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Abstract
The increased emissions of anthropogenic greenhouse gases over the last 100 years is the reason for the 
acceleration in the greenhouse effect, which has led to an increase of the globally averaged combined 
land and ocean surface temperature of 0.85 °C between 1880 and 2012. A small fraction of the increased 
anthropogenic greenhouse gases originates from municipal wastewater treatment plants (WWTPs).

This doctoral thesis was part of a larger investigation of using an alternative biological treatment based 
on the symbiosis of microalgae and bacteria (MAAS-process (microalgae and activated sludge)). This 
solution could be more energy efficient and potentially consume carbon dioxide from fossil combustion 
processes and also directly capture carbon dioxide from the atmosphere and thereby reduce the addition 
of anthropogenic greenhouse gases to the air.

 The objective of the thesis was to explore the effects when the microalgae-derived biomass from the 
biological treatment were co-digested with sewage sludge. The results from these experimental studies 
were then used to evaluate the effects on a system level when implementing microalgae in municipal 
WWTP.

 Microalgae grown from a synthetic medium improved the methane yield with up to 23% in mesophilic 
conditions when part of the sewage sludge was replaced by the microalgae. The microalgae grown from 
municipal wastewater showed no synergetic effect.

 In the semi-continuous experiments the methane yield was slightly reduced when implementing the 
microalgae. Furthermore the digestibility of the co-digestion between sewage sludge and microalgae 
were lower compared to the digestion of sewage sludge.

  The digestates containing microalgal substrate had higher heavy metals content than digestates 
containing only sewage sludge. This could have a negative effect on the potential to use this digestate on 
arable land in future, due to strict limits from the authorities.  Filterability measurements indicated that 
the addition of microalgae enhanced the dewaterability of the digested sludge and lowered the demand 
for polyelectrolyte significantly.

 When a hypothetical MAAS-process replaced a conventional ASP-process the amount of feedstock of 
biomass increased significantly due to the increased production from the autotrophic microalgae. This 
increased the biogas production by 66-210% and reduced the heavy metal concentration in the digestate 
due to a dilution effect from the increased biomass production.

 The thesis demonstrates that microalgae in combination with bacteria from a MAAS-process can be a 
realistic alternative feedstock to WAS in the anaerobic digestion at a municipal WWTP. A few drawbacks 
need to be considered when choosing a MAAS-process as biological treatment.

ISBN 978-91-7485-386-5
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Summary 

The most common treatment process configuration in municipal wastewater 

treatment comprises mechanical, biological and chemical treatments. Bio-

logical treatment, which is used to reduce the dissolved nutrients and organic 

matter, usually consist of an activated sludge process (ASP). This doctoral 

thesis investigated the possibility of using an alternative biological treatment 

based on the symbiosis of microalgae and bacteria (MAAS-process 

(microalgae and activated sludge)). This solution could be more energy 

efficient and potentially consume carbon dioxide from fossil combustion 

processes and also directly capture carbon dioxide from the atmosphere. The 

biomass produced from the treatment step could replace the waste activated 

sludge (WAS) from the ASP in the substrate mixture that is added to the 

anaerobic digestion process in the sludge stabilization in a municipal WWTP. 

The objective of this thesis was to explore the effects when the microalgae-

derived biomass from the biological treatment were co-digested with sewage 

sludge. The results from these experimental studies were then used to evaluate 

the effects on a system level when implementing microalgae in municipal 

WWTP. Batch and semi-continuous anaerobic digestion experiments were 

used to monitor the changes in methane yield and process stability of the 

anaerobic digestion. The properties of the digestates from the semi-continuous 

studies were then evaluated regarding changes of heavy metal content and 

changes in dewaterabilty. The results from the experiments were used in 

comparative theoretical calculations on a municipal WWTP in Uppsala, 

Sweden when the biological treatment, an ASP with nitrogen removal, was 

replaced by a hypothetical MAAS-process. The system study was amplified 

by an experimental study on the change of pharmaceutical residues in 

municipal wastewater and sludge when implementing a microalgal-bacterial 

step as biological treatment in a municipal wastewater treatment plant. 

The results from the first batch experiments showed that microalgae grown 

from a synthetic medium improved the methane yield with up to 23% in 

mesophilic conditions when part of the sewage sludge was replaced by the 
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microalgae. The microalgae grown from municipal wastewater showed no 

synergetic effect possibly due to the stabilization of the microalgal substrate. 

The short lag-phase in all the batch experiments revealed that the microalgae 

could easily be digested with sewage sludge inoculum and create a stable 

anaerobic digestion. Thermophilic digestion of microalgae could be a 

challenge due to the low C/N-ratio of the microalgae.  

In the semi-continuous experiments the methane yield was slightly reduced 

when implementing the microalgae. Furthermore the digestibility of the co-

digestion between sewage sludge and microalgae were lower compared to the 

digestion of sewage sludge.  

Since microalgae have been demonstrated to accumulate heavy metals it 

was shown that the digestates containing microalgal substrate had higher 

heavy metals content than digestates containing only sewage sludge. In the 

first semi-continuous experiment the source of the high content of Cd could 

be the flue gas from power plants that was used as a CO2 source. Thus, the 

implementation of CO2 mitigation via microalgal cultivation requires careful 

consideration regarding the source of the CO2-rich gas. 

Filterability measurements indicated that the addition of microalgae 

enhanced the dewaterability of the digested sludge and lowered the demand 

for polyelectrolyte significantly. 

When using the same amount of microalgae as WAS as feedstock to the 

anaerobic digestion a positive heat balance could be achieved in both 

mesophilic and thermophilic conditions, both with and without heat 

regeneration. When a hypothetical MAAS-process replaced a conventional 

ASP-process the amount of feedstock of biomass increased significantly due 

to the increased production from the autotrophic microalgae. Additionally 

nitrogen was bound to biomass to a larger extent compared to the conventional 

treatment, in which the nitrogen was released to the atmosphere as nitrogen 

gas. Biomass production also increased the biogas production by 66–210% 

and reduced the heavy metal concentration in the digestate by 3.4 times (a 

dilution effect from the increased biomass production).  

The higher amount of biomass increased the volume required for the 

anaerobic digesters approximately fourfold and increased the yearly expense 

of handling the produced dewatered sludge by 4–5 times compared to current 

solutions. 

The MAAS-process resulted in a better total reduction of pharmaceutical 

residues in the water phase compared with a conventional activated sludge 

process with nitrogen removal. 
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Swedish summary 

Den vanligaste processutformningen för behandling av kommunalt avlopps-

vatten är indelad i mekanisk, biologisk och kemisk rening. För att reducera 

lösta näringsämnen och organiskt material utnyttjas en biologisk behandling, 

vanligtvis en aktivslam process. Den här doktorsavhandlingen undersökte 

möjligheten att använda en alternativ biologisk rening baserad på symbiosen 

mellan mikroalger och bakterier (MAAS-processen (Mikroalger och Aktiv-

slam). Denna lösning skulle kunna vara mer energieffektiv och potentiellt 

konsumera koldioxid från förbränning av fossila bränslen eller fånga 

koldioxid från atmosfären. Den producerade biomassan från reningssteget 

skulle kunna ersätta överskottslammet från aktivslam anläggningen i slam-

mixen som sedan tillsätts den anaeroba rötningsprocessen för stabilisering av 

slam vid ett kommunalt reningsverk.  

Syftet med denna avhandling var att utforska effekterna när biomassa från 

mikroalger från den biologiska reningen samrötades med slam. Resultaten 

från de experimentella studierna användes sedan för att bedöma förändringar 

på systemnivå när mikroalger implementeras på kommunala reningsverk. 

Satsvisa och semikontinuerliga rötningsförsök användes för att utvärdera 

förändringarna i metanutbyte och processtabilitet för rötningen. Tungmetall-

innehåll samt förändringarna i slammets avvattningsegenskaper mättes 

därefter på rötresterna efter de semikontinuerliga försöken. Resultaten av alla 

experiment användes i jämförande teoretiska kalkyleringar på ett kommunalt 

reningsverk i Uppsala, Sverige när det biologiska reningssteget, en aktiv-

slamprocess med kväverening, byttes ut mot en hypotetisk MAAS-process. 

Systemstudien förbättrades med en jämförande experimentell studie där 

läkemedelsrester mättes i renat avloppsvatten och i slamfraktionerna när en 

MAAS-process nyttjades som biologiska rening vid ett kommunalt renings-

verk. 

Resultaten från de första satsvisa försöken visade att mikroalger kulti-

verade på ett syntetiskt medium förbättrade metanutbytet med upp till 23% i 

mesofila förhållanden när en del av slammet byttes ut mot mikroalger. 
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Mikroalger kultiverade på kommunalt avloppsvatten visade inget förbättrat 

metanutbyte, troligtvis på grund av stabiliseringen av mikroalgsubstratet. Den 

korta lagfasen i alla satsvisa experiment visade att mikroalger kan med fördel 

rötas med en ymp baserad på slam och ge en stabil rötning. Termofil rötning 

med mikroalger kan vara en utmaning på grund av det låga C/N-förhållanden 

för mikroalgerna. 

I de semikontinuerliga försöken blev metanutbytet någon lägre när mikro-

alger implementerades tillsammans med slam. Dessutom sjönk utrötnings-

graden när alger samrötades med slam.  

Eftersom mikroalger har en förmåga att ackumulera tungmetaller visade 

försök att innehållet av tungmetaller i rötresten med mikroalger var högre än 

motsvarande rötrest baserad på slam. I det första semikontinuerliga experi-

mentet kunde det förhöjda Cd-innehållet i rötresten, innehållandes alger, 

härledas till förbränningsgasen från fjärrvärmeverket som användes som CO2 

källa. Vid implementering av CO2-dosering för mikroalg produktion behöver 

därför källan till den CO2-rika gasen utvärderas innan den börjar nyttjas.  

Filtrerbarhetstester av rötresten indikerade att inblandning av mikroalger 

förbättrade avvattningsegenskaperna för slammet och minskade behovet av 

polymertillsats.  

När mikroalger ersatte samma mängd bioslam som substrat till en röt-

kammare fick man en positiv värmebalans både i mesofila och termofila 

förhållanden med och utan värmeåtervinning. När en hypotetisk MAAS-

process ersatte en konventionell aktivslam process ökade biomassaproduk-

tionen markant på grund av tillväxten av de autotrofa mikroalgerna. Dessutom 

bands mer kväve till biomassan istället för, som i den konventionella bio-

logiska reningen, släppas som kvävgas till atmosfären. Den ökade biomassa-

produktionen ökade biogasproduktionen med 66–210% och reducerade tung-

metallhalten i rötresten med 3.4 gånger (utspädningseffekt på grund av den 

ökade biomassaproduktionen).   

Den ökade produktionen av biomassa ökade erforderlig rötkammarvolym 

ca 4 gånger och ökade utgifterna för hanteringen av den avvattnade rötresten 

med 4–5 gånger jämfört med dagens förhållanden.  
MAAS-processen hade en högre total reduktion av läkemedelsrester i 

vattenfasen jämfört med den konventionella aktivslam processen med kväve-

reduktion. 
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Mälardalen University Press Dissertations 1 

1 Introduction 

1.1 Background  

The greenhouse effect is a natural process where greenhouse gases absorb the 

radiation from the Earth and increase the temperature on the surface. The 

primary greenhouse gas is water vapor, and this has the most influences on the 

Earth’s atmosphere. Other anthropogenic greenhouse gases, primarily carbon 

dioxide (CO2), are necessary to provide the temperature conditions that 

sustains current levels of atmospheric water vapor. (Myhre et al. 2013) 

The increased emissions of anthropogenic greenhouse gases over the past 

100 years is the reason for the acceleration in the greenhouse effect, and this 

has led to an increase of the globally averaged combined land and ocean 

surface temperature of 0.85 °C between 1880 and 2012 (IPCC 2013). If the 

anthropogenic greenhouse gases continue to be emitted at the current rate it 

will cause further changes in the global temperature and changes in all 

components of the climate system. Limiting climate change will therefore 

require substantial and sustained reductions of greenhouse gas emissions. 

