lake, the nitrogen concentration have remained high, while the 

phosphorus concentrations have decreased (Andersson, 2001).  

 

A recent study on algal wastewater treatment using inoculum from Lake Mälaren resulted in a 

culture containing mainly Scenedesmus and Chlorella species (Krustok, et al., 2015). These 

species have been widely studied with regard to nutrient removal efficiency and tolerance to 

high ammonium concentrations (Riano, et al., 2012; Singh & Singh, 2015). 

 

 

4.2 Experimental set-up 

Two photobioreactors developed in-house at TvAB were used in the experiments (Figure 11). 

The reactors had a diameter of 25 cm, a height of 40 cm and a working volume of 8.2 L. The 

reactors were made up of clear glass cylinders that allowed for high light transmittance. The 

metal top was equipped with openings for CO2 sparging and feeding as well as sampling and 

ventilation. The metal bottom had outlets for sampling and volume adjustment. One reactor 

(Algebra) served as a reference and the other reactor (Algot) was supplied with a process 

additive to observe its effects on microalgal growth and nutrient removal efficiency. 

 

 
Figure 11. The reactors used in the experiment. Algot on the left and Algebra on the right. 



28 

 

 

Each of the reactors were irradiated sideways using LED lights with a color temperature of 

4000 K and a luminous flux of 1600 lm (Biltema AB, Sweden). Based on the distance between 

light source and reactor and the reflection of light on the reactor surface, the photosynthetically 

active radiation (PAR) of each reactor was estimated to be 35 µmol m-2 s-1. Halfway through 

the experiment an additional light source was placed between the reactors to increase the light 

intensity. This resulted in a total estimated PAR of 52 µmol m-2 s-1 for each reactor. The 

photoperiod (light:dark) was initially 18:6 h to simulate the conditions during the Swedish 

summer, but was increased halfway through the experiment to 24:0 h.  

 

In the beginning of the project, one reactor was set up with wastewater and inoculated with the 

inoculum from Mälardalen University. Once stable, this culture was divided into two, which 

were scaled up to working volume 8.2 L. Initially, the reactors were continuously fed with a 

daily volume of 1.55 L 100 % incoming water, equivalent to a NH4-N load of 6 mg L-1 day-1. 

The NH4-N load was then gradually increased, first with an exchange of 20 % of the incoming 

water for reject water, resulting in a NH4-N load of 46 mg L-1 day-1. Additionally, Algot had a 

process additive added to the substrate to investigate if the additive could improve microalgal 

growth and nutrient removal efficiency. Once the system had stabilized, the portion of reject 

water was increased to 40 %, resulting in a NH4-N load of 86 mg L-1 day-1. Furthermore, 

phosphoric acid (H3PO4) was added to maintain the molar N/P ratio at 16.  

 

Since the reactors were fed with a daily volume of 1.55 L, the working volume had to be 

readjusted to 8.2 L once a day, resulting in a HRT of 5 days. Every other day the biomass of 

the outgoing material was allowed to settle by natural sedimentation after which the water phase 

was removed (Figure 12). The isolated biomass was then recirculated to the reactor, which 

resulted in a SRT of 10 days.  

 

 
Figure 12. Sedimentation of microalgal biomass for recirculation. 

 

Mixing of the reactor content was achieved by gentle stirring (Heidolph RZR 2020, Germany) 

at 60 rpm to obtain sufficient mixing of biomass and nutrients but to avoid disrupting the cells. 

The temperature was 25 C, which is in the optimum range for culturing microalgae (Singh, et 
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al., 2015) and also close to the temperature of reject water after dewatering from the digested 

sludge at Nykvarn WWTP.  

 

Moreover, sampling was done to measure the performance in regard to photosynthetic activity, 

microalgal growth and nutrient reduction on a daily basis. The analyses are described in more 

detail under section 4.3. 

 

The substrate used for cultivation was incoming water and reject water from Nykvarn WWTP 

(Figure 13). Incoming water was sampled in the initial phase of the project and at half-time. 

The sampling point was after the grids but before phosphorus is removed in the grit chamber 

(see Figure 4 in section 3.1.1.1). Reject water was collected once in the beginning of the project. 

The waters were kept frozen in 5 and 10 L portions, and thawed when needed. 

 

 
Figure 13. Sampling of incoming water (left) and reject water (right). 

 

The water was analyzed to determine the nutrient content (N and P), alkalinity, total suspended 

solids (TSS), BOD7, total carbon (TC), total organic carbon (TOC) and metal concentrations 

(Table 2). The nutrient content differed substantially between the incoming water and the reject 

water. The reject water had a NH4-N content of 1100 mg L-1, which is almost 35 times higher 

than that of the incoming water. Moreover, the PO4-P concentration of the reject water was 9.5 

mg L-1 resulting in a molar N/P ratio above 250, which can be compared to the molar N/P ratio 

of 17 of the incoming water. 
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Table 2. Chemical parameters of incoming water and reject water sampled from Nykvarn WWTP in the beginning of the 

project. 

Analysis Results 

 Reject water Incoming water 

Batch 1 

Incoming water 

Batch 2 

TSS 63 mg L-1 310 mg L-1 210 mg L-1 

Alkalinity 5200 mg L-1 240 mg L-1 - 

Phosphorus, total 16 mg L-1 6.7 mg L-1 6.2 mg L-1 

Phosphorus, orthophosphate 9.5 mg L-1 4.1 mg L-1 3.8 mg L-1 

Nitrogen, total 1200 mg L-1 52 mg L-1 28 mg L-1 

Ammonium nitrogen 1100 mg L-1 31 mg L-1 33 mg L-1 

Nitrite nitrogen <0.010 mg L-1 <0.01 mg L-1 0.63 mg L-1 

Nitrate nitrogen <0.50 mg L-1 <0.05 mg L-1 <0.05 mg L-1 

TC 1300 mg L-1 - - 

TOC 200 mg L-1 180 mg L-1 - 

BOD7 130 mg L-1 460 mg L-1 610 mg L-1 

Cadmium <0.38 µg L-1 <0.38 µg L-1 - 

Cobalt 8 µg L-1 <4 µg L-1 - 

Calcium 58.6 mg L-1 43.8 mg L-1 - 

Copper <10 µg L-1 51.7 µg L-1 - 

Iron 5950 µg L-1 963 µg L-1 - 

Manganese 29.4 µg L-1 81.7 µg L-1 - 

Magnesium 12.8 mg L-1 6.00 mg L-1 - 

Potassium 93.3 mg L-1 18.1 mg L-1 - 

Sodium 58.5 mg L-1 61.0 mg L-1 - 

Nickel <13 µg L-1 <13 µg L-1 - 

Lead <8 µg L-1 <8 µg L-1 - 

Zinc 37.5 µg L-1 98.4 µg L-1 - 

 

 

4.3 Chemical analyses 

All chemical analyses except pH, dissolved oxygen and chlorophyll concentration was 

performed by the TvAB water laboratory. The laboratory is certified according to ISO 

9001:2008, ISO 14001:2004 and OHSAS 18001:2007. Additionally the laboratory is accredited 

and officially approved by the Swedish Board for Accreditation and Conformity Assessment 

(SWEDAC). 

 

 

4.3.1 Dissolved oxygen 

The concentration of dissolved oxygen was monitored off-line by daily measurements on a 0.5 

L sample using a portable HQ30d (Hach, Germany). The device measured the concentration 

dissolved oxygen in the range 0.01-20 mg L-1. 

 

 

4.3.2 pH 

pH was monitored off-line by daily measurements at 25 C on a well mixed 0.5 L sample. The 

pH-meter, a Metrohm 827 pH lab (Metrohm, Schweiz) equipped with a Metrohm glass 
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electrode, was calibrated once a week using pH 4, 7 and 10, as well as an internal control of 

known pH to validate the calibration. 