In order to address the climate change problem and possibly stabilize the 

emissions of greenhouse gases to levels that would not cause dangerous 

changes to the climate system the United Nations Framework Convention of 

Climate change (UNFCCC) was formed in 1992. Within this convention the 

Paris Agreement was adopted on 12 December 2015. All 196 member 

countries agreed to work for a global temperature rise below 2 °C, and to 

attempt to limit the rise to 1.5 °C. (UNFCCC 2015)  

A small fraction of the increased anthropogenic greenhouse gases 

originates from municipal wastewater treatment plants (WWTPs). The three 

main greenhouse gases emitted in the process are carbon dioxide (CO2), 

methane (CH4) and nitrous gas (N2O). CO2 emissions can be assessed based 

on energy demand of a treatment plant and the release of the gas when 

producing vehicle gas. Since methane is a burnable gas it is converted to CO2 

in a local CHP-system (combined heat and power system) or heat boiler 

(Kampschreur et al. 2009). It can also be converted to vehicle gas and be used 
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in buses and cars (Tchobanoglous et al. 2014). Even though the dominant part 

of the methane is converted to CO2
 a small fraction of CH4 is emitted during 

sewage sludge handling in the treatment plant. The nitrous gas is a very potent 

greenhouse gas with a direct global warming potential (GWP) on a 100 year 

time horizon of 296 relative to carbon dioxide (IPCC 2001) Therefore, even 

small amounts of N2O emissions are undesirable. The nitrous gas is associated 

with biological treatments where nitrogen in the wastewater can be converted 

to nitrous gas via nitrification and denitrification (Tchobanoglous et al. 2014).  

In order to contribute to the overall reduction of anthropogenic greenhouse 

gases municipal WWTPs need to find process solutions that reduce the energy 

demand from the biological treatment and reduce the amount of CO2 emitted 

to the atmosphere. One solution could be the introduction of photo-

synthesizing microalgae.  

The most common biological treatment is the activated sludge process 

(ASP), based on heterotrophic and autotrophic bacteria, which was developed 

at the end of the 19th and beginning of the 20th century. The simplest ASP 

design is an aerated volume with a clarifier and a return stream of sludge from 

the clarifier to the aerated volume. From the return stream, excess sludge 

(WAS) is taken out on a regular basis to maintain a specific amount of sludge 

in the system. This basic configuration of the ASP has been developed over 

the years and today different process solutions of biological nitrogen- and 

phosphorous removal are common on the market (Jenkins & Wanner 2014). 

Reported energy use for a WWTP can fluctuate depending on the size and 

design of the treatment plant (Garrido et al. 2013). Jonasson (2007) carried 

out a comparative study of average energy use between Swedish and Austrian 

WWTPs. The concluding average values were 0.47 kWh m-3 for Sweden and 

0.30 kWh m-3 for Austria. According to Panepinto et al. (2016) aeration in the 

ASP is a major energy consumer in a WWTP. The evaluation showed that 

50% of the electricity consumption of a treatment plant is used for aeration. 

An alternative biological treatment that could be more energy efficient and 

reduce CO2 emissions from a WWTP is a combination of microalgae and 

bacteria cultivation. The production of oxygen from the algal photosynthesis 

could be utilized for the endogenous respiration of the bacteria reducing the 

demand for aeration. Microalgae are also the fastest photosynthesizing 

organisms that produce lipids using light, water and CO2. Since microalgae 

consume CO2
 a biological treatment based on microalgae can potentially 

capture carbon dioxide from fossil power plants and also directly capture CO2
 

from the atmosphere. (Maity et al. 2014) 

In addition results from experiments using microalgal-bacterial systems 

have shown improved total nitrogen and total phosphorus removal compared 

to a reference ASP (Tang et al. 2016). This may be owing to the utilization of 

nitrogen and phosphorus by several species of microalgae in their metabolic 

processes (Pittman et al. 2011). Since the demands from the authorities on the 
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reduction of these nutrients will keep increasing, municipal WWTPs will need 

new and innovative biological treatment processes. 

The excess sludge from an ASP (0.04–0.05 m3 capita-1, year-1) and the 

primary sludge (0.03–0.06 m3 capita-1, year-1) are usually thickened to 4–6% 

TS (total solids) in a gravimetric or mechanical thickener and most commonly 

introduced to an anaerobic digestion process (in mesophilic conditions, 30–

38 °C, or thermophilic conditions, 50–57 °C), which transforms the organic 

matter to combustible biogas containing 60–70% methane (Appels et al. 2008; 

Tchobanoglous et al. 2014). 

The biomass produced from the microalgal-bacterial treatment step can be 

a substitute for WAS from the ASP in the substrate mixture added to the AD 

process in sludge stabilization in a municipal WWTP. The biogas produced 

can, as described previously, generate electricity and heat in CHP-systems, 

but can also be converted to vehicle gas for use in buses and cars 

(Tchobanoglous et al. 2014). The development of the biogas production 

system is an important piece of the puzzle in the expansion of renewable 

energy and, consequently, a considerable contributor to the reduction of 

anthropogenic greenhouse gases in the atmosphere. According to the Swedish 

Energy Agency (2016) 1 947 GWh of energy was produced from biogas in 

282 biogas plants and land-fill gas facilities in Sweden 2015. 1 219 GWh of 

which was converted to vehicle gas. 140 municipal WWTPs contributed with 

697 GWh, which is 36% of the entire biogas production in the country 

(Swedish Energy Agency 2016).  

Biogas production from municipal WWTPs in Sweden between 2005 and 

2015 increased by 25% whereas biogas plants co-digesting other substrates 

increased their production by 424% (Swedish Energy Agency 2016). If muni-

cipal WWTPs implemented microalgal-bacterial biological treatment they 

could increase the biogas production further owing to the possibility for 

microalgae to absorb CO2 from the atmosphere and producing more biomass 

in comparison to the ASP-process. Boelee et al. (2012) calculated the growth 

of biomass in a microalgal-bacterial symbiotic system and compared it with a 

reference system based on activated sludge. The microalgal-bacterial system 

produced 24 g VSS pe-1 day-1 compared to the reference ASP-process that 

produced 11 g VSS pe-1 day-1. This is more than double the amount of biomass 

from the biological treatment that could be fed to the AD.  

The digestate from the WWTP can be used as fertilizer on arable land if 

the sludge meets the regulatory limits for heavy metals and hygienization 

demands. The use of sewage sludge on arable land is regulated by the 

European Union directive 86/278/EEC and the Swedish Environmental 

Protection Agency (SEPA) regulation 1998:844. In the US regulatory limits 

for sewage sludge are presented in 40 CFR Part 503. 

The use of microalgae in the municipal WWTP will influence the quality 

of the digestate after the anaerobic digestion. The microalga Scenedesmus has 
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been shown to be effective for the removal of cadmium and copper from 

polluted water (Terry & Stone 2002). This is beneficial for the reduction of 

these heavy metals in the water phase but conversely there is an increase in 

heavy metal content in the digested material. Since both cadmium and copper 

in sewage sludge are regulated, by the above described regulations, using a 

microalgal-bacterial treatment step can therefore cause difficulties with the 

distribution of digestate as fertilizer on arable land. On the other hand an 

increased biomass production from the microalgae as described by Boelee et 

al. (2012) would possibly dilute the content of heavy metals making the 

biomass more attractive as fertlizer on arable land. 

1.2 Objective and research questions 

In order to reduce the anthropogenic greenhouse gases, primarily CO2 from 

municipal WWTPs it is important to identify options in the treatment process 

that can reduce the energy usage and bind the CO2, convert it to biomass and 

increase the biogas production. Accordingly, a microalgae process or com-

bined microalgal-bacterial biological treatment is a possible solution that can 

fulfill these demands. Hence, the overall objective of this thesis was to explore 

the effects when biomass grown from microalgae or a combination of micro-

algae and bacteria were co-digested with sewage sludge. The results from 

these studies could contribute to the system knowledge when implementing 

microalgae in the municipal WWTP. 

The research questions in the thesis are: 

RQ 1 How does co-digestion of sewage sludge and microalgae cultivated on 

municipal wastewater influence methane yield and process stability? 

RQ 2 How does co-digestion of sewage sludge and microalgae cultivated on 

municipal wastewater affect the properties of the digestate – dewater-

ability and heavy metal content? 

RQ 3 How will parameters in the system change when implementing a 

microalgal-bacterial step as biological treatment in a municipal waste-

water treatment? 

RQ 4 How does the impact of pharmaceutical residues in the treated waste-

water change when implementing a microalgal-bacterial step as bio-

logical treatment in a municipal wastewater treatment? 

The studies carried out in relation to these research questions were:  

 BMP-experiments to evaluate the methane yield and the kinetics of 

the biogas production from microalgae, sewage sludge and different 

combinations of microalgae and sewage sludge (Papers I and III). 
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 Mini-review of results from BMP-tests and semi-continuous 

anaerobic digestion experiments on microalgae and co-digestion of 

microalgae and sewage sludge (Paper II). 

 Semi-continuous anaerobic digestion experiments with co-digestion 

of microalgal substrate and sewage sludge (Papers III and IV). 

 Comparative study on reduction of pharmaceutical residues in ASP- 

and a MAAS-process (Paper V). 

The relationships between the studies described in the thesis and the research 

questions are presented in Fig. 1.  

Figure 1. Graphical presentation of the connection between the research 

questions and the papers presented in the thesis.   

1.3 Structure of the thesis  

The thesis is divided into six chapters 

Chapter 1:  Introduction 

In this section an overview of the topic is described and the 

objective of the thesis is presented. 

Chapter 2: Theoretical background.  

This chapter describes the research in the area of microalgae in 

wastewater treatment. A historical perspective of treatment of 

municipal wastewater and current state of the art process 

solutions are presented. Results from other studies regarding 

RQ 1
”Influence on yield 
and stability”

RQ 2 
”Digestate properties” 

RQ 3 
”Parameter change”

Semi-continuous experimentsBMP-tests

Paper I Paper II Paper III, IV Paper IV, V

System impact

RQ 4 
”Reduction of 
pharmaseutical residues”
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the feasibility of co-digestion of microalgae and sewage sludge 

are also described. 

Chapter 3: Materials and methods 

The experimental methods and the evaluation methods used in 

the studies are described in this section. The calculations 

associated with the experiments are also presented here.  

Chapter 4: Results and discussion 

This section presents evaluated results and discussion of the 

results. The results are divided into BMP-tests, semi-

continuous tests and dewaterability tests. Results from the 

mini-review are presented in each section. A system impact 

evaluation when implementing a microalgal-bacterial bio-

logical treatment in a municipal WWTP is also presented in this 

section.  

Chapter 5:  Conclusions  

This chapter presents the concluding remarks from the studies. 

 

Chapter 6: Future studies 

This chapter presents suggestions on continuing studies in the 

field of microalgae in municipal wastewater treatment.  
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2 Theoretical background 

2.1 Microalgae in wastewater treatment  

Early research on the use of microalgae to treat municipal wastewater was 

presented in the study of Oswald et al. (1957). The microalgae were grown 

together with bacteria in stabilization lagoons. Studies since then have shown 

positive results regarding the potential of utilizing microalgae to remove 

nitrogen, phosphorus and other pollutants from wastewater, and today there 

are examples of full-scale demonstration plants in California, New Mexico, 

Hawaii, and Florida (Cai et al. 2013). 

The microalgae cells are oxygen–releasing, fast growing and photo-

synthetic organisms that appear in many shapes and forms. They may be 

prokaryotic, like the cyanobacteria or blue-green microalgae, or eukaryotic, 

like Chlorella vulgaris. The diversity of microalgae is reflected in the number 

of described species (Richmond & Hu 2013). They are usually categorized 

into the following groups (Sheehan J et al. 1998; Richmond & Hu 2013);  

 Cyanobacteria or blue-green algae are one of the oldest group of 

algae. Biochemically, the cyanobacteria are similar to bacteria and 

ecologically, they are autotrophs that photosynthesize and release 

oxygen, thus they are, in this sense, more similar to eukaryotic algae. 

 Archaeplastida is the largest group of eukaryotes containing green 

algae, red algae and plants. Green algae (Chlorophyceae) are usually 

found in freshwater and are divided into two groups, chlorophytes and 

charophytes. They are unicellular or colonial and can be both coccoid 

and filamentous. Red algae or Rhodophyta are unicellular microalgae 

that are found mainly in marine environments but can also be present 

in fresh water. 

 Diatoms (Bacillariophyceae) are known to be coccoid cells with a 

silica-containing wall. This is the most species-rich group with up to 

a million species.  
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The process that unites all microalgae is photosynthesis, which is a central 

process in their biochemistry. Photosynthesis is a light-driven redox reaction 

in which carbon dioxide is converted to carbohydrates and oxygen is released 

as a side product. It is traditionally divided into two stages, the light reactions 

and dark reactions (Fig. 2). In the light reactions, the light energy is converted 

to chemical energy, providing the biochemical reductant NADPH2 and a high-

energy compound ATP. In the dark reactions, NADPH2 and ATP are utilized 

to make carbohydrates from carbon dioxide.  

 

Figure 2. Major products of the light and dark reactions of photosynthesis 

(Richmond & Hu 2013). 

Microalgae are capable of being both autotrophic (using CO2 as carbon 

source) and heterotrophic (using organic matter as a carbon source). Aside 

from carbon, microalgae can utilize approximately 30 inorganic compounds. 

By optimizing the availability of combinations of these compounds the 

biomass yield can be maximized; this is a desirable outcome for the 

microalgae production industry (Richmond & Hu 2013). The strategies used 

to enhance the biomass yield from microalgal cultivation can be divided in 

two groups: nutritional and physical. Utilization of the inorganic compounds 

can be optimized by changing the composition of the macronutrients carbon, 

nitrogen, and phosphorus in the nutritional group. Physical changes involve 

manipulation in operational conditions such as application of high-light 

intensities and applying electromagnetic fields (Benavente-Valdés et al. 

2016). 

One of the most common microalgae species mentioned in the treatment 

of municipal wastewater is C. vulgaris. This is a unicellular green microalgae 

that can rapidly take up and assimilate carbon dioxide, nitrogen and 

phosphorous from wastewater. This species of microalgae and species of 

Scenedesmus sp. have been shown to provide high removal rates for nitrogen 

and phosphorous (more than 80%), which is beneficial for municipal WWTPs 

(Pittman et al. 2011). According to Lau et al. (1995) C. vulgaris was 

demonstrated to remove over 90% of N-content and 80% of P-content from 

the primary treated wastewater. The maximum reduction of nitrogen and 

phosphorous from piggery wastewater using microalgae has been reported to 

be 72% and 100% respectively (Garcia et al. 2017b). 

Light reactions Dark reactions
CO2

CH2O 

(Carbohydrataes)

2 NADPH2

3 ATP

H2O 

CO2
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Efficient growth of microalgae in wastewater is dependent on pH and 

temperature of the wastewater, the concentration of essential nutrients, 

including N, P and organic carbon (and the ratios of these constituents) and 

the availability of light, O2 and CO2 (Richmond & Hu 2013).   

The accumulation of heavy metals in microorganisms living in aquatic 

biotopes is extensive by adsorption and absorption. Metal uptake is a rapid 

process that happens within seconds and the saturation limit is reached within 

24 h. In the study by Inthorn et al. (2002), the uptake of mercury, cadmium 

and lead were investigated in 46 strains of different species of microalgae. 

Among the highest accumulations of these heavy metals was achieved by C. 

vulgaris and Scenedesmus sp.. In addition the study by Garcia et al. (2018) 

compared the biosorption of zinc from piggery wastewater using three 

microalgae pilot plants inoculated with C. vulgaris, Acutodesmus obliquus and 

Oscillatoria sp.. The best reduction of zinc (49%) was achieved by the pilot 

plant inoculated with C. vulgaris.  

The high reduction of heavy metals when using microalgae for wastewater 

treatment is beneficial for the water phase, but can become a problem when 

the sewage sludge containing the microalgae is to be used as fertilizer on 

arable land. 

2.1.1 Options for cultivation of microalgae in municipal 
wastewater treatment  

The reduction of nutrients in municipal wastewater by microalgae can be 

carried out in the main stream of a municipal WWTP, as presented by Garcia 

et al. (2017a), or in nutrient-rich side streams from sludge dewatering as 

presented by Posadas et al. (2017). The differences between these streams are 

the temperature and the nutrient composition.  

The nutrient-rich reject water usually comes from the dewatering of 

anaerobically digested sludge from mesophilic (37 °C) or thermophilic (55 

°C) digestion and nearly always has a high and constant temperature 

(Tchobanoglous et al. 2014). Contrastingly the temperature of the main stream 

wastewater is much more variable, depending on the geographical location of 

the plant and how separated the sewage system is in the community. 

Microalgae growth at too high (>30 °C) or too low temperature (<15 °C) can 

lead to problems (Richmond & Hu 2013). In Nordic countries, the temperature 

is often below 15 °C in the main stream wastewater during the winter season, 

making microalgae treatment of municipal wastewater much more feasible in 

summer conditions. Since reject water comes from the anaerobic digestion the 

temperature can be higher than 30 °C. A dilution with colder outgoing or 

incoming wastewater from the main stream can be a solution to stabilize 

possible treatment of reject water with microalgae.  
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Since protein is degraded in the digestion, a large amount of dissolved 

nitrogen is present in the reject water, giving this stream a higher con-

centration of nitrogen as ammonium in comparison to the main stream 

wastewater. Studies have shown that microalgae can grow well in conditions 

in which the water contains high nitrogen concentrations, and can reduce the 

amount of nitrogen in the reject water significantly. In the study of Wang et 

al. (2014), Chlorella sp. and Micractinium sp. were cultivated in a mixture of 

reject water from anaerobic digestion and primary effluent with an N/P mass 

ratio of 56. The results showed a high specific N removal rate. In Ficara et al. 

(2014), microalgae were grown on reject water from sludge dewatering with 

nitrogen levels of 257±41 mg L-1. Nitrogen in the reject water was reduced by 

77–95% in this study.  

Majority of current microalgae cultivation systems can be categorized into 

three groups depending on the design of the reactor: open systems, closed 

systems and hybrid systems (Cai et al. 2013).  

The most common process configuration is the open system, termed 

raceway ponds (Fig. 3). This solution has been used since the 1950s. Raceway 

ponds usually have a depth of just 0.3 m deep to ensure that sufficient sunlight 

for efficient photosynthesis reaches the microalgal cells. The water is kept in 

motion with paddle wheels with a velocity of 15–30 cm s-1. Untreated 

wastewater enters ahead of the wheel and the microalgae are harvested behind 

the wheel. Over the years many demonstration reactors using the open pond 

system have been built in Spain, New Mexico and California and companies 

like Sapphire Energy Inc. and PetroSun Biofuels Inc. have demonstrations 

units with open systems to produce biodiesel (Cai et al. 2013). The energy use 

of a raceway pond varies widely among different studies. According to 

Chiaramonti et al. (2013), energy use rates ranges between 0.24–1.12 W m-2. 

The most important electrical consumer in the raceway pond is the paddle or 

pump that circulates the water. This component represent 22–79% of the total 

consumption. The embodied energy in the pond construction represent 8–70% 

of the total energy use. The biomass production from these ponds has been 

reported to be 10–20 g biomass m-2 day-1 (Slade & Bauen 2013).  
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Figure 3. Raceway pond –Microalgae plant from the demonstration unit in 

Dåva close to the CHP-plant in Umeå Sweden (Image from: F. G. 

Gentili). 

The open pond system is relatively inexpensive to build and to scale up. A 

disadvantage of the system is the large area needed to treat the wastewater. 

Since the system is exposed to the atmosphere, water loss by evaporation 

increases with increasing temperature; this can also be considered to be a 

disadvantage. (Cai et al. 2013).  

In closed systems, also called PBR-systems (photo-bioreactors), the 

microalgae culture is enclosed in transparent tubes or plates in which water 

circulate continuously. The culture is much more controlled than in raceway 

ponds and the biomass production is normally higher (40 g biomass m-2 

day-1). Owing to the need for pumping to circulate the water, the energy 

demand is higher than for raceway ponds (5 W m-2). However the area needed 

for the same biomass production is much smaller than for open systems (Slade 

& Bauen 2013). Silva et al. (2015) presented a comparative study of industrial 

scale PBR-systems and raceway ponds using a life cycle assessment approach. 

The inventory showed that a PBR-system had a daily biomass production that 

was approximately 13 times higher than a raceway pond (1.5 kg m-3 d-1 for the 

PBR and 0.12 kg m-3 d-1 for the raceway pond). In addition only atmospheric 

CO2 was needed for the PBR, while the raceway pond needed CO2 of a fossil 
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origin to achieve the required biomass production. This was because the CO2 

in the air is only in contact with the surface of the pond making the 

transmission of CO2 from air to water less efficient than when the air is 

injected by compression into the PBR-system. 

The hybrid system is a two-stage cultivation system in which the 

microalgae is first cultivated in a PBR-system and then used as inoculum in a 

larger open pond system. A continuous feed of microalgae from the PBR 

keeps the preferred algae species in the pond. Two companies, Cellana in 

Hawaii and Green Star Products Inc. in Canada, have produced full-scale 

facilities with this hybrid solution. 

The symbiosis between microalgae and bacteria has been tested 

successfully regarding nutrient reduction in earlier studies (Su et al. 2012; 

Tang et al. 2016). Su et al. (2012) observed the highest nitrogen and 

phosphorus removal efficiency with an microalgae:sludge ratio of 5:1. Tang 

et al. (2016) compared a microalgal-bacterial system with an activated sludge 

system. At low aeration rates, nutrient reduction was improved with the 

symbiosis system but with higher aeration rates the improvement disappeared 

because of the disturbance of oxygen for the microalgae. 

A similar process, using a combination of freshwater microalgae and 

bacteria from the ASP, called the MAAS-process (microalgae and activated 

sludge process) consists of an open basin that uses natural sunlight or artificial 

light for microalgae photosynthesis. The substrate is gravimetrically 

sedimented and recirculated to the open basin (see Fig. 4) This process 

solution was presented and evaluated by Anbalagan et al. (2016). The 

maximum nitrogen removal efficiency of the process in the study was 

81.5±5.1% with a HRT of six days. This is approximately the same reduction 

of nitrogen that can be achieved by the ASP-process based on bacteria alone.  

 

Figure 4. Basic concept of the MAAS-process. Modified from 

Nordlander et al. (2017). 
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Due to the small size of microalgae and the low concentration in the culture 

medium, cost-efficient harvesting of microalgae remains a major challenge. 

The proposed methods for harvesting microalgae include: flocculation 

followed by centrifugation, filtration, screening, gravity sedimentation or 

flotation (Uduman et al. 2010). In addition Alcántara et al. (2015), Park et al. 

(2011) and Garcia et al. (2017a) showed that the sludge volume index (SVI) 

was reduced for the microalgae substrate when continuous biomass recycling 

was implemented in a raceway pond system improving sedimentation of the 

microalgae. 

As microalgae are so small chemical flocculation is needed to increase the 

particle size. Electrolytes and synthetic polymers are usually used to flocculate 

the cells. Neutralization of charge is important for floc formation; and is 

performed by adding a precipitation chemical such as ferric chloride or 

alumina sulfate. More environmentally friendly flocculation has been 

investigated. Divakaran and Sivasankara Pillai (2002) successfully floccu-

lated and sedimented microalgae by adding chitosan, a linear polysaccharide 

that is extracted from chitin in shrimp shells with sodium hydroxide. Cationic 

starch has also been identified as an effective flocculant. Vandamme et al. 

(2010) carried out tests in jars using cationic starch with the freshwater 

microalgae Parachlorella and Scenedesmus. The results showed that cationic 

starch can be a useful flocculent for harvesting freshwater microalgae and 

requires a lower dose compared to inorganic flocculants. Compared to 

chitosan, the dose of starch needs to be higher due to the lower number of 

functional groups. However chitosan is more expensive than cationic starch 

and is not available in large volumes. 

In wastewater treatment with microalgae the most successful separation 

process is flocculation with cationic polymers of medium- to high charge 

density and medium- to high molecular weight followed by gravimetric 

sedimentation or flotation.(Granados et al. 2012) 

2.2 Anaerobic digestion of microalgae 

2.2.1 Anaerobic digestion – a general presentation 

The process of anaerobic digestion (AD) involves the degradation of complex 

organic molecules (protein, carbohydrate and fat) to methane and CO2. This 

process is divided into a stepwise degradation process including hydrolysis, 

fermentation, anaerobic oxidation, hydrogenotrophic methanogenesis and 

acetotrophic methanogenesis (Schnürer & Jarvis 2017). A schematic of the 

process is presented in Fig 5. 
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Figure 5. Schematic presentation of the degradation of organic 

matter to biogas. Modified from Schink (1997).  

The first step of the degradation is hydrolysis, in which carbohydrates, fats 

and proteins are degraded to fatty acids, amino acids, sugars and alcohols. The 

rate of the hydrolysis depends on the chemical composition of the organic 

compound and it´s solubility (Schnürer & Jarvis 2017). Different pretreatment 

methods on the substrates can be used to increase the speed of the hydrolysis 

step. However, existing pretreatments have disadvantages like increased 

energy use, inhibition problems or difficulties in scaling up to a full-scale 

application (Zheng et al. 2014). A pretreatment method that has been proven 

to be successful without any of the above disadvantages is micro-aeration (Fu 

et al. 2016). Tsapekos et al. (2017) tested different micro-aeration techniques 

on wheat straw and found an optimum of 5 mL O2 L-1 which increased the 

biogas production in the AD-process by 7.2%.  