 

 

4.3.3 Suspended solids  

Total suspended solids (TSS) were determined by measuring the amount of solids remaining 

after heating. The sample was filtrated through a glass fiber filter by vacuum filtration. The 

filter was then dried at 105 ± 2 C and the remaining solids were determined by weighing. 

Additionally, daily measurements on suspended solids (SS) were made using a portable 

suspended solids meter (Blanket Tracker, Cerlic) which measured the optical light transmission 

in the sample. 

 

 

4.3.4 Chlorophyll a concentration 

Concentrations of chlorophyll a, b and c were determined according to SS 028146-1 (Swedish 

Standards Institute, 2004) (Figure 14). Initially, 10 mL of the algal culture was filtrated through 

a 0.45 µm glass fiber filter (Munktell Filter AB, Sweden). After drying, chlorophyll was 

extracted with acetone, 90 % (VWR, United States). The samples were then stored for 24 h at 

3 C, after which the samples were centrifuged at 1000 × g for 10 minutes using a Centrifuge 

5810 (Eppendorf, Germany). Absorbance was measured using a UV-1700 spectrophotometer 

(Shimadzu, Japan) at 664, 647 and 630 nm, which are the maximum absorption wavelengths of 

chlorophyll a, b and c, respectively. Additionally, the absorbance at 750 nm was measured, 

which is where chlorophyll does not absorb.  

 

 
Figure 14. Illustration of the chlorophyll analysis procedure. The sample was filtered through a glass fiber filter. Chlorophyll 

was then extracted with acetone for 24 hours at 3 C. After centrifugation, absorbance of the clear phase was measured at 

750, 664, 647 and 630 nm. 
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Corrected absorption values for the chlorophylls were calculated by subtracting the absorbance 

at 750 nm from the absorbance at 664, 647 and 630 nm to give 

 

A664Corr = A664 – A750 

A647Corr = A647 – A750 

A630Corr = A630 – A750 

 

where A750, A664, A647 and A630 are the measured absorbance values at each wavelength and 

A664Corr, A647Corr and A630Corr are the corrected values. 

 

Chlorophyll a concentration was calculated using the equation  

 

C =  
Vs ∙ (11.85A664Corr − 1.54A647Corr − 0.08A630Corr)

V ∙ l
 

 

where C is the chlorophyll a concentration (µg L-1), Vs is the volume of the acetone extract 

(mL), V is the volume of the algal culture sample (L), l is the path length of the cuvette (cm) 

and 11.85, 1.54 and 0.08 are the specific absorption coefficients for chlorophyll a, b and c, 

respectively, in acetone. 

 

The complete protocol for Chlorophyll a concentration analysis is attached in Appendix A. 

 

 

4.3.5 Nitrogen 

Total nitrogen was analyzed according to SS-EN 12260:2004 (Swedish Standards Institute, 

2004). The method is based on the oxidation of nitrogen compounds to nitrogen oxides (NOx) 

during combustion at 800 C. The concentration of NOx was determined by chemiluminescence 

detection (Multi N/C 3100, Analytik Jena, Germany). 

 

Concentrations of NH4-N, NO2-N and NO3-N were analyzed according to the standard ISO 

15923:2013 (International Organization for Standardization, 2013). The method for NH4-N 

analysis determined the concentration of N in the form of NH4
+ by reaction of NH4 with 

hypochlorite. The complex that formed was detected by spectrophotometric measurements sing 

a Gallery Plus (Thermo Scientific, United States) at 660 nm.  

 

The concentrations of N in the form of NO2
- and NO3

-, respectively, were determined by 

spectrophotometric measurements, using a Gallery Plus (Thermo Scientific, United States). The 

method for determination of NO2-N concentration was based on the reaction of NO2
- with 

sulfanilamide and ethylenediamine. The concentration of the formed compound was obtained 

by spectrophotometric measurements at 540 nm. NO3-N concentration was analyzed by 

reduction of NO3
- to NO2

- followed by absorbance measurement at 540 nm to determine the 

total NO2-N concentration. The initial NO3-N concentration was then determined by subtraction 

of the NO2-N concentration, obtained from the first NO2-N analysis, from the total NO2-N 

concentration. 
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4.3.6 Phosphorus 

Analysis on phosphorus in the form of PO4
3- was performed according to ISO 15923:2013 

(International Organization for Standardization, 2013). The method was based on the reaction 

of PO4
3- with acidified ammonium molybdate under the formation of a phosphomolybdate 

complex. This complex was then reduced by ascorbic acid and detected by spectrophotometric 

measurements at 880 nm using a Gallery Plus (Thermo Scientific, United States).  

 

Total phosphorus concentration was determined accordingly. However, reaction with 

ammonium molybdate was preceded by conversion of all phosphorus compounds to PO4
3- by 

addition of potassium persulfate. The PO4
3- was then allowed to react with ammonium 

molybdate, after which the total phosphorus concentration (Ptot) was determined 

spectrophotometrically at 880 nm (Gallery Plus, Thermo Scientific, United States).  

 

 

4.3.7 Microalgal community 

The microalgal community was studied microscopically using an Axiostar plus light 

microscope (Carl Zeiss, Germany) at 10x and 40x magnification. Photographs were taken using 

a microscopy camera (Carl Zeiss, Germany). 

 

A 100 mL sample of the algal culture was collected. The biomass was allowed to settle after 

which two drops from each fraction, water phase and sediment, were transferred to a slide and 

covered with a cover slip (Figure 15). Images were taken in representative areas of the sample. 

The microalgal community was compared with other studies (Krustok, et al., 2015; Krustok, et 

al., 2016) to determine the species present. 

 

 

 
Figure 15. The microalgal community was studied microscopically at 10x and 40x magnification. 
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4.4 Bio-methane potential test 

The methane potential of the microalgal biomass was determined by execution of a batch 

experiment using an AMPTSII system developed by Bioprocess Control Sweden (Figure 16). 

The system constitutes three units: (A) sample incubation, (B) CO2 fixation and (C) gas volume 

measuring (Bioprocess Control Sweden AB, 2014).   

 

 
Figure 16. The three units of the AMPTSII system (Bioprocess Control Sweden AB, 2014). Unit A: Sample incubator. Unit B: 

CO2-fixation. Unit C: Gas volume measuring device. 

 

The experiment aimed to compare the methane potential of microalgal biomass with that of the 

biomass from SHARON when added to a microbial culture retrieved from the digestion 

chamber at Nykvarn WWTP. The experiment included four series with three replicates in each. 

These series were: 

 

1. Reference – A measurement of the background production of biogas resulting from 

degradation of the digestion culture itself, i.e. when no substrate was added. 

2. Algebra – Biogas and methane production resulting from anaerobic digestion of algal 

biomass produced without process additive. 

3. Algot – Biogas and methane production resulting from anaerobic digestion of algal biomass 

produced under addition of process additive. 

4. SHARON – Biogas and methane production resulting from anaerobic digestion of biomass 

from the SHARON process. 

 

 

4.4.1 Isolation of biomass 

Algal biomass and biomass from the SHARON process were isolated by natural sedimentation 

followed by centrifugation (Figure 17). In total, 14 L from each algal reactor and 4 L from the 

SHARON process was collected. The biomass was allowed to settle, after which the water 

phase was removed. The sediment was then centrifuged to concentrate the biomass further. The 

water phase was discarded and the biomass was collected for incubation. 
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Figure 17. Microalgal biomass and biomass from the SHARON process was isolated by sedimentation followed by 

centrifugation of the sediment. 