The next two steps are called fermentation or acidogenesis and anaerobic 

oxidation or acetogenesis. In acidogenesis, the aminoacids, fatty acids and 

sugar are fermented further to smaller molecules (fatty acids and alcohols). In 

acetogenesis these molecules are converted to acetic acid, carbon dioxide and 

hydrogen (Deublein & Steinhauser 2008). 

The last step in the AD process chain is called methanogenesis and is 

generally the rate-limiting step in the biogas-process, since the active 

microorganisms that produce methane and carbon-dioxide have a long 

generation time of 1-12 days (Schnürer & Jarvis 2017). The methanogens are 
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divided into two groups depending on their preferred substrate; hydro-

genotrophic methanogens and acetoclastic methanogens (Costa & Leigh 

2014). 

Parameters that affect the biogas production are the temperature, the 

organic loading rate (OLR), the hydraulic retention time (HRT) and the 

substrate composition. The most common temperature ranges that are used are 

mesophilic (25–40 °C) or thermophilic (50-–60 °C). Generally, the process is 

faster at a higher temperature, since the activity of the microorganisms is also 

higher. Consequently, more organic matter can be degraded in a shorter time, 

which means that the volume of the digester can be reduced (Lin et al. 2016). 

A higher temperature will also lower the viscosity of the reactor content and 

therefore makes the material easier to stir and pump (Brambilla et al. 2013).   

The most common OLR used in anaerobic digestion is 2–5 kg VS m-3, d-1. 

The thermophilic process can usually have a higher OLR than the mesophilic 

process owing to the enhanced activity of the microorganisms as described in 

the previous section (Lin et al. 2016).   

Thermophilic digestion can be more sensitive than the mesophilic process 

since the biological diversity of the microorganisms is lower in the higher 

temperature range. In addition there is also increased protein degradation in 

the higher temperature range. This results in increased release of ammonium, 

which is partly converted to ammonia. The equilibrium reaction between 

ammonium and ammonia is dependent on the temperature; ammonia content 

increases with increasing temperature. Previous studies have indicated that 

ammonia levels higher than 100 mg L-1 can have an inhibitory effect on the 

digestion (Yenigün & Demirel 2013). The reason for the inhibition is not yet 

clear but one hypothesis is that ammonia is a neutral molecule that can enter 

microorganisms; this ammonia is converted to ammonium in the cells 

reducing the hydrogen ion concentration. In order to maintain the pH, the 

microorganisms take up hydrogen ions from the surroundings and releases 

potassium ions; the cells then becomes deficient in potassium (Schnürer & 

Jarvis 2017). 

The most common HRT for an AD-process is between 15 and 40 days, but 

it can also be shorter depending on the substrate composition and the 

temperature. Easily degraded substrates like starch or sugar are degraded 

quickly, and the HRT can therefore be shorter. Substrate that are high in fibers, 

cellulose and lignin are not easily degradable and consequently the HRT needs 

to be longer. When digesting energy crops, the HRT needs to be 50–100 days 

for sufficient degradation according to Schnürer and Jarvis (2017). Komilis et 

al. (2017) reviewed HRTs for anaerobic digestion of food waste that had been 

reported in over 200 journal articles published between 2013 and 2015. The 

HRT used in the continuous studies digesting wet substrate varied between 10 

and 30 days. The studies on dry digestion had a much longer HRTs (160–175 

days).  
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Substrates that are degraded in anaerobic digestion are important for 

improving the methane yield and degradation rate, as well as for ensuring a 

stable process. This combination is not always easy to achieve, which as a 

consequence creates a demand for co-digestion of different substrates to 

optimize the biogas production. The C/N–ratio of the substrate mixture is a 

major factor for obtaining a stable process. A C/N-ratio that is too low can 

result in high ammonia levels and have inhibitory effects on the digestion, as 

reported by Yenigün and Demirel (2013). A high C/N-ratio can result in a 

shortage of nitrogen in the digestion (Yen & Brune 2007). The optimal C/N–

ratio depends on the type of substrate, but ratios between 16 and 33 have been 

reported as optimal for the biogas process (Mata-Alvarez et al. 2014a). 

2.2.2 Anaerobic digestion of microalgae and co-digestion 
of other substrates  

Microalgae are promising substrate for production of biogas since they can 

grow more quickly than plants and can fix carbon dioxide, which increases 

the biomass production. Early studies on anaerobic digestion of microalgae 

were presented by Golueke et al. (1957). The digestion of green algae in this 

study was compared with digestion of sewage sludge, with the conclusion that 

the methane production rate of microalgae was slower than that of sewage 

sludge. Mussgnug et al. (2010) studied the methane potential of six species of 

microalgae. The conclusion from this study was that: 1) microalgae can be 

good substrates for anaerobic digestion and have the potential to replace the 

biomass from, for example, energy crops: 2) the biogas production potential 

is dependent on the species and should be studied separately. 

The complex structure of microalgae usually makes it difficult to degrade 

in anaerobic digestion. Pretreatment of the algae before digestion can 

therefore enhance availability of the organic matter and increase the methane 

production. Alzate et al. (2012) evaluated the BMP (biochemical methane 

potential) of different microalgae mixtures using three pretreatment methods: 

thermal hydrolysis, ultrasound and biological treatment with micro aeration. 

The results showed a clear disintegration of the algal substrate, since the 

soluble COD was increased with all pretreatment methods. The BMP 

increased by 12–14% for the substrate treated with ultrasound and 19–46% 

with the thermal pretreatment. The biological treatment showed a decrease of 

4-8% in comparison to the control batch due to possible oxidation by endo-

genous respiration, so that the organic fraction was reduced. In addition 

Schwede et al. (2013b) demonstrated successful results with thermal 

pretreatment before digestion of the marine microalgae Nannochloropsis 

salina. The methane yield was increased by 185% in a BMP-test and by 100% 

in a semi-continuous digestion when the substrate was heated to 100–120 °C. 
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The combination of extracting lipids and producing biodiesel from 

microalgae and then anaerobically digesting the remaining microalgal 

biomass for biogas production is a promising strategy to increase the energy 

yield compared to only biogas production or only lipid extraction from the 

microalgae. Lipid extraction from microalgae for production of biodiesel has 

been in development for many years but its application has been limited by 

the low energy yield (Chisti 2007). Scott et al. (2010) calculated a negative 

energy balance for the process, since the harvesting and drying steps are so 

energy consuming. Capson-Tojo et al. (2017) studied the digestion of 

microalgae (N. gaditana) after lipid extraction in both mesophilic and thermo-

philic conditions. The results showed a high methane yield (400–450 NmL 

CH4 g VS-1) in both temperature ranges, making the combination of lipid 

extraction followed by biogas production an attractive process solution. 

Microalgae usually have a low C/N-ratio, which can lead to ammonia 

inhibition if they are digested without a co-substrate. Schwede et al. (2013a) 

co-digested corn silage and the marine microalgae Nannochloropsis salina to 

optimize the C/N-ratio. This study showed a positive influence on the process 

stability when implementing the microalgae in the digestion of the corn-silage 

due to the better C/N-ratio, enhanced alkalinity and the addition of trace 

elements in the process. Yen and Brune (2007) suggested co-digestion of the 

microalgae species Scenedesmus and Chlorella sp together with waste paper. 

The balanced C/N-ratio enhanced the activity of cellulase and the study 

suggested that it may help the biodegradation, which can provide nutrients to 

the digester and improve the methane production rate. Siddiqui et al. (2011) 

optimized the low C/N-ratio of microalgae with food waste, increasing the 

ratio of 30:1. 

Many studies have presented co-digestion of microalgae and sewage 

sludge in both batch and semi-continuous experiments (Wang et al. 2013; 

Ficara et al. 2014; Mahdy et al. 2015; Wang & Park 2015). In Wang et al. 

(2013), WAS was co-digested with Chlorella sp. The biogas yield increased 

by 73–79% compared with mono-digestion of the microalgae when 41% of 

algae were added to WAS. The explanation for this was that the high density 

and diversity of microorganisms in WAS support the hydrolysis of algal cells 

leading to improved digestibility of the algae. Mahdy et al. (2015) compared 

digestion in mesophilic conditions of C. vulgaris with primary sludge and 

WAS both with and without pretreatment. The results showed increased 

biodegradability over WAS. Increased temperature pretreatment had a larger 

effect on the methane potential of the microalgae biomass compared with the 

WAS. Despite the low C/N ratio of the microalgae, no ammonia inhibition 

was detected. Further results from co-digestion of microalgae and sewage 

sludge are presented in paper II and further elaborated in chapter 4. 
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2.2.3 Dewaterability with microalgae and sewage sludge  

After anaerobic digestion the digestate from a municipal WWTP needs to be 

dewatered to reduce the distribution cost of the material. To improve the 

dewatering characteristics the sludge is conditioned with polyelectrolyte and 

then mechanically dewatered with a centrifuge, belt press or screw press 

(Tchobanoglous et al. 2014). 

The dewaterability of the digestate is influenced by particle size 

distribution, specific surface area, particle charge, bound water content, pH 

and organic content. When organic material is degraded during digestion, the 

particle size distribution of the sludge changes. Particle size distribution has 

been shown to be one of the key factors in controlling sludge dewaterability 

(Bouskova et al. 2006). Another key factor is the amount of EPS (extracellular 

polymeric substances), the major component of the activated sludge floc, 

which acts as an adhesive between bacteria in the sludge floc formation 

(Novak et al. 2003). The increase in EPS increases the difficulty of dewatering 

the sewage sludge. it is the loosely bound EPS containing polysaccharides and 

proteins that causes the deterioration of the dewaterability (Ye et al. 2014).  

Wang et al. (2013) showed that adding 4% and 11% of the microalgae C. 

vulgaris to mesophilic digested sewage sludge improved the dewatering rate 

in comparison to two control digestion sets (WAS or algae only). Co-digestion 

with 11% algae produced the best results. The enhanced dewaterability may 

be a result of the changed particle size distribution or of a change of charge in 

the floc. In Pan et al. (1999), the aging of the green algae Pediastrum and 

Ankistrodesmus together with sludge neutralized the floc and thereby 

enhanced the dewaterability when the sludge was conditioned by a cationic 

polyelectrolyte.  

2.3 System studies of using microalgae in 
municipal WWTPs 

The possibility of creating municipal WWTPs with positive energy balance 

instead of negative energy balance is an appealing idea that is discussed 

frequently in research groups. Urban wastewater contains chemical energy of 

6.3–7.6 kJ L-1 (Heidrich et al. 2011), which could partly be assimilated instead 

of wasted. A microalgal-based wastewater treatment system together with 

anaerobic digestion of the produced biomass is a promising approach to create 

a WWTP eith a positive energy balance. The algal biomass would incorporate 

both the chemical energy in the wastewater and solar energy through 

photosynthesis (Selvaratnam et al. 2015). 

Oswald (2003) estimated that the conventional ASP consumes 1 kWh of 

electricity for aeration to remove 1 kg of BOD7. 0.45 kg of biomass is 

produced for every kg of BOD7 consumed from the ASP; this biomass can 
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then be anaerobically digested to recover energy in the form of methane. BOD 

removed by a microalgal-based wastewater treatment system requires low 

electrical input if natural light is used, and 1 kg of this could produce enough 

biomass to generate methane equivalent to 1 kWh of electric power from 

anaerobic digestion Oswald (2003). 

Since CO2
 is fixed in the algal-based wastewater treatment system (Maity 

et al. 2014), more nitrogen and phosphorous can be fixed from the wastewater 

in the biomass produced. This results in a larger reduction in nutrient in the 

outgoing water than from conventional biological treatment, and produces 

more biomass to digest. The empirical formula for the biomass from the ASP 

is C5H7O2N, which results in a biomass production of 8.1 g per g NH4-N 

reduced. In comparison, assuming the empirical formula for algal biomass as 

C106H263O110N16P, the biomass production will be 15.8 g per g NH4-N reduced. 

This increased biomass production will also increase the total biogas 

production from the municipal WWTP (Selvaratnam et al. 2015). 

The development of biological treatment with microalgae can also have the 

benefit of enhanced reduction of some of the emerging organic contaminants 

(EOCs) in the wastewater. EOCs are a diverse group of compounds belonging 

to different chemical classes. Examples of such compounds are pharma-

ceutical residues, flame retardants, surfactants, and certain pesticides (Murray 

et al. 2010). Conventional WWTPs with ASP as biological treatment are not 

designed to remove most of the EOCs in the wastewater (Ternes et al. 2004). 

Matamoros et al. (2015) studied the removal efficiency of 26 EOCs in primary 

settled wastewater with pilot HRAPs (high-rate algal ponds). The results 

showed a removal efficiency of 0%–99% removal depending on the 

compound. The pharmaceutical substance diclofenac, which has a low 

removal efficiency in an ASP (Falas et al. 2012), showed a reduction of up to 

92% in the HRAP (Matamoros et al. 2015). For the most important reduction 

pathways Matamoros et al. (2015) suggested biodegradation and photo 

degradation for hydrophilic compounds, and volatilization and sorption for 

hydrophobic compounds.  
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3 Material and methods 

The materials used in the experimental studies in this thesis were microalgae 

substrate and sewage sludge. The cultivation of the microalgae in both 

laboratory environment and in the continuous microalgae plants are described 

in section 3.1. The sewage sludge and inoculum used in the experiments are 

described in 3.2. The microalgae were then used in three BMP-experiments 

(section 3.3) and two semi-continuous pilot-scale experiments (section 3.4) to 

answer RQ 1. In the semi-continuous experiments the heavy metal content 

was analyzed and dewaterability tests (section 3.5) were conducted to answer 

RQ 2. 

The system impact evaluation presented in section 3.6 included a: 1) heat 

balance calculation at a municipal WWTP from the results in the second semi-

continuous experiment, 2) a comparative study on the reduction of pharma-

ceutical residues in incoming and outgoing wastewater and 3) a theoretical 

calculation when an ASP with nitrogen removal is exchanged for a MAAS-

process as biological treatment in a municipal WWTP. These evaluations were 

used to answer RQ 3 and 4. 

3.1 Microalgae cultivation 

In total five microalgae cultures were cultivated and used in the anaerobic 

experiments. The first two used in the BMP-experiments came from water 

samples from Lake Mälaren taken in mid-June 2012 (Microalgae A) and mid-

December 2012 (Microalgae B). These cultures were cultivated in glass 

aquariums containing 10.5 L lake water and 21.5 L tap water. A modified 

version of Jaworski’s medium (3.5 L), described in Tab. 1 (Odlare et al. 2011), 

was added to each aquarium in order to ensure sufficient growth of 

microalgae. The aquariums were placed in a room with constant light. Light 

intensity during the cultivation period was 7 000 lux (100 µmol photons m-2 

s-1). 
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Table 1. Modified compostion of Jaworski’s medium. 

Nr Components Per 200 mL 

1 Ca(NO3)2*4H2O 4.0 g 

2 KH2PO4 2.48 g 

3 MgSO7*H2O 10.0 g 

4 NaHCO3 3.18 g 

5 EDTAFeNa, 0.45 g 

 EDTANa2 0.45 g 

6 H3BO3 0.496 g 

 MnCl2*4H2O 0.278 g 

 (NH4)6MO7O24*4H2O 0.20 g 

7 Cyanocobalamin 0.008 g 

 Thiamine HCl 0.008 g 

 Biotin 0.008 g 

8 NaNO3 16.0 g 

9 Na2HPO4*12H2O 7.2 g 

The third microalgae culture (C) was a dried product cultivated in municipal 

wastewater in a pilot-scale HRAP in Umeå, Sweden. The culture was a 

mixture of green microalgae grown for five days in a 650 L open natural light 

photo bioreactor. The municipal wastewater influent was collected at the local 

municipal WWTP (Umeva, Umeå) and transported once a week to the pilot 

plant. Treated flue gases from the local CHP-plant (Umeå Energi, Umeå) was 

used as a CO2-source. The plant burns municipal and partly industrial solid 

wastes. The flue gases were pumped from the smokestack and bubbled into 

the algae culture through a ceramic tubular gas diffuser (Cole-Parmer, USA) 

at approximately 3 L min-1. The bubbling was stopped at night (Axelsson & 

Gentili 2014). 

The fourth microalgae culture used in the first semi-continuous co-

digestion experiment and the simultaneous BMP-experiment was cultivated 

from locally produced municipal wastewater in a pilot-scale HRAP with a 

total volume of 20 m3 in Umeå, Sweden. The microalgae were cultivated 

without any mixing; therefore there was no additional energy input aside from 

the incident sunlight. Microalgae was harvested by gravimetric sedimentation 

and the separated algal substrate was immediately frozen at -20 °C to prevent 

microbial degradation. CO2 was added to the HRAP during a six month 

period, with four months from a clean CO2 source and two months using flue 

gas from the local CHP-plant (10% CO2-concentration). The pH was 

maintained at 8.3 during the cultivation (Gentili 2014).  
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In the second semi-continuous co-digestion experiment a mixture of 

microalgae and bacteria was cultivated in a MAAS-pilot plant with an active 

volume of 1 m3 (Fig. 6). The HRT in the plant was six days and the SRT 

(sludge retention time) was 20–25 days. The wastewater used in the 

cultivation was pre-sedimented water from a full-scale municipal WWTP in 

Västerås, Sweden. The microalgal-bacterial substrate was harvested by 

gravimetric sedimentation. It was then thickened to approximately 5% TS 

using polyelectrolyte dosage followed by filtration. 

 

Figure 6. The MAAS-pilot plant. 

A light microscope (Optika B-353 LD2, Optika, Italy) was used to identify the 

algal strains in accordance with (Bellinger & Sigee 2010) 

The following parameters were analyzed for the microalgal substrates: TS 

(total solids), VS (volatile solids), VFA (volatile fatty acids), N-total (total 

nitrogen), TKN (total Kjeldahl nitrogen), NH4-N, C-total (total carbon), P-

total (total phosphorous), heavy metals and lipids. The methods used for the 

analysis are presented in paper III. 
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3.2 Sewage sludge and inocula  

The sewage sludge co-digested with the microalgae in all the experiments was 

collected from the full-scale municipal WWTP in Västerås, Sweden. The 

substrates in papers I and III were a representative mixture of primary sludge 

from the pre-sedimentation and a polyelectrolyte-treated WAS from the ASP. 

In paper IV, primary sludge was used together with microalgae and bacteria 

(from a MAAS-pilot) in two digesters. In the two reference digesters WAS 

was co-digested with primary sludge. The two types of sludge were taken 

directly after the gravimetric thickening. For the semi-continuous experiment 

the samples were taken once a week and stored at +2 °C prior to the experi-

ments.  

The sludge-types were analyzed for the same parameters as the microalgae 

described in the previous section. 

The inocula used in the BMP-experiments in paper I was obtained from a 

mesophilic digester at the municipal WWTP in Västerås and a thermophilic 

pilot digester at the municipal WWTP in Uppsala. 

In papers III and IV the mesophilic inocula were also collected from the 

mesophilic digester at the municipal WWTP in Västerås. The inoculum used 

in the thermophilic digesters in paper IV was a combination of mesophilic 

digested sludge from the municipal WWTP in Västerås (95 vol%) and sludge 

from a thermophilic biogas plant (operation temperature: 52 °C) (5 vol%) in 

Uppsala, Sweden (UVAB 2017a) 

3.3 BMP-experiments – RQ 1 

BMP-experiments are used to evaluate how much the maximum amount of 

methane that can be produced from a specific substrate or substrate mixture. 

Moreover the speed of the degradation of the organic matter in the substrate 

can be estimated with a BMP-test. (Schnürer & Jarvis 2017) 

3.3.1 Estimation of the theoretical BMP in the substrates 

In the studies where BMP-experiments were performed, the theoretical BMP 

was first estimated for the substrates used in the experiments. The TS- and 

VS-contents of the microalgae, primary sludge and WAS were determined 

using standard techniques presented in APHA (1995) (American Public 

Health Association). The organic content of the substrates was then cate-

gorized as lipids, protein and carbohydrate fractions. The amount of lipids was 

determined by SBR-analysis (Schmid-Bondzynski-Ratslaff) according to 

standard method no. 131 from the Nordic Committee of Food Analysis 

(NMKL 1989). The protein content was determined by analyzing nitrogen by 
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the The Kjeldahl method as described in APHA (1995). The nitrogen content 

was multiplied by the conversion factor for protein in food samples, 6.25 

(Salo-väänänen & Koivistoinen 1996). The remaining organic matter was then 

classified as carbohydrates.  

The theoretical methane yields for the substrates were estimated from the 

theoretical methane yields for lipids, proteins and carbohydrates (VDI 2006). 

The following yields were used: 1.000 NmL gVS-1 for lipids, 0.480 NmL gVS-

1 for proteins and 0.375 NmL gVS-1 for carbohydrates. 

3.3.2 The BMP-experiments 

The BMP-experiments for co-digestion of sewage sludge and microalgae in 

different proportions followed the same protocol described by (Dererie et al. 

2011) with a substrate:inoculum ratio of 1:2 based on VS. The experiments 

were performed in triplicates in bottles as presented in Fig. 7. Different 

substrate mixtures were prepared for both the mesophilic and the thermophilic 

experiments by replacing undigested sludge with the cultivated microalgae. 

The algae concentrations were chosen based on the previous study by Krustok 

et al. (2013). In the beginning of the experiments flushing with pure N2 was 

made to avoid any disturbance of the carbonate balance as described by 

Holliger et al. (2016). Gentle continuous mixing of the bottles was applied in 

the BMP-experiment presented in paper I. In the experiment described in 

paper III manual mixing once a day was made to avoid scum layer formation. 

This type of mixing is also sufficient according to Holliger et al. (2016). 

 

Figure 7. a) Presentation of the content in the bottles for the BMP-

experiment. b) Conical bottles used in the BMP-experiments. 
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The two BMP-studies presented in paper I were carried out in mesophilic (37 

°C) and thermophilic (55 °C) conditions (substrate mixtures are described in 

Tab. 2), respectively, and the study in paper III was carried out in mesophilic 

conditions (35 °C) (substrate mixtures are described in Tab. 3).  

Table 2. Description of substrate mixtures and controls in the BMP-
experiment in paper I. 

Mixture 
number 

Temp. 
(°C) 

Micro-
algae A 

(%) 

Micro-
algae B 

(%) 

Micro-
algae C 

(%) 

Sewage 
sludge D 

(%) 

Sewage 
sludge E 

(%) 

1 37 - - - 100 - 

2 37 12 - - 88 - 

3 37 25 - - 75 - 

4 37 37 - - 63 - 

5 55 - - - 100 - 

6 55 12 - - 88 - 

7 55 25 - - 75 - 

8 55 37 - - 63 - 

9 37 - - - - 100 

10 37 - 12 - - 88 

11 37 - 25 - - 75 

12 37 - 37 - - 63 

13 37 - 100 - - - 

14 37 - - 12 - 88 

15 37 - - 25 - 75 

16 37 - - 37 - 63 

17 37 - - 100 - - 

19 55 - - - - 100 

20 55 - 12 - - 88 

21 55 - 25 - - 75 

22 55 - 37 - - 63 

23 55 - 100 - - - 

24 55 - - 12 - 88 

25 55 - - 25 - 75 

26 55 - - 37 - 63 

27 55 - - 100 - - 
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Table 3. Description of substrate mixtures and controls in the BMP-
experiment in paper III. 

Mixture 
number 

Micro- 
algae 
(%) 

WAS 
(%) 

Primary 
sludge 

(%) 

Control 
subst. 

(%) 

1 - 35 65 - 

2 100 - - - 

3 42 19 39 - 

4 - - - 100 

Gas production in the bottles was determined by measuring the overpressure 

in the flasks using a pressure gauge and then calculating the produced gas 

volume according to Eq. 1. The volume was then normalized according to 

Eq. 2 (VDI 2006).  