 

4.4.2 Sample incubation 

Biomass was added to 500 mL batch bottles in replicates of three, together with a nutrient 

medium (Nilsson Påledal, et al., 2013). The batch bottles were inoculated with digestion culture 

to achieve an inoculum to substrate ratio of 2:1 based on VS content. To the reference series no 

substrate was added, since the reference aimed to determine the methane production caused by 

degradation of the digestion culture itself.  

 

The bottles were sealed with lid equipped with a mechanical stirrer and two openings, one for 

N2 washing and one for biogas outlet. They were then placed in a 38 C incubator (Unit A) and 

washed with N2 to remove O2. All bottles were then connected to the CO2 fixation unit. 

 

 

4.4.3 CO2 fixation 

The CO2 fixation unit (Unit B) consisted of 12 flasks containing 3 M NaOH. As biogas was 

formed, the gas from each batch bottle (in Unit A) was led to an individual NaOH flask. The 

purpose of the NaOH is to capture the CO2 of the biogas, allowing only the methane to be 

transferred to the gas volume measuring device (Bioprocess Control Sweden AB, 2014). 

 

 

4.4.4 Gas volume measuring 

The gas volume measuring device was equipped with 15 flow cells of a known volume. Each 

NaOH flask of Unit B was connected to a flow cell in Unit C. The volume of methane produced 

was determined according to the principle of liquid displacement and buoyancy, i.e. by counting 

the number of times a known volume of gas displaced a known volume of liquid (Bioprocess 

Control Sweden AB, 2014).  
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4.5 Economic analysis 

Replacement of SHARON with a microalgae based process would imply many similarities in 

regard to operational costs, but also several differences. In order to estimate the operational 

costs of an algae based process for removal of nutrients from reject water, differences between 

the two processes were identified.  

 

The economic analysis was based on the experimental results from the microalgae cultivation 

and the batch experiment, as well as an analysis of operating costs for the SHARON process. 

A comparison between the theoretical nutrient removal by microalgae and the SHARON 

process was made with the assumption that microalgae, like SHARON, are capable of removing 

NH4-N from 100 % reject water with 95 % efficiency. In order to evaluate the CO2 and 

phosphorus consumption for the microalgal process, a mass balance was made based on the 

results from substrate analysis and an assumed nutrient removal efficiency of 95 %. The 

calculations were performed given the formula for microalgal biomass, C106H181O45N16P (Park, 

et al., 2011). Investment costs and pay-back time have not been taken into consideration due to 

a wish to use the existing SHARON reactor as system for microalgal cultivation. 



 

  



 

  



39 

 

5 Results and discussion 

5.1 Process analysis 

Through-out the project, the time plan has been updated as the conditions have changed. The 

third and final version of the time plan was revised half-way through the project (Figure 18). A 

major difference compared to the first version is the scheme for transition to reject water. This 

change had to be made due to complications that arose when reject water was first added. The 

initial plan was to increase the fraction of reject water in the ingoing material in steps of 20 % 

every 15th day. However, the required adaptation time of the culture had been underestimated, 

which lead to a delay in the transition to reject water. Consequently, due to lack of time, the 

transition never reached 100 % reject water, but remained at a maximum of 40 %.  

 

Moreover, the biogas experiment was put forward to one week later that initially planned. This 

was due to the poor sedimentation properties of the biomass, which made it impossible to isolate 

the required amount of biomass for the experiment. 

 

Finally, the date for half-time report was three weeks later than initially planned. This change 

was due to difficulties finding a date when all involved persons could attend.   

 

 
Figure 18. The third and final version of the time plan, revised halfway through the project. Changes compared to the first 

version are the transition to reject water which stopped at 40 %, and a one-week delay in the start-up of batch experiments. 

Additionally, the half-time report was delayed three weeks. 

All activities were followed up according to the steps described in section 2.2. Continuous 

follow-up on performed activities provided a useful tool to detect complications in time to take 

measures. Iterative repetition of these steps lead to several changes in both the time plan and 

the experimental set-up. The most important changes are described below: 

 

Week: 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Literature study

Planning

Project plan

Hypothesis

Experiments

Adaptation

Transition to 40 % reject water

Transition to 40 % reject water + process additive

Time for additional experiments

Biogas experiment

Report

Background and theory

Materials and methods

Results and diskussion

Presentations

Prepare for half-time presentation

Prepare for final presentation

Milestones

Project planning

Define objectives of the project

Planning report

Steady-state reached

Half-time report

Termination of experiments

Final report

Report to opponent

Final presentation

Internal presentation

20%

20%

40%

40%
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 Transition only to 40 % reject water – Every increase of reject water implied changes 

in environmental conditions that the microalgae needed time to adapt to. The 

adaptation time was longer than expected, which made it impossible to reach 100 % 

reject water within the project period. Additionally, it was a major challenge to 

determine whether the measured results were due to algal or bacterial activity. 

Therefore it was decided not to increase the load to more than 40 % reject water and 

instead focus on getting an understanding of the system.  

 Phosphorus addition – Analysis on nutrient reduction showed that the microalgae 

were suffering from phosphorus deficiency upon addition of reject water. Therefore it 

was decided that phosphorus had to be added to the system together with the daily 

substrate. 

 Change in light intensity and light:dark cycle – As a result of increasing cell density 

and lower transmittance the light intensity had to be increased by addition of an extra 

light source. Moreover, the light:dark cycle was changed from 18:6 h to 24:0 h. 

 Increased solids retention time (SRT) – The average time the solids spend in the 

reaction, SRT, was increased from 10 days to 15 days to give the microalgae more 

time to assimilate nitrogen.  

 

 

5.2 Experimental results 

5.2.1 Microalgal community 

Microscopy analysis of the microalgal community present in the two reactors showed great 

variation over time. However, the evolution of the culture was similar in both reactors. The 

most striking change over time was the composition of algal species (Figure 19). Initially, 

various Scenedesmus species were the most commonly occuring species in both reactors 

(Figure 19, t = 22 days). However, when the reject water portion of the substrate had been 

increased to 40 %, there was visual shift from a culture dominated by Scenedesmus species to 

a culture including both Scenedesmus (A) and Chlorella (B) species, with Chlorella being 

predominant (Figure 19, t = 92 days). Moreover, Algot had more variety than Algebra upon 

addition of 40 % reject water, since Algot also showed occurance of diatoms (C).  
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Figure 19. Evolution of the microalgal community in Algebra (top) and Algot (bottom). Initially, the dominating species were 

as appeared mainly Scenedesmus (A). Throughout the project, Chlorella (B) evolved to become more dominating. Algot also 

showed occurrence of diatoms (C). Images were taken in representative areas of the sample and with a magnification of 40x. 

 

The evolution of the culture to form a community consisting of both Scenedesmus and 

Chlorella, with the latter being the most commonly occurring, indicates that the culture may be 

experiencing light limitation. Chlorella species have been shown to have a lower critical light 

intensity, thus being a better light competitor than Scenedesmus at scarce light (Marcilhac, et 

al., 2014). 

 

Moreover, both reactors were periodically experiencing outbreaks of filamentous cyanobacteria 

(Figure 20). These phototrophic bacteria have been reported to have a lower the nutrient 

removal rate and biomass productivity compared to green microalgae (Su, et al., 2012). In 

addition, the same study found that the presence of cyanobacteria causes poor settleability, thus 

obstructing harvest of the algal biomass. Harvesting has been reported as one of the major 

challenges of microalgal cultivation due to technical difficulties and costly methods (Park, et 

al., 2011; Su, et al., 2012). Therefore, a fast natural settleability is highly desirable. 
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Figure 20. Presence of filamentous cyanobacteria in both Algebra and Algot. 