𝑉 =
(𝑝𝑎+𝑝𝑚)∙𝑉ℎ

𝑝𝑎
− 𝑉ℎ    (1) 

𝑉: Calculated gas volume (mL) 

𝑝𝑎: Ambient pressure (mbar) 

𝑝𝑚: Measured pressure (mbar) 

𝑉ℎ: Headspace volume (mL) 

𝑉0 = 𝑉 ∙
(𝑝𝑎−𝑝𝑤)∙𝑇0

𝑝0∙𝑇𝑎
    (2) 

𝑉0: Normalized gas volume (NmL) 

𝑉: Calculated gas volume (mL) 

𝑝𝑎: Ambient pressure (mbar) 

𝑝𝑤: Vapour pressure of the water as a function of the temperature of the 

ambient space (VDI 2006) (mbar) 

𝑇0: Normalized temperature; 273.15 K  

𝑝0: Normalized pressure; 1013 mbar 

𝑇𝑎: Ambient temperature (K) 

Each time the pressure was measured in the bottles a gas sample was taken for 

methane content analysis by gas chromatography. The methane content was 

then multiplied by the biogas production to obtain the methane produced in 

each bottle. The methane yield (in NmL gVS-1) was then calculated by 

dividing the methane production with the gVS of substrate. Confidence 

intervals were calculated in Microsoft Excel to determine statistical signi-

ficance of differences between the samples in paper I. The confidence interval 
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for a parameter is calculated from sampled data by a method that takes the 

probability into account. If the probability is 95% (P = 0.95) it is calculated 

according to Eq. 3 (Moore et al. 2014).  

𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 𝑥 ± 1.96
𝜎

√𝑛
   (3) 

𝑥: Mean value  

σ:  Standard deviation  

n: Number of samples in the data set  

In paper III the standard deviation (σ) was used to determine the statistical 

significance between the samples. It was calculated in Microsoft Excel using 

Eq. 4 and shows how a series of samples deviates from the mean (Moore et 

al. 2014).  

𝜎 = √
∑(𝑥−𝑥) 

(𝑛−1)
     (4) 

σ:  Standard deviation  

n: Number samples in the data set  

3.3.3 Statistical models to predict BMP 

Statistical models can be used to predict the BMP of different substrates. Both 

linear regression models and kinetic models can be used according to Kafle 

and Chen (2016). The first order kinetic model is simple but does not predict 

the conditions for maximum biological activity and system failures. The 

Gompertz model is better and was modified by Gibson et al. (1987) to show 

cell density during bacterial growth periods in terms of exponential growth 

rates and lag phase duration. This model was later identified as a good 

empirical non-linear regression model, and is now commonly used in 

simulation for BMP-prediction (Kafle & Chen 2016). In Yoon et al. (2018) 

both the modified Gompertz model and exponential models described the 

BMP-curves very well for batch experiments where sewage sludge was used 

as substrate. 

In the BMP-experiments in this thesis the modified single Gompertz 

growth equation was chosen to estimate kinetic parameters in the tests. The 

model was taken from Zhu et al. (2009) and is presented in Eq. 5.  

𝐵(𝑡) = 𝐵𝑀𝑃 exp {−exp [
𝑅m∙𝑒

𝐵𝑀𝑃
(𝜆 − 𝑡) + 1]}  (5) 
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𝐵(𝑡):  Cumulative methane yield (NmL CH4 g VS-1),  

𝐵𝑀𝑃:  Ultimate methane yield (NmL CH4 g VS-1 added) 

𝑅m: Maximum methane production rate (NmL CH4 g VS-1 day-1) 

𝜆: Lag phase time (day) 

𝑡: Digestion time (day) 

𝑒: Euler´s number (𝑒 = 2.7182).  

The constants λ, BMP and Rm were determined from the experimental data in 

the BMP-experiments using the MS Excel Solver Toolpak described in paper 

I. In paper III, a function in Matlab (fmincon) was used. The R2-coefficient 

was calculated to evaluate the fit of the Gompertz equation to the experimental 

data.  

3.4 Semi-continuous digestion studies – RQ 1 

To estimate the amount of methane that realistically can be extracted from a 

substrate or substrate mixture, semi-continuous experiments need to be 

performed. Inhibitory effects from substrates that are hard to reveal from 

BMP-tests can also easier be seen in semi-continuous experiments that are 

operated for a longer period than the batch experiments. (Schnürer & Jarvis 

2017) 

The first semi-continuous anaerobic digestion experiment described in 

paper III was performed in order to investigate how the biomass generated in 

the microalgae cultivation process influenced the anaerobic process when it 

was co-digested with a representative mixture of WAS and primary sludge. 

40% microalgae and 60% WAS/primary sludge, based on VS, were digested 

in a reactor in mesophilic conditions (37 °C) (digester 2). In a mesophilic 

reference reactor (digester 1), a representative mixture of WAS (40%) and 

primary sludge (60%) was digested. The system used (Fig. 8) had an active 

volume of 5 L and used online measurement of gas production and methane 

content. Stirrers were mounted in the reactors, and could be run continuously 

at a steady speed (a constant 200 rpm was used in the study). The system was 

manually fed with the substrates once a day. 
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Figure 8. Semi-continuous digestion system used in the studies.  

The experiment was divided into two separate periods, each with a duration 

of three retention times. In period 1, the HRT was 15 days and OLR was 2.4 

g VS L-1 d-1 (the same OLR as the full-scale digestion in Västerås WWTP) 

and in period 2, the HRT was 10 days and the OLR was 3.5 g VS L-1 d-1. The 

aim of increasing the loading in period 2 was to investigate the possibility of 

stressing the system. To ensure stable conditions before the second period 

started, methane production was monitored and VFA (volatile fatty acids) 

content was measured in the digestate. 

The biogas production was normalized according to Eq. 2 and the methane 

content was also normalized according to Eq. 6. 

𝐶𝐻40

𝑠𝑡 = 𝐶𝐻4 ∗
𝑝𝑎

𝑝𝑎−𝑝𝑤
    (6) 

𝐶𝐻40

𝑠𝑡: Normalized methane content (%) 

𝐶𝐻4: Measured methane content (%) 

𝑝𝑎: Ambient pressure (mbar) 

𝑝𝑤: Vapor pressure of the water as a function of the temperature of the 

ambient space (mbar) 
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The VS-reduction in the digesters were calculated according to Eq. 7.  

𝑉𝑆 − 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑉𝑆𝑖𝑛−𝑉𝑆𝑜𝑢𝑡

𝑉𝑆𝑖𝑛
 (%)   (7) 

𝑉𝑆𝑖𝑛: Incoming organic matter to the digesters (g d-1) 

𝑉𝑆𝑜𝑢𝑡:  Outgoing organic matter from the digesters (g d-1) 

In the second semi-continuous anaerobic digestion experiment described in 

paper IV the WAS was replaced by the microalgal-bacterial substrate. Two 

systems, as described in the first experiment, were used in this study, one 

operated in mesophilic conditions (37 °C) and the other in thermophilic 

conditions (55 °C). The four digesters were called TherM, TherS, MesM and 

MesS. TherM and MesM were fed with the microalgal-bacterial biomass 

(40%) and primary sludge (60%) respectively. TherS and MesS were the 

reference digesters fed with WAS (40%) and primary sludge (60%) 

respectively.  

The HRT in all four digesters was 14 days and the OLR varied between 1 

and 2.4 g VS L-1 day-1. To maintain comparable conditions, the same OLR 

was applied in all four digesters and was set by the amount of microalgae and 

bacteria that could be harvested from the MAAS process. The study continued 

for a duration of approximately six HRTs.  

In both experiments the statistical significance of differences in methane 

yield between the digesters during the HRTs was evaluated by one-way 

ANOVA using the computer software package SPSS 22 (SPSS Inc., Chicago, 

IL, USA). 

The digestates were analyzed for VS, TS, COD. CODs, Ntot, TKN, NH4-

N, and heavy metals in both experiments. Heavy metal contents were 

compared with Swedish regulatory limits for sewage sludge in SFS 1998:944 

and US regulatory limits for sewage sludge in 40 CFR Part 503. 

The NH3-N was calculated from the ammonium content, pH and the 

temperature in the digestate, according to Eq. 8 (Gallert & Winter 1997). 

𝑁𝐻3 − 𝑁 =
𝑁𝐻4−𝑁∗10𝑝𝐻

(𝑒6344/(273+𝑇)+10𝑝𝐻)
   (8) 

𝑁𝐻3 − 𝑁: Free ammonia nitrogen content (mg L-1) 

𝑁𝐻4 − 𝑁: Ammonium nitrogen content (mg L-1) 

𝑝𝐻: pH in the digestate  

𝑇: Temperature in the digestate (K) 
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3.5 Dewaterability studies – RQ 2 

The amount of polyelectrolyte needed for conditioning of digested sewage 

sludge can be determined by tests that measure the index of the filterability of 

the treated material (Tchobanoglous et al. 2014). The digestates in the semi-

continuous experiments described in papers III and IV were treated with the 

cationic polyelectrolyte Zetag 8127 (BASF) (the same product used in the full-

scale WWTP in Västerås for dewatering of digested sludge). The dose at 

which the polyelectrolyte had a good flocculation effect was first estimated by 

adding known amounts of polyelectrolyte to 100 mL of the digestate from the 

full-scale plant in Västerås, Sweden. The digestate was then mixed and the 

floc formation was studied. The same amount of polyelectrolyte was used in 

all the digestates in each experiment. A filterability test using a CST (capillary 

suction time) apparatus (Fig. 9) was performed as presented by Taylor and 

Elliott (2012). In order to measure the stability of the floc, the CST was 

measured after 10 s, 40 s, and 100 s of vigorous stirring of the sludge. Weak 

flocs were identified by a steep increase in the CST after the stirring. 

 

Figure 9. CST-apparatus with the sensor on a filter paper in front of 

the blue chronometer.  
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3.6 System impact evaluations – RQ 3 and 
RQ 4 

3.6.1 Heat-balance calculation – RQ 3 

In paper IV a heat-balance calculation was performed to link experimental 

results of the methane yield from the four digesters in mesophilic and 

thermophilic conditions to the heat required to heat the substrate and maintain 

the temperature of the full-scale digesters at the reference WWTP in Västerås, 

Sweden. The heat balance was used to evaluate the impact on the system in a 

WWTP if a MAAS-process was used as biological treatment instead of an 

ASP. In the heat requirement analysis, it was assumed that the digesters are 

cylindrical with a diameter of 15 m and a height of 10 m (3 m underground). 

The heat energy produced from biogas was estimated from a CHP-system 

assuming a heat efficiency of 48%. The electrical efficiency was assumed to 

be 40% (Clarke & Energy 2013).  

The calculations of the substrate heating assumed the use of a heat recovery 

with a heat exchanger for incoming sludge and outgoing digestate. The heat 

consumption for heating the substrate to mesophilic and thermophilic 

conditions was calculated according to Eq. 9 (Nordlander et al. 2017).  

𝑄𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  = 𝑉𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ∗ ƍ𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ∗ 𝐶𝑠 ∗ (𝑇 − 𝑇0)  (9) 

𝑄𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒:  Heat required for the substrate (kWh) 

𝑉𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 :  Substrate volume (15 m3) 

ƍ𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒:  Substrate density (1000 kg m-3) 

𝐶𝑠:  Heat capacity of substrate (4.1855 kJ kg-1 K-1) (15 °C, 101.325 

kPa)  

𝑇: 37 °C in mesophilic conditions and 55 °C in thermophilic 

conditions  

𝑇0:  Temperature after the heat regeneration in mesophilic and 

thermophilic conditions 
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The heat losses through the digesters were calculated according to Eq. 10 

(Zupančič & Roš 2003).  

𝑄ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠𝑒𝑠  = 𝑘𝑐𝑜𝑢𝑡 ∗ 𝐴𝑜𝑢𝑡 ∗ (𝑇 − 𝑇𝑎𝑖𝑟) + 𝑘𝑐𝑔𝑟𝑠 ∗ 𝐴𝑔𝑟 ∗ (𝑇 − 𝑇𝑔𝑟𝑠) +

𝑘𝑐𝑔𝑟𝑤 ∗ 𝐴𝑔𝑟 ∗ (𝑇 − 𝑇𝑔𝑟𝑤)                         (10) 

𝑄ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠𝑒𝑠: Sum of all the heat losses through the digesters (kWh) 

𝑘𝑐𝑜𝑢𝑡: Heat transfer coefficient from digestate to outside air (0.265 

W m-2 K-1)  

𝑘𝑐𝑔𝑟𝑠: Heat transfer coefficient from digestate to the soil (0.235 W 

m-2 K-1)  

𝑘𝑐𝑔𝑟𝑠: Heat transfer coefficient from digestate to the groundwater 

(0.181 W m-2 K-1)  

𝐴𝑜𝑢𝑡: Digester surface from digestate to outside air (m2) 

𝐴𝑔𝑟: Digester surface from digestate to the ground (m2) 

𝑇: Temperature of the digestate (37 °C or 55 °C)  

𝑇𝑎𝑖𝑟: Minimum outside air temperature (Winter, -20.3 C; Summer, 

+5.8 C)  

𝑇𝑔𝑟𝑠: Standard temperature of soil (0 °C)  

𝑇𝑔𝑟𝑤: Standard temperature of water (10 °C)  

The resulting heat-balance calculation for the four digesters is presented in 

Eq. 11.  