 

 

5.2.2 Process performance 

The process was divided into three phases based on the portion of reject water in the ingoing 

water. The sections are: Phase I: Start-up, Phase II: 20 % reject water and Phase III: 40 % reject 

water.  

 

5.2.2.1 Phase 1: Start-up 

Phase 1 included start-up of the two reactors, Algebra and Algot, and aimed to reach a steady-

state with high microalgal activity and nutrient removal efficiency. Both reactors were treated 

equally with a NH4-N load of 6 mg L-1 day-1 using incoming water, a CO2 sparging rate of 2.7 

L day-1 and a light:dark cycle of 18:6 h.  

 

Monitoring of dissolved O2 showed high concentrations of oxygen in the range 15-20 mg L-1 

(Figure 21), which is well above normal air saturation of 8.26 mg L-1 at 25 C (Rounds, et al., 

2013). This indicates a healthy culture with high photosynthetic activity. Moreover, the pH 

remained at around 6-7 (Figure 21), which is lower than the recommended pH of 8, as suggested 

by Park et al (2011). However, a low pH can be expected when sparging with high 

concentrations of CO2, as shown by Mohsenpour and Willoughby (2016). They showed that 

cultures aerated with 15 % CO2 had a lower pH compared to cultures aerated with pure air 

containing 0.03 % CO2, presumably due to conversion of unutilized CO2 to carbonic acid. High 

concentrations of CO2 also impaired the growth rate. On the other hand, during aeration with 

high CO2 concentration nitrogen storage was enhanced, as was the uptake of CO2 (Mohsenpour 

& Willoughby, 2016). In addition, the high O2 concentration makes it necessary to maintain a 

high CO2 concentration as well. This is because a high O2/CO2 ratio favors photorespiration, 

whilst a low O2/CO2 ratio stimulates photosynthesis. Photosynthesis would be preferable over 

photorespiration, since the latter converts organic carbon to CO2 without any metabolic gain 

(Masojídek, et al., 2013). 
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Figure 21. Dissolved oxygen concentrations and pH during Phase 1: Start-up. The concentration of dissolved oxygen 

remains high through-out the phase, while pH ranges at low values between 6 and 7. 

 

Furthermore, analysis of nitrogen concentration showed that NH4
+ reduction was 100 %, 

indicating that all NH4-N of the incoming water was utilized by microalgae or bacteria (Figure 

22). Moreover, total N reduction, i.e. the reduction of the sum NH4-N + NO2-N + NO3-N, 

remained above 80 % indicating that more than 80 % of the nitrogen in the substrate was 

assimilated into microalgal or bacterial biomass, thereby contributing to cell growth. The 

remaining 20 % of the ingoing nitrogen occurred as small amounts of NO2
- and NO3

-. These 

findings are similar to those of previous studies (Krustok, et al., 2015; Martínez, et al., 2000) 

and further verify the potential of using microalgae for nutrient removal from wastewaters in 

general and incoming water in particular. In fact, treatment of incoming water was the main 

field of application originally proposed by Oswald and Gotaas (1957) and also constitute an 

area of research that has been extensively studied during the past decades (Krustok, et al., 2015; 

Oswald & Gotaas, 1957; Park, et al., 2011; Sahu, et al., 2013). Considering the high nutrient 

removal capacity, a microalgal process could provide for an alternative for the biological 

treatment that is currently operating at Nykvarn WWTP to reduce the ammonium content in the 

main stream.  
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Figure 22. Nitrogen reduction during Phase 1: Start-up. NH4 reduction reached 100 % and total N reduction was >80 %, i.e. 

more than 80 % of the nitrogen in the substrate was remove by assimilation into algal or bacterial biomass. 

 

5.2.2.2 Phase II: 20 % reject water 

Phase II included increase in nitrogen loading rate by replacing 20 % of the incoming water 

with reject water. This resulted in an increased nitrogen loading rate from 6 mg L-1 day-1 to 46 

mg L-1 day-1. Additionally, Algot was treated with a process additive. The start of Phase II is 

marked with a red dashed line in the graphs below. 

 

The first few days after feeding with 20 % reject water began, both dissolved oxygen 

concentration and suspended solids (SS) increased, suggesting higher photosynthetic activity 

and enhanced growth, probably due to increased access to nutrients (Figure 23). However, after 

approximately four days, oxygen levels and SS declined due to lower microalgal productivity. 

The reason for the decreased productivity is thought to be toxic concentration of NH4
+ in 

combination with poor access to light (Uggetti, et al., 2014). The change in nitrogen loading 

rate from 6 mg L-1 day-1 to 46 mg L-1 day-1 amounts an eightfold increase in NH4
+ added daily, 

which would imply eight times higher light requirement to assimilate all nitrogen. Since there 

was no increase in light intensity upon transition to 20 % reject water, it is quite possible that 

light was the limiting factor. It is also likely that light penetration was impaired, both by the 

lower transmittance of reject water and by the initial increase in cell density, as shown by 

increasing SS (Figure 23). High cell densities have been shown to cause self-shading, i.e. 

shading effects caused by the biomass itself (Park, et al., 2011). 

 

Moreover, a green coating started to grow on the inside of the reactor walls, further limiting 

light penetration. Microscopic analysis showed that that the coating consisted of filamentous 

cyanobacteria. These species are capable of attaching to solid surfaces and, by gliding 

movement, move towards light (Madigan, et al., 2009). When the coating was removed from 

the reactor walls (green dashed line in Figure 23), allowing light to enter, both SS and oxygen 

concentration increased. This further supports the hypothesis that poor light access limited the 

algal growth and photosynthetic activity.  
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Figure 23. Dissolved oxygen and SS during Phase II: 20 % reject water. Upon transition to 20 % reject water (red dashed 

line), the SS and concentration of dissolved oxygen declined. Moreover, filamentous cyanobacteria started to form a coating 

on the inside of the reactor walls, preventing light from entering the reactors. When the coating was removed (green dashed 

line), the SS and oxygen concentration increased. 

 

Moreover, there is a slight difference between Algebra and Algot, where Algot has the capacity 

to maintain the cell density to a larger extent than Algebra, which implies a higher growth rate 

of Algot. This could be an effect of the process additive, which is known to play vital role in 

photosynthesis.  

 

Furthermore, nutrient removal efficiency was also negatively affected by the increased nitrogen 

loading. The concentration of NH4-N increased rapidly upon transition to 20 % reject water 

(red dashed line, Figure 24). This accumulation of NH4-N coincides with the loss of algal 

activity, as indicated by the decrease in SS and dissolved oxygen (Figure 23). Additionally, 

NO3
- started to form due to increased activity of nitrifying bacteria. This can be explained by 

increased access to NH4
+, enabling growth of nitrifying bacteria. Moreover, Marcilhac et al. 

reported that high algal growth inhibits the growth of nitrifying bacteria. The same study also 

showed enhanced activity of nitrifying bacteria in the absence of algal growth (Marcilhac, et 

al., 2014). Based on these results it is suggested that while microalgal growth is reduced by 

limited access to light, nitrifying bacteria can continue to grow without competition. 

 

When the cyanobacterial coating was removed from the reactor walls and the microalgal 

activity increased, the NH4
+ concentrations started to decline (Figure 24, green dashed line). 

Interestingly, it also led to increased activity of nitrifying bacteria and formation of NO3
-, this 

despite the fact that these bacteria do not require light for growth. One possible explanation for 

the increased activity of nitrifying bacteria would be the elevated access to oxygen, which is 

consumed by the nitrifying bacteria to oxidize NH4
+ to NO2

- and finally NO3
- (An & Joye, 

2001).  
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Figure 24. Concentrations of NH4-N, NO2-N and NO3-N along with dissolved oxygen. The nitrogen concentration increased 

rapidly upon transition to 20 % reject water (red dashed line). When the cyanobacterial coating was removed from the 

reactor walls (green dashed line), the nitrogen concentration declined. 

 

As a result of the limited uptake of NH4
+, the NH4-reduction decreased rapidly from 100 % to 

approximately 40 % (Figure 25). Total N-reduction decreased to below 30 % due to formation 

of NO3
-, meaning less than 30 % of the ingoing nitrogen was assimilated to the microalgal 

biomass. However, analysis on PO4-P concentration showed that PO4-reduction remained at 

100 %, as it had been from the start of the experiment. This suggests a potential phosphorus 

deficiency which might limit the uptake of NH4
+, thus contradicting the findings of Beuckels, 

et al. (2015). At day 34, H3PO4 was added to give a molar N/P ratio of 16, as recommended by 

Park et al (2011). The addition of PO4
3- made the negative trend in NH4-reduction to wear off, 

which confirms the previous phosphorus limitation. However, the reduction efficiency did not 

increase. From this it can be concluded that phosphorus was not the only limiting factor. Since 

not all NH4
+ was consumed, neither was the PO4

3-, resulting in a drop in phosphorus removal 

efficiency from 100 % to 20 %. 

 

The NH4-reduction increased when the cyanobacterial coating was removed, thus allowing for 

light to enter the reactors (Figure 25). However, since this also implied elevated formation of 

NO3
-, the total N-reduction remained low at around 25 %. It can therefore be concluded that in 

order to maintain efficient nutrient removal by microalgae, it is necessary to suppress the 

growth of nitrifying bacteria. In a recent study by Krustok et al. (2016) it was shown that 

nitrification was the main contributor to NH4
+ removal. Moreover, inhibition of nitrification by 

addition of allylthiourea showed to significantly improve microalgal growth (Krustok, et al., 

2016).  
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Figure 25. Nitrogen and phosphorus reduction. Nitrogen reduction efficiency decreased upon transition to 20 % reject water 

(red dashed line) while the phosphorus removal remained at 100 %. This suggests a phosphorus limitation which was 

adjusted by addition of H3PO4. The addition made the decrease in nitrogen reduction to wear off, but the reduction efficiency 

increased first when the light access was increased.  

 

5.2.2.3 Phase III: 40 % reject water 

As the portion of reject water in the substrate was doubled to 40 %, the nitrogen loading rate 

increased from 46 mg L-1 day-1 to 86 mg L-1 day-1. Since the previous phase had implied issues 

related to light limitation, the light intensity was elevated by 50 %. In addition, the photoperiod 

was changed to 24:0 h meaning constant irradiation. 

 

Suspended solids for Algot remained constant upon transition to 40 % reject water (Figure 26). 

Algebra on the other hand, showed a gradual loss in suspended solids. The same pattern was 

revealed by chlorophyll analysis, with a distinct increase in chlorophyll a in Algot, while it 

slightly decreased in Algebra (Figure 26). One possible explanation, which also supports the 

effect of the process additive, is that Algot was able to produce more chlorophyll to compensate 

for scarce light conditions and in that way maintain the cell density. According to Falkowski 

and Raven (2013), changing the number of photosynthetic units is a strategy for microalgae to 

maintain the photosynthetic activity during light-limiting conditions. The process additive 

contains factors that are believed to have positive effects on the production of photosynthetic 

pigments, hence the divergence between Algot and Algebra is likely due to the additive. 

Without the additive, Algebra did not have the same ability to perform photosynthesis in limited 

light and thus the SS decreased. 

 

From day 100 of the experiment, a short test with an additional increase in light intensity was 

performed (Figure 26). Even though there are few data points, the indication is that the 

additional light had a positive effect on microalgal growth. This indicates that the growth was 

limited due to poor access to light, likely caused by the low transmittance of reject water in 

combination with self-shading effects. This further emphasizes the importance of sufficient 

light intensity to obtain high algal growth. 
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Figure 26. Suspended solids and chlorophyll a concentration. Upon transition to 40 % Algot managed to increase its 

chlorophyll a concentration and maintain the SS. Algebra, however, showed a loss in both chlorophyll a concentration and 

SS. The blue dashed line marks the increase in nitrogen loading rate. 

Moreover, the nutrient removal efficiency remained rather constant through-out Phase III, with 

a NH4-N reduction around 60 % and both total N reduction and PO4-P reduction of 

approximately 30 % (Figure 27). In comparison, some studies have reported NH4-N reduction 

efficiencies of 80-100 % and total N reduction efficiencies of 60-95 % (del Mar Morales-

Amaral, et al., 2015; Martínez, et al., 2000). However, other studies have encountered high 

nitrification rates, resulting in a total N reduction of 15-40 % (Karya, et al., 2013; Krustok, et 

al., 2016). 

 

 
Figure 27. Nutrient removal efficiency in regard to NH4-N reduction, total N reduction and PO4-P reduction. NH4-N was 

removed with an efficiency of 60 % and total N was removed by 30 %, as was PO4-P. Increased light intensity during the last 

days of the experiment enhanced the nutrient removal efficiency. 

 

By the end of the experiment there is a tendency of increased removal efficiency for both NH4-

N and PO4-P, presumably due to enhanced productivity upon the final increase in light intensity. 

However, total N reduction seemingly is unaffected by the elevated access to light, indicating 
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that also the formation of NO2
- and NO3

- by nitrifying bacteria increased with light intensity, 

probably due to enhanced oxygen production by microalgae. 

 

The occurrence of NO2
- and NO3

- during Phase III was confirmed by analysis on the 

composition of nitrogen compounds, which also showed some diversity between Algebra and 

Algot (Figure 28). First of all, the NH4
+ concentrations were slightly lower in Algot, indicating 

that the addition of the process additive to some extent had a positive effect on the NH4
+ 

removal. Secondly, the sum NO2
- + NO3

- was higher in Algot, indicating that nitrifying bacteria 

benefit from the process additive. In addition, NO2
- in Algot is completely converted to NO3

-, 

suggesting high photosynthetic activity of microalgae resulting in elevated oxygen levels, 

which can be used to oxidize NO2
- to NO3

-. Thirdly, formation of NO2
- and NO3

- was associated 

with a pH reduction (Figure 28) due to proton formation, as described by van Kempen et al. 

(2001). Low pH values have been shown to inhibit algal growth (Mohsenpour & Willoughby, 

2016), which further supports the need to suppress nitrification. 

 

 

 
Figure 28. Composition of nitrogen compounds in Algebra (top) and Algot (bottom) along with pH. Algot had slightly lower 

concentrations of NH4
+ than Algebra. Algot also contained higher concentrations of NO3

-, while NO2
- dominated in Algebra. 

However, there was no significant improvement in total N reduction due to treatment with 

process additive (Figure 27). It may be that the process additive was more beneficial for the 

growth of nitrifying bacteria than the growth of microalgae. This theory is supported by the 

higher concentration of the sum NO2
- + NO3

- in Algot compared to Algebra (Figure 28). The 
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slightly lower NH4
+ concentration in Algot is thus due to higher activity of nitrifying bacteria 

rather than algal growth. The theory of bacterial benefit from treatment with the process 

additive also indicates that the decrease of SS in Algebra is due to a declining growth of both 

bacteria and algae, while the more stable SS in Algot is due to decreased growth of algae and 

enhanced growth of nitrifying bacteria (Figure 26). However, the higher chlorophyll 

concentration of Algot suggests that the process additive increases the photosynthetic capacity, 

which should imply enhanced algal productivity. Since there is no obvious advantage from the 

process additive on the biomass concentration, there are probably other limiting factors, such 

as the low pH induced by the activity of nitrifying bacteria (Mohsenpour & Willoughby, 2016).  