𝑄𝑏𝑎𝑙𝑎𝑛𝑐𝑒  = 𝑄𝐶𝐻𝑃 + 𝑄𝑟𝑒𝑔𝑒𝑛. − 𝑄𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝑄ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠𝑒𝑠                        (11) 

𝑄𝑏𝑎𝑙𝑎𝑛𝑐𝑒: Heat balance (kWh) 

𝑄𝐶𝐻𝑃: Heat energy produced (kWh) 

𝑄𝑟𝑒𝑔𝑒𝑛.: Possible heat regeneration (kWh) 

3.6.2 Comparative study on pharmaceutical residues 
reduction – RQ 4 

The aim of this comparative study, in which 23 pharmaceutical residues were 

measured in wastewater, was to compare the reduction efficiencies of the 

residues in the MAAS-process with a conventional full-scale ASP in Västerås 

WWTP, Sweden. The distribution of the 23 pharmaceutical residues in 10 

different wastewater- and sludge streams in the full scale WWTP was also 

studied. An overview of the full-scale process and the sampling points are 

presented in Fig. 10. 
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Figure 10. Sampling points in the full-scale WWTP (paper V).  

The samples from incoming water, mechanically treated water and outgoing 

water (samples 1–3) were taken as flow-regulated weekly samples. Primary 

sludge, WAS, dewatered sludge and the different reject waters (samples 4–7, 

9, 10) were taken as random samples once a day during the sampling week 

and then mixed together as cluster samples. Outgoing sludge from the 

digesters (sample 8) was taken as one random sample since the long HRT in 

the digester evens out the differences between the days in the sampling week. 

The analyzed pharmaceutical substances were: Diclofenac, Furosemide, 

Hydrochlorothiazide, Ibuprofen, Naproxen, Ramipril, Warfarin, Atenolol, 

Amlodipine, Bisoprolol, Carbamazepine, Citalopram, Fluoxetine, Keto-

profen, Metoprolol, Oxazepam, Paracetamol, Propranolol, Ranitidine, 

Risperidone, Sertralin, Simvastatin and Terbutaline. 
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3.6.3 System impact – MAAS–process instead of ASP 
with nitrogen removal – RQ 3 

A comparative theoretical calculation was carried out for a municipal WWTP 

in Uppsala, Sweden in which the existing biological treatment, an ASP with 

nitrogen removal, was replaced by a hypothetical MAAS-process. Plant data 

for 2017, obtained from Uppsala Vatten och Avfall AB, was used (Tab. 4). 

The data represents nine points in the process (Fig. 11 – scenario 1 and Fig. 

12 – scenario 2). The changes at these nine points were then calculated, 

implementing a MAAS-process in place of the ASP. Data for the MAAS-

process was taken from Anbalagan et al. (2016). Scenario 2 was divided into 

a) high methane yield and VS-content from microalgae B in paper I and 

b) low methane yield and VS-content from microalgae in paper III. The 

following parameters are presented for the nine points (in tonnes year-1 for 

water and sludge and Nm3 year-1 for methane production): 

1. Incoming wastewater: BOD7, Ntot, Ptot. 

2. Pre-sedimented wastewater: BOD7, Ntot, Ptot. 

3. Outgoing wastewater: BOD7, NH4-N, Ptot. 

4. Reject water from the dewatering unit: BOD7, Ntot, Ptot. 

5. Primary sludge production: TS-amount. 

6. WAS and WAS/microalgae: TS-amount. 

7. Methane production: CH4 – amount. 

8. Dewatered sludge: sludge (based on TS), Ntot and Ptot. Heavy metal 

concentrations in the sludges are also presented (unit: mg kg TS-1). 

9. Polyelectrolyte consumption. 
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Figure 11. Scenario 1 – process presentation of a municipal WWTP-
biological treatment ASP with nitrogen removal 

 

Figure 12. Scenario 2a and 2b – process presentation of a municipal WWTP-
biological treatment MAAS-process. 
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Table 4. Data for the municipal WWTP in 2017. 

1) Assumptions from the operational staff. 

Parameters Locations Uppsala WWTP Unit 

Total connected people 
equivalents (1 pe = 70 g BOD7 d

-1) 
1 183 000 Pe 

Total received wastewater 1 17 978 022 m3 

Average incoming BOD7 1 270 mg L-1 

Average incoming Ptot  1 6.5 mg L-1 

Average incoming Ntot  1 58 mg L-1 

Average presedimented BOD7  2 111 mg L-1 

Average presedimented Ptot  2 2.11 mg L-1 

Average presedimented Ntot 2 52 mg L-1 

Average outgoing BOD7  3 <3 mg L-1 

Average outgoing  Ptot  3 0.056 mg L-1 

Average outgoing  Ntot 3 13.2 mg L-1 

Total amount of reject water 4 136 280 m3 

Average reject water BOD7  4 110 mg L-1 

Average reject water Ptot  4 4.4 mg L-1 

Average reject water Ntot  4 783 mg L-1 

Primary sludge flow  5 85 146 m3 year-1 

Average TS primary sludge  5 4.9 %TS 

Average VS primary sludge 5 79.7 %VS 

WAS flow  6 37 022 m3 year-1 

Average TS WAS  6 3.7 %TS 

Average VS WAS 6 76.5 %VS 

Digestability primary sludge1) 7 60 % 

Digestability WAS1) 7 33 % 

Methane production 7 1 547 000 Nm3 CH4 year-1 

Amount dewatered sludge 8 12 466 Tonnes 

Average TS dewatered sludge  8 28 %TS 

Heavy metal content dewatered 
sludge 

   

Pb 8 14 mg kgTS-1 

Cd 8 0.53 mg kgTS-1 

Cr 8 18 mg kgTS-1 

Cu 8 377 mg kgTS-1 

Hg 8 0.56 mg kgTS-1 

Ni 8 14 mg kgTS-1 

Zn 8 518 mg kgTS-1 

Polyelectolyte consumption 9 7.7 kg tonneTS-1 
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The assumptions in each location were:  

1. The characteristics of incoming wastewater did not change 

between the two scenarios. 

2. The nitrogen from the reject water was reduced in the reject water 

treatment and did not increase the load on the pre-sedimented 

wastewater. The majority of the Ntot in the wastewater was 

assumed to be NH4-N. 

3. Outgoing wastewater contained the same amount of organic matter 

in both scenarios. Reduction of nitrogen in the MAAS was 81.5%, 

as presented by Anbalagan et al. (2016). All the reduced nitrogen 

was assumed to be fixed in the biomass. The size of the MAAS 

was not designed in this calculation.  

4. The nutrients dissolved from the digested microalgae were also 

added to the reject water in scenario 2a and 2b. The majority of the 

nitrogen was assumed to be NH4-N. 

5. The amount of sewage sludge produced in the primary treatment 

was the same in all scenarios.  

6. The biomass from the bacteria was the same in both scenarios 

since the main part of the biomass production came from 

heterotrophic bacteria degrading organic matter (Tchobanoglous 

et al. 2014). The additional biomass produced by the microalgae 

in scenario 2a and 2b were based on the empirical formula 

C106H263O110N16P. This produces 15.8 g biomass per g NH4-N 

reduced (Selvaratnam et al. 2015). The amount of NH4-N reduced 

by bacteria in scenario 2a and 2b was based on the empirical 

formula for activated sludge, C5H6.9O2NP0.1, presented by 

(Prochazka et al. 1973). 

7. The same digestibility as the WAS was applied for the microalgae 

in scenario 2a and 2b. 

8. The amount of sludge produced in scenario 2a and 2b was based 

on the production in scenario 1, with the addition of the extra 

biomass from microalgal biomass. It was also assumed that the 

heavy metals in incoming wastewater are adsorbed completely to 

the sludge. 

9. The change in polyelectrolyte consumption was based on the 

filterability results in paper III (half of the consumption in the full-

scale process with maintained dewaterability results). 
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Eqs. 12–21, used in scenario 2a and 2b are presented in Tab. 5. The nomen-

clature of the equations is presented under the table. For scenario 1, only 

reported data from the municipal WWTP in Uppsala, Sweden was used. 

Table 5. Equations used in the calculations. 

Nredbacteria: N reduced by the bacteria (tonnes year-1) 

mWAS: Amount of biomass from WAS (tonnes year-1) 

VSWAS: VS-content in the WAS (%) 

MN: Molar mass of nitrogen (g mol-1) 

Mbacteria: Molar mass of bacteria (g mol-1 

malgaeVS: Mass of algal biomass (tonnes year-1) 

Nin: Incoming N in location 2 (tonnes year-1) 
Nrej: N in the reject water from scenario 1 (tonnes year-1) 

Nout: N in the outgoing water (tonnes year-1) = (1–0.815)*Nin 

malgaeTS: Total mass of microalgae substrate (tonnes year-1) 

VSalgae: Organic content in the algal biomass (%) 

CH4algae:  Methane production from the microalgae (Nm3 year-1) 

VSredalgae: VS-reduced of the microalgal substrate (%)  

Yalgae: Methane yield of microalgae in paper I (scenario 2a) paper III 

(scenario 2b) (NmL CH4 g VS-1) 

    

Description Equation No 

N reduced by bacteria in the 
MAAS-process 

Nredbacteria = mWAS * VSWAS/100* 1/1* MN/Mbacteria  (12) 

Microalgae biomass produced malgaeVS = (Nin - Nredbacteria - Nout)*1/16 * 
Mmicroalgae/MN 

(13) 

Microalgal mass produced malgaeTS = malgae,VS/VSalgae (14) 

Extra methane production by 
microalgal biomass 

CH4algae = malgaeVS*VSalgae*Yalgae (15) 

Extra N in the reject water Nalgaerej = malgaeVS*VSredalgae* 

MN/Mmicroalgae 

(16) 

Extra P in the reject water Palgaerej = malgae,VS*VSredalgae*1/1*MP/Mmicroalgae (17) 

Total sludge production based 
on TS 

msludge = msludge scen.1+malgae,TS – malgae,VS* VSredalgae (18) 

Extra N in the dewatered 
digested sludge 

Nsludge = malgaeVS * (1- VSredalgae)*1/16* 

MN/Mmicroalgae 

(19) 

Extra P in the dewatered 
sludge 

Psludge = malgaeVS * (1- VSredalgae)*1/1* 

MP/Mmicroalgae 

(20) 

Polyelectrolyte consumption  PEsludge = msludge * SPEsludge * 1/2/1000 (21) 
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MP: Molar mass of phosphorous (g mol-1) 

Mmicroalgae: Molar mass of the microalgae (g mol-1) 

Nalgaerej: Extra NH4-N in the reject water  (tonnes year-1)  

MN: Molar mass of NH4-N (g mol-1) 
Palgaerej: Extra P in the reject water (tonnes year-1) 

msludge: Total sludge production in scenario 2a and 2b (tonnes year-1) 
msludge scen. 1: Total sludge production in scenario 1 (tonnes year-1) 
Nsludge: Extra N in the digested sludge (tonnes year-1) 

Psludge: Extra P in the digested sludge (tonnes year-1) 

PEsludge: Polyelectrolyte consumption (tonnes year-1) 
SPEsludge: Specific polyelectrolyte consumption (kg ton TS-1) 
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4 Results and discussion 

In this results and discussion section the microalgal substrate and sewage 

sludge used in the experimental studies are characterized in section 4.1 and 

4.2. The results from the BMP-experiments, answering RQ 1, are presented in 

section 4.3 followed by results from the subsequent semi-continuous 

experiments, in section 4.4, answering RQ 1 and 2. The system impact 

evaluations that answer RQ 3 and RQ 4 are presented in section 4.5.  

4.1 Characterization of the microalgal 
substrate  

A range of different algal species were identified from the microalgal culti-

vation during the experiments by light microscopy. In the BMP-experiments 

the microalgal substrates B and C were dominated by the green algae species 

Scenedesmus sp. and C. Vulgaris. In the subsequent semi-continuous and 

BMP-experiments in which the microalgae were cultivated on wastewater in 

a HRAP, the species identified were Ankistrodesmus, C. vulgaris, Pandorina, 

Scenedesmus opoliensis, Scenedesmus quadricauda and Scenedesmus sp. 