 

In summary, this study has shown the potential of using microalgae for wastewater treatment 

with a removal efficiency of 100 % for both NH4
+ and PO4

3- from incoming water of the 

Nykvarn WWTP. This indicates that microalgal cultivation can serve as a main treatment step 

at the WWTP. Moreover, sparging with pure CO2 was possible, even though this supposedly 

lowered the pH. Transition to 20 % and 40 % reject water increased the formation of NO2
- and 

NO3
- by nitrification. Additionally, the process additive enhanced the activity of nitrifying 

bacteria, thus contributing further to nitrification and a lowering of the pH (van Kempen, et al., 

2001). The effect of the process additive on microalgae is however contingent; there is no 

obvious enhancement in total N reduction since the difference in NH4
+ removal is mainly due 

to NO2
-/NO3

- formation, which suggests the microalgal activity is unaffected by the additives. 

On the other hand, the low pH that arose as an effect of nitrification may have reduced the 

microalgal growth and thus suppressed a potential positive effect on microalgal nutrient uptake. 

Moreover, low pH may have caused a positive selective pressured on cyanobacteria 

(Mohsenpour & Willoughby, 2016). Suppressing the growth of cyanobacteria to favor the 

growth of microalgae is of interest since the latter have been shown to exhibit better 

settleability, nutrient removal rate and biomass productivity (Su, et al., 2012). Reducing 

nitrification could be a way of achieving a pH around 8, which is recommended for microalgal 

culturing (Park, et al., 2011). A shift towards higher pH will presumably improve microalgal 

growth and nutrient removal efficiency, and simultaneously suppress the growth of 

cyanobacteria and nitrifying bacteria (Marcilhac, et al., 2014; Mohsenpour & Willoughby, 

2016).  

 

 

5.2.3 Bio-methane potential test 

The bio-methane potential test showed twice as high methane potential of algal biomass (60-

70 NmL g-1 VS-1) compared to biomass from the SHARON process (35 NmL g-1 VS-1) (Figure 

29). Moreover, Algot produced almost 30 % more methane than Algebra with an accumulated 

methane production of 73 NmL g-1 VS-1 compared to the 57 NmL g-1 VS-1 of Algebra. These 

yields are considerably lower than what has been reported by others, for instance Keymer et al. 

(2013) achieved a methane yield of 180 NmL g-1 VS-1. The low yields may be due to the small 

amount of substrate that was harvested for the bio-methane potential test, resulting in a lower 

VS content than recommended in the standard procedure. This deviation may have had a 

negative effect on the methane production. Another explanation is that the microalgal biomass 

in this study consisted of algal species that are hard to digest by anaerobic microorganisms. 

 

Since all bioreactors in the bio-methane potential test were treated with all necessary 

components to optimize anaerobic digestion, the divergence between Algebra and Algot is not 

thought to be directly related to the process additive of Algot. Instead, there is supposedly an 

indirect connection between the process additive addition and the higher methane production 
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of Algot. One theory is that Algot had a higher accumulation of lipids, which is supported by 

the more efficient P removal in Algot (Figure 27). Another hypothesis, which does not exclude 

the former, is that the microalgal community in Algot was more favorable in regard to methane 

production by being more easily degraded.  

 

 
Figure 29. Bio-methane potential from anaerobic digestion of algal biomass from Algebra and Algot compared to biomass 

from the SHARON process. 

The considerably higher accumulated methane production achieved by anaerobic digestion of 

microalgae indicates that microalgal biomass has higher bio-methane potential than the biomass 

from the SHARON process. To enhance the bio-methane production even more, the biomass 

might need pre-treatment. For instance, previous studies showed that thermal pre-treatment of 

microalgal biomass more than doubled the methane yield (Alzate, et al., 2012; Keymer, et al., 

2013; Schwede, et al., 2013). Application of a microalgal process at the Nykvarn WWTP would 

imply recirculation of the algal biomass to the primary sedimentation step. Since the primary 

sludge is not pre-treated prior to anaerobic digestion, the biomass in this experiment was not 

pre-treated. Moreover, the methane yield is very dependent on species, their degradabilty and 

their ability to accumulated organic compounds (Murphy, et al., 2015). Hence, it may be 

possible to improve the methane production further by selecting appropriate strains of 

microalgae. Replacement of the SHARON process with a microalgae based system could thus 

allow for higher revenue from anaerobic digestion of primary sludge. 

 

 

5.2.4 Economic analysis 

A full-scale microalgal process for purification of reject water is assumed to resemble the 

SHARON process in several aspects. For instance, personnel costs are likely the same as for 

the SHARON, as is the energy demand for mixing. Moreover, the energy demand for aeration 

during nitrification in the SHARON process is assumed to be similar to the energy required for 

sparging with CO2 in an algal based method. Hence, these parameters are excluded in the 

economic analysis. 

 

The differences between the processes were identified to be the use of carbon source, addition 

of phosphoric acid and copper sulphate, as well as light energy demand for the microalgal 

process. In addition, the batch experiment showed a difference in methane potential between 
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biomass from the SHARON process and microalgal biomass, which has also been taken into 

consideration (Table 3). Calculations can be found in Appendix B. 

 
Table 3. Comparison between the SHARON process and a microalgae based process assuming 95 % nitrogen removal 

efficiency in reject water. 

Parameter Amounts Economy (SEK/year) 
   

 SHARON Microalgae SHARON Microalgae 

     

Phosphoric acid (kg/year) 5 000 42 000 -50 000 -420 000 

Copper sulphate (kg/year) 34 0 -7 000 - 

Carbon source (kg/year) 112 000* 2 280 000** -818 000 - 

Light energy (kWh/year) - 38 000 000*** - -19 000 000 

Theoretical methane yield (m3/year) 3 000 95 000 +11 000 +302 000 

     

  Total -864 000 -19 000 000 

* Ethanol 

** CO2 from biogas upgrading, no cost 

*** Artificial light 6 m/y, 18 h/d 

 

The economic analysis showed that the operating costs of an algae based process for 

purification of reject water would exceed those of the SHARON process by 20 fold, much do 

to the high light demand of microalgae. Although the analysis is a rough estimation based on 

several assumptions, it is obvious that an algae based process cannot compare to the SHARON 

process in regard to operating costs when using artificial LED lights as light source. However, 

with a more efficient light source, i.e. a lower watts/PAR-watts ratio, the energy costs might be 

reduced. In addition, the design of the SHARON reactor is not suitable for microalgal 

cultivation, since it does not offer a sufficient surface area relative to its volume. This would 

require a new cultivation system which claims large land areas and implies high investment 

costs. Moreover, the theoretical methane production from anaerobic digestion of microalgal 

biomass is 30-fold that of biomass from the SHARON process. Hence, pre-treatment of the 

algal biomass prior to anaerobic digestion to increase the degradability might partly compensate 

for the higher energy consumption of a microalgal process relative the SHARON process 

(Schwede, et al., 2013). However, it should be noted that the theoretical methane yield is based 

on an assumed NH4-N reduction of 95 %, and has not been demonstrated in practice. 

 

 

5.3 Ethical and social effects 

This work has shown that microalgae are capable of complete removal of both nitrogen and 

phosphorus from incoming wastewater at the Nykvarn WWTP. Since both nitrogen and 

phosphorus are efficiently removed by microalgae, microalgal cultivation could possibly 

provide an alternative treatment method where conventional biological and chemical treatment 

are combined in one process. Simultaneously, microalgal cultivation may compose a solution 

to reduce the emissions of CO2 and thereby decrease the wastewater treatment industry’s 

contribution to the greenhouse effect.  

 

Moreover, the microalgal biomass was shown to be a suitable substrate for anaerobic digestion 

and production of biogas. Biogas is a renewable energy source and potentially an important 

component to secure future energy demand. In addition, microalgal cultivation removes 

nitrogen from wastewater by assimilation to the algal biomass rather than by denitrification to 
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form N2. Coupled with anaerobic digestion, microalgal cultivation contributes to the return of 

nitrogen to forest and agricultural land, thus closing the natural loop of nitrogen.  
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6 Conclusions 

This study has demonstrated an alternative method for treatment of nitrogen-rich wastewaters 

by microalgal cultivation. The microalgal culture was very efficient at removing nitrogen and 

phosphorus from incoming water of the Nykvarn WWTP. This suggests that microalgae could 

serve as an alternative to the biological treatment that is currently in use. It was also shown that 

reject water can be used as a substrate for microalgal cultivation. However, at higher 

concentrations of reject water the transmittance decreases, thus impairing light penetration. In 

addition, the increase in cell density that followed upon higher concentrations of reject water 

probably caused self-shading effects, thus limiting growth. Based on the results in this study, it 

is suggested that while microalgal growth is reduced by limited access to light, nitrifying 

bacteria can continue to grow without competition. Also nitrogen and phosphorus uptake was 

affected by the light limitation due to lower photosynthetic activity. In addition, the molar N/P 

ratio affected the uptake of nitrogen. At transition to 20 % reject water, the nitrogen removal 

rate decreased rapidly while the phosphorus was completely assimilated, which indicated 

phosphorus deficiency. The limitation was adjusted by addition of H3PO4. From this it is 

concluded that in order to use microalgae for nitrogen removal from reject water, high light 

intensities are important. An economically viable large-scale application thus requires a 

cultivation system that allows for efficient light penetration. It is also necessary to add PO4-P 

to avoid phosphorus deficiency.  

 

The process additive affected the production of chlorophyll and should thus enhance the 

productivity to result in higher biomass concentration. However, this experiment showed no 

obvious advantage of the process additive on biomass concentration. This is probably due to 

other limitations than poor light intensities, for instance, low pH caused by nitrification. On the 

other hand the process additive had a positive effect on the methane yield achieved by anaerobic 

digestion of the microalgal biomass. 

 

In comparison to the SHARON process, the microalgal cultivation was not as efficient in 

removing nitrogen and phosphorus. In addition, the costs for microalgal cultivation in reject 

water was estimated to exceed those of the SHARON process by 20 fold. A better cultivation 

system would probably allow for higher productivity and nutrient removal rates, the challenge 

is to make it economically viable. However, the methane potential of microalgal biomass was 

twice that of the biomass from the SHARON process, with accumulated methane production 

around 70 mL g-1 VS-1 compared to 35 mL g-1 VS-1 of the SHARON. This may be due to the 

ability of microalgae to accumulate large amounts of lipids that result in high methane 

production. The microalgal methane potential may be enhanced further by pre-treatment prior 

to anaerobic digestion or by choosing species that are more easily digested by anaerobic 

bacteria. It is also possible to enhance lipid accumulation by process optimization. 

 

To sum up, the questions from section 1.2 are answered. 

 

1. Can reject water be used as substrate for microalgae cultivation? 

Reject water can be used as a substrate for microalgal cultivation. However, this may 

require increased light intensity to compensate for low transmittance of reject water 

and shading effects caused by high cell densities. Moreover, addition of phosphorus is 

needed to avoid phosphorus deficiency. 
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2. How does the N/P ratio of the reject water affect the algal growth rate and 

photosynthetic activity? 

The experiments showed no significant variations in growth or photosynthetic activity 

due to N/P ratio. However, uptake of nitrogen was enhanced upon addition of PO4-P. 

 

3. Does microalgae cultivation require a process additive in order to obtain 

enhanced biomass concentration? 

If growth is limited by light, the process additive is believed to enhance the 

photosynthetic activity and thereby the growth rate. On the other hand, the process 

additive also affect growth of nitrifying bacteria. Increased activity of nitrifying 

bacteria leads to increased formation NO2
- and NO3

-, thus lowering the pH and 

suppressing the growth of microalgae. Hence, if nitrification is inhibited, the process 

additive may increase the growth rate of microalgae. 

 

4. What is the phosphorus and nitrogen reduction efficiency resulting from algal 

cultivation and how does it compare to the SHARON process at Nykvarn 

WWTP? 

The microalgal cultivation achieved 60 % NH4-N reduction when cultivated in 40 % 

reject water and can thus not compare to the 95 % NH4-N reduction from 100 % reject 

water in the SHARON process. The poor nutrient removal is thought to be due to light 

limitation in combination with low pH caused by nitrification.  

 

5. Is removal of nutrients by microalgae associated with higher or lower costs 

compared to the method currently used at Nykvarn WWTP? 

Using an artificial light source, nutrient removal from reject water by microalgal 

cultivation is associated with higher costs compared to the SHARON process. 

 

6. How much methane can be produced from algal biomass and how does the 

methane potential compare to that of the biomass from the SHARON process? 

Microalgal biomass produced around 70 mL CH4 g
-1 VS-1, which is twice the amount 

yielded by the biomass from the SHARON process. In addition, the methane potential 

of microalgal biomass can be enhanced by pre-treatment, selection of algal strains that 

are more easily degraded or by enhancing lipid accumulation. The higher methane 

production from anaerobic digestion of microalgal biomass might compensate for the 

higher operating costs. 
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7 Future prospects 

The major issue encountered in this study was the high activity of nitrifying bacteria, causing 

an acidic environment, thus suppressing the growth of microalgae while selecting for the more 

tolerant cyanobacteria. To get a better understanding of how the system would operate without 

formation of NO2
- and NO3

-, it would be interesting to inhibit nitrification. In the long term it 

is necessary to suppress the activity of nitrifying bacteria by process control, but until then, the 

activity can be inhibited by chemical additive to study the effect on algal growth and NH4
+ 

uptake.  

 

The study also showed the economic challenges with microalgal cultivation as a full-scale 

application. This is also one of the reasons why the use of microalgae for wastewater treatment 

has not become as successful as it potentially could be (Murphy, et al., 2015). To optimize algal 

cultivation and make it economically viable, it will most likely be necessary to create integrated 

systems where microalgae are utilized for multiple purposes. For instance, it has been proposed 

that cultivation of microalgae for production of high value products, e.g. health food, animal 

feed, vitamins and enzymes, will yield the highest revenue (Murphy, et al., 2015). However, 

for microalgae cultivated in wastewater, food products are not, and will probably never be, an 

alternative. Instead, other products, for instance chemicals, are of higher relevance. Moreover, 

microalgal cultivation may be coupled with an anaerobic digestion process to transform the 

residual biomass into biogas. The biogas can then be upgraded to remove CO2 by biofixation 

by microalgae. Studies have investigated different strategies for CO2 capturing. In a study by 

Mann et al. (2009), direct use of Chlorella sp. for biogas upgrading resulted in greatly reduced, 

up to 97 %, CO2 content of the biogas. However, oxygen produced by photosynthesis made the 

biogas explosive (Mann, et al., 2009). Instead a more promising method is a two-stage process 

suggested by Xia et al. (2015). This process uses microalgae to indirectly remove CO2 from the 

biogas. In the first step, CO2 is captured in a carbonate solution under formation of bicarbonate. 

The second step involves microalgal cultivation using the bicarbonate solution as substrate, 

whereby CO2 is assimilated by microalgae, thus regenerating carbonate (Xia, et al., 2015). This 

method is similar to the approach used in this study, where the CO2 was separated from the 

biogas before it was used for algal cultivation. 

 

For the Nykvarn WWTP, a future application could involve the combining of the biological 

activated sludge process, the chemical treatment and the SHARON process into one microalgal 

based process. With this solution, the reject water would not need treatment in a separate stream 

but could be recirculated to the main stream before entering the microalgal based nutrient 

removal process. This study has clearly shown the potential of using microalgae for nitrogen 

and phosphorus removal from incoming water, and also that microalgae are promising for 

purification of water with up to 40 % reject water. Recirculation the reject water to the main 

stream would correspond to a mix with < 1 % fraction of reject water, and should thus be a 

suitable growth medium for microalgal cultivation. Combining of the activated sludge process, 

the chemical treatment and the SHARON process would also make it possible to utilize a larger 

surface area for algal cultivation, thus allowing for more efficient use of the solar energy. This 

may result in less need for artificial light and hence, lower electricity costs. 

 

Finally, the vast diversity of microalgae makes them very promising for new products and 

applications. However, there are still challenges that need to be solved. For instance, cultivation 

systems that allow for more efficient use of resources, e.g. light and CO2, have to be found. 

Also harvesting techniques for isolation of microalgal biomass is an issue that has to be 

investigated further to make microalgal cultivation more economically viable.  
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Appendices 

Appendix A: Determination of chlorophyll concentration 

 

Materials 

Acetone, 90 % 

Glass fiber filter, 0.45 µm 

Vacuum filtration apparatus 

Mortar and pestle 

Centrifuge 

Graded centrifuge tube with lid, 10 mL, compatible with acetone 

Glass funnel 

Spectrophotometer 

Glass cuvettes with lid 

Fume hood 

 

Execution 

Day 1 

All work is performed in dim light to avoid pigment destruction. 

 

Filtrate the water sample through a glass fiber filter using vacuum filtration. Adjust the 

volume to achieve a final absorption between 0.2 and 0.8. Fold the paper in half and let dry at 

room temperature. 

 

Fold one more time and cut the paper in small pieces into the mortar. Add 3 mL of acetone 

(under a fume hood) and pestle the filter paper for about 1 minute. Transfer it to a centrifuge 

tube, wash the mortar and pestle with 2x2 mL of acetone and transfer to the tube as well. If 

necessary, bring the total volume up to 7 mL, put the lid on and store in fridge for 24 h. 

 

Day 2 

Centrifuge the tube at 1000 G for 10 minutes. Measure the absorbance of the supernatant at 

750, 664, 647 and 630 nm with acetone in the reference cuvette. 

 

Calculations 

Subtract the absorbance at 750 nm from the absorbance at 664, 647 and 630 nm, giving 

 

A664Corr = A664 – A750 

A647Corr = A647 – A750 

A630Corr = A630 – A750 

 

where A750, A664, A647 and A630 are the measured absorbance values at each wavelength and 

A664Corr, A647Corr and A630Corr are the corrected values. 

 

Calculate the chlorophyll concentrations using the equation  

 

C =  
Vs ∙ (11.85A664Corr − 1.54A647Corr − 0.08A630Corr)

V ∙ l
 

 



II 

 

where C is the chlorophyll a concentration (µg/L), Vs is the volume of the acetone extract 

(mL), V is the volume of the algal culture sample (L), l is the length of the cuvette (cm) and 

11.85, 1.54 and 0.08 are the specific absorption coefficients for chlorophyll a, b and c, 

respectively, in acetone. 
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Appendix B: Economic analysis 

 

The SHARON process 
The operating costs of the SHARON process were based on internal documents of TvAB. The 

theoretical methane production was calculated from the TS and VS content of the biomass 

from the SHARON process. In addition, the result from the bio-methane potential test was 

used to calculate the methane yield from the amount of VS. 

 

Theoretical methane yield 
Suspended solids = 1000 mg/L 

VS = 72 % of TS  

 0.72 g VS/L reject water 

 

The SHARON process treats a maximum of 350 m3 reject water/day, which results in  

 

0.72 g VS/L  350000 L/day = 252000 g VS/day 

 

The bio-methane potential test resulted in an accumulated methane production of 35 mL/g VS 

for the SHARON process. The daily methane yield is thus estimated to be  

 

252000 g VS/day  0.035 L CH4/g VS = 8820 L CH4/day  3219 m3/year 
 
Based on a biogas price of 2 SEK/m3 and a methane content of 55 %, the revenue on the 

produced biogas is 10700 SEK/year 

 
 
Microalgal process 
Calculations were based on the general formula for microalgal biomass, C106H181O45N16P, as 

well as the results from the bio-methane potential test. Moreover, a NH4-N removal efficiency 

of 95 % was assumed. Hence, since the reject water in this study had a NH4-N concentration 

of 1100 mg/L  0.0786 mol NH4-N/L, the calculations were based on uptake of 0.0747 mol 

NH4-N/L reject water. Finally it was assumed that the SHARON process treats 350 m3 reject 

water/day 

 

CO2 requirement 
The general formula for microalgal biomass is C106H181O45N16P, indicating that for every mol 

N assimilated by algae, 106/16 = 6.625 mol of inorganic carbon is required. 

 

Uptake of 0.0747 mol NH4-N  0.495 mol inorganic carbon 

The reject water had a TC content of 1300 mg/L and a TOC content of 200 mg/L, and thus the 

TIC content was 1100 mg/L = 0.09 mol/L 

 

The requirement of extra addition of inorganic carbon by CO2 sparging is: 

0.495 mol/L – 0.09 mol/L = 0.405 mol/L        

Molar mass of CO2 = 44 g/mol  

 

 0.405  44 = 17.82 g CO2/L reject water 

 



IV 

 

The SHARON process daily treats a maximum of 350 m3 reject water, which implies an 

annual requirement of 17.82 g/L  350000 L/day  365 days/year = 2280000 kg/year 

 

Phosphorus requirement 
The phosphorus requirement was calculated in accordance with the CO2 requirement. The 

phosphorus acid (H3PO4) that is used for the SHARON process contains 410 g phosphorus/L 

 

Uptake of 0.0747 mol NH4-N  0.00467 mol PO4-P  

Molar mass of P = 31 g/mol        

 

 0.00467 mol  31 g/mol = 0.145 g PO4-P/L reject water  17261648 g PO4-P/year  

42000 L/year 

 

Light energy demand 
To assimilated 1 mol of CO2, 8 mol of photons are needed. Thus: 

 

Assimilation of 0.0747 mol NH4-N  0.495 mol CO2  3.96 mol photons 

 

3.96 mol photons/L reject water  1386000 mol photons/day  16041666 µmol/s 

 

A 4000 K LED light of 1600 lm emits 27.6 µmol/s, thus requiring 580000 lights. 

Each light has an effect of 20 W/h, resulting in 11600 kW/h  101600000 kWh/year 

 

Assuming that artificial light is only required 6 months/year and 18 h/day, as well as an 

electricity price of 0.5 SEK/kWh, the annual cost is 19000000 SEK/year 

 

Theoretical methane yield 
The amount of VS was calculated from the general formula for microalgal biomass, 

C106H181O45N16P, based on 95 % nitrogen removal and the assumption that C, H and O are 

volatile. 
 

0.0747 mol N  0.495 mol C  0.845 mol H  0.210 mol O 

 

0.495 mol  12.01 g/mol + 0.845 mol  1.008 g/mol + 0.210 mol  16.00 g/mol = 10.16 g 

 

  10.16 g VS/L reject water 

 

The highest accumulated methane production from the bio-methane potential test on 

microalgal biomass was 73 mL CH4/g VS 

 

  0.073 L CH4/g VS  10.16 g VS/L reject water = 0.742 L CH4/L reject water  

  95000 m3/year 

 

 

Based on a biogas price of 2 SEK/m3 and a methane content of 60 %, the revenue on the 

produced biogas is 302000 SEK/year



 

 

  



 

 

 