In the second semi-continuous experiment where the microalgae were 

cultivated on pre sedimented municipal wastewater in a MAAS-process 

Chlorella sp., cyanobacteria and Scenedesmus sp. were identified. Fig. 13 

shows a representative micrograph, magnified 400 x.  

The mini-review revealed that a large variety of microalgae were digested 

in both BMP-experiments and semi-continuous experiments. In six of the 

presented experiments the dominant microalgal specie was C. vulgaris. Other 

species that was identified included Spirulina maxima, Scendesmus sp., 

Spirulina platensis, Isochrysis galbana, Micratinium and Selenastrum capri-

cornutum.  

Scenedesmus sp and C. vulgaris were present in the substrates in all the 

studies presented in paper I, III and IV. As presented in the theoretical 
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background, these species are considered tolerant to the conditions in muni-

cipal wastewater (Pittman et al. 2011) and have been demonstrated to 

efficiently reduce nitrogen and phosphorous in the wastewater (Lau et al. 

1995).  

 

Figure 13. Microscope image, from the experiment described in paper IV, of 

microalgae present in the substrate (A) Chlorella sp., (B) 

cyanobacteria., (C) Scenedesmus sp., magnification: 400 x. (Image 

from S. Schwede). 

The uptake of heavy metals by these microalgae is also efficient, especially 

by Scenedesmus sp and C. Vulgaris (Inthorn et al. 2002). The results from the 

substrate analysis in paper III confirms this efficient uptake. The heavy metal 

content in this study was much higher in the microalgal substrate than in the 

sewage sludge. The Cd2+-level was 42 times higher in the algae compared with 

the level in the primary sludge, and the Hg2+-level was three times higher in 

the algae than in the WAS. The origin of the high heavy metal levels may be 

due to uptake of heavy metals by the algae from the treated flue gases from 

the local CHP plant (Umeå Energi, Umeå). In paper IV the content of Pb, Hg 

and Cd were lower compared with the microalgae in paper III, since flue gas 

was not used as a CO2-source for the microalgal cultivation. Compared with 

the sewage sludge, the content of heavy metals in the microalgae was the same 

 

B 

A 

C 
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apart from Zn. The Zn was found to originate from the alloy on the stirrers in 

the MAAS pilot. 

The results of the heavy metals content in the microalgal substrates 

presented in papers III and IV are shown in Tab. 6. The content in primary 

sludge and WAS are presented in Tab. 8 in section 4.2.  

Table 6. Microalgal substrate analysis – Heavy metals. Analysis 1, 
beginning of the experiment, analysis 2, end of the experiment. 

Parameter 

(mg kg TS-1) 

Microalgae paper III Microalgae paper IV 

Analysis 2 1 2 

Zn 1 700 3 100 1 500 

Cu 330 260 530 

Ni 40 41 25 

Pb 15 5.2 11 

Hg 0.76 0.20 0.21 

Cr   38 37 

Cd 15 0.61 0.34 

The content of lipids, proteins and carbohydrates (% of TS) in the microalgal 

substrate from the studies presented in papers I, III and IV are presented in 

Tab 7. The calculated theoretical methane yield is also presented in the same 

table.  

Table 7. Microalgal substrate analysis. 

Organic comp. 
(% of TS) 

Microalgae B 
(paper I) 

Microalgae C 
(paper I) 

Microalgae 
paper III 

Microalgae 
paper IV 

Lipids  7.36 2.99 3.02 3.70 

Protein  25.95 25.91 33.20 35.40 

Carbohydrates 36.49 30.88 34.90 27.90 

Theoretical 
methane yield 

(NmL CH4 g VS-1) 

509 482 446 465 

The microalgae grown in municipal wastewater (Microalgae C, Microalgae 

(paper III) and Microalgae (paper IV)) had approximately the same 

composition of lipids, proteins and carbohydrates. By contrast, microalgae B 

had a higher lipid content, which enhanced the theoretical methane yield. This 
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microalgal substrate was not grown on municipal wastewater and therefore 

did not contain bacteria. The microalgae presented in the mini review 

contained a wide range of lipids, proteins and carbohydrates. The monoculture 

Chlorella sp presented by Kim and Kang (2015), had even higher lipid content 

(16% of TS). The monoculture was also not cultivated on municipal waste-

water. Two of the cultures presented by Caporgno et al. (2015) had a high 

lipid content: Isochrysis galbana with 20% lipids and Selenastrum capri-

cornutum with 30% lipids which consequently increased the theoretical 

methane yield to 562 and 632 NmL CH4 g VS-1, respectively. 

The average C/N ratio of all of the microalgae samples investigated in the 

mini-review were 7.4±3 which was only slightly higher than the C/N ratios 

observed in WAS (4.7–5.5). The C/N-ratio in the microalgal substrates used 

in paper I were 9.3 and 7.8 in microalgae B and C respectively. In the 

microalgal substrates used in papers III and IV the C/N-ratios were both 6.3.  

The low C/N ratio for microalgae as presented by Schnürer and Jarvis 

(2017), Wang et al. (2013) and Schwede et al. (2013b) were confirmed in all 

microalgal substrates in the experiments performed in this thesis.  

Microalgae B that were cultivated on a modified version of Jaworski’s 

medium had a VS/TS ratio of 70% while the VS/TS-ratio of the studied 

microalgae grown on wastewater was lower (59.2% for microalgae in paper 

III and 67.4% for microalgae in paper IV), indicating a stabilized substrate. 

This will influence both the kinetics in the BMP-experiments and the 

digestibility in the continuous experiments. A possible reason for the low 

VS/TS-ratio was the long SRT in the algal plants (approximately 20–25 days 

in the MAAS-process in the experiments presented in paper IV). A normal 

SRT for a conventional ASP with nitrogen removal is 6–15 days 

(Tchobanoglous et al. 2014). In paper II the VS/TS-ratio in the microalgal 

substrates varied between 50 and 98% which testifies that different cultivation 

circumstances with different types of feeding material will produce 

microalgae cultures with large differences in methane yield due to the extent 

of stabilization and the composition of the cultures.  

4.2 Characterization of sewage sludge 
substrate 

The composition of the primary sludge, WAS and the representative mixture 

of the sewage sludge used in the experiments are presented in Tab. 8. 
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Table 8. Sewage sludge substrate analysis. 

Organic comp.  

(% of TS) 

Sewage 
sludge E 

paper I 

Primary 
sludge 

paper III 

WAS 

paper III 

Primary 
sludge 

paper IV 

WAS 

paper IV 

Lipids  11.3 8.91 5.5 10.3 6.3 

Protein  25.28 18.2 44.4 16.9 47.8 

Carbohydrates 43.5 45.3 19.0 54.1 18.1 

Theoretical 
methane yield 

(Nml CH4 g VS-1) 

517 477 488 475 499 

Heavy metals  

(mg kg TS-1) 

     

Zn  260 240 310 260 

Cu  150 250 200 340 

Ni  12 16 12 35 

Pb  8.4 9.1 9 9.1 

Hg  0.26 0.18 0.31 0.22 

Cr    12 36 

Cd  0.35 0.61 0.36 0.46 

C/N-ratio 9.4 12.5 4.7 13.9 4.8 

General characteristics of primary sludge and WAS are presented in Suárez-

Iglesias et al. (2017). In this review primary sludge has a higher lipid content 

than WAS (13–65% of TS versus 2–12% of TS, respectively) and a lower 

protein content than WAS (20–30 % of TS versus 32–45% of TS, 

respectively). Comparable characteristics of the organic composition were 

shown in the analysis of primary sludge and WAS in papers III and IV.  

WAS had higher protein content compared with the analyzed microalgae 

which consequently resulted in a lower C/N-ratio than both microalgae and 

the primary sludge used in the experiments.  

A suitable substrate for anaerobic digestion should have a C/N-ratio of 

between 10 and 30, with optimum levels between 15 and 20 (Esposito et al. 

2012; Mata-Alvarez et al. 2014b). Elements in a substrate composition that 

influences the optimal C/N-ratio are:  

 The digestibility of the substrates. If the substrates have a low degra-

dability less ammonium is released and the process can handle lower 

C/N-ratios (Schnürer & Jarvis 2017). 
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 The composition of the carbon in the substrate mixture. If the organic 

matter in the substrate is too easily degradable, thereby increasing 

fatty acids levels too rapidly the anaerobic digestion may collapse 

(Yen & Brune 2007).  

 The substrate mixture can be limited by nutrients other than carbon 

or nitrogen. Trace metal deficiencies can cause problems for the 

stability of the anaerobic digestion. Cobalt, molybdenum, nickel and 

selenium in particular are considered to be important cofactors of 

enzymes involved in methanogenesis (Schwede et al. 2013a). 

Both the WAS and the microalgae used in the experiments in this thesis had 

much lower C/N-ratios than the optimum levels. However, these substrates 

consist of cells with cell walls that contain a lot of complex proteins and 

carbohydrates which are difficult for the microorganisms in the anaerobic 

digestion to degrade (Anjum et al. 2016). The low degradability of WAS and 

microalgae reduces the amount of ammonium released during digestion, 

reducing the risk of ammonia inhibition. 

4.3 BMP experiments – co-digestion of 
microalgae with undigested sewage sludge 
– RQ 1 

Results from the BMP-experiments in mesophilic conditions are presented in 

Figs. 14–16 (Fig 14 – sewage sludge, Fig 15 – microalgal substrates and Fig 

16 – co-digestion of microalgal substrate and sewage sludge). Results from 

the thermophilic experiments are also presented in text. A summary of all the 

results from the BMP-experiments that answers RQ 1 is presented in the end 

of section 4.3.  

The fitting of the modified Gompertz growth equation described in section 

3.3.3 is presented in each curve in Fig 14–16 but the discussion of the results 

is presented in the end of section 4.3. The explanation of the abbreviations f1 

and f2 can also be read in that section.  

Fig. 14a–c presents the BMPs of the representative mixture of sewage 

sludge in the experiments. 
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Figure 14. BMP-results from a) Sewage sludge D – Mixture composition 1 

(paper I), b) Sewage sludge E – Mixture composition 9 (paper I) and 

c) Sewage sludge paper III. Kinetic model (cf. Eq 6, black line) and 

experimental data (circles) (Graphs by J. Zambrano). 

The representative mixtures of sewage sludge in all three experiments had 

approximately the same BMP after 35 days of digestion (approximately 

300 NmL gVS-1) in mesophilic conditions. These results were expected since 

approximately the same composition of primary sludge and WAS were used 

in all the experiments and the sludge came from the same municipal WWTP. 

In the mini-review the BMP for 10 different types of sewage sludge presented 

in different studies were 304±118 NmL gVS-1. Consequently, the results 

presented in Fig. 14 are comparable with the results from other studies. The 

large deviation of the BMP from different types of sewage sludge depends on 

different parameters, for example the sludge age of the WAS. The 

degradability of WAS with long sludge age is inherently poor, which 

consequently results in a lower BMP. A WAS with a sludge age of more than 

15 days has a degradability less than 35% (Gossett & Belser 1982).  

At the end of the BMP-tests, sewage sludge E and the sewage sludge in 

paper III had reached a conversion efficiency of 64% and 66% of the 
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theoretical BMP, respectively. These efficiencies are slightly higher than 

those presented by Wang & Park (2015) (60%).  

The BMP-results for sewage sludge in thermophilic conditions presented 

in the first and second BMP-experiment showed a lower BMP for sewage 

sludge D (47% lower than the mesophilic BMP-results) but a higher BMP for 

sewage sludge E (10% higher than the mesophilic BMP-results). The general 

trend in the mini-review showed a higher BMP for thermophilic digested 

sewage sludge than for mesophilic digested sludge in all studies, e.g. 34% 

higher in Caporgno et al. (2015). Sewage sludge D seemed to be an outlier 

compared to the other studies. 

Fig. 15a–c presents the BMPs of the microalgal substrates used in the 

BMP-tests. 
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Figure 15. BMP-results from a) Microalgae B – Mixture composition 13 (paper 

I), b) Microalgae C – Mixture composition 17 (paper I) and c) 

Microalgae paper III. Kinetic model (cf. Eq 6, black line) and 

experimental data (circles) (Graphs by J. Zambrano). 

The BMPs in mesophilic conditions for microalgae B were comparable with 

reported BMP-experiments on pure strains of different types of Scenedesmus 

and C. Vulgaris by Frigon et al. (2013). In this study the yield at mesophilic 
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conditions ranged from 258±7 to 410± 6 NmL gVS-1 for Scenedesmus and 

from 263±3 to 361±11 NmL gVS-1 for C. Vulgaris. The methane potential of 

microalgae B was also in the same range as the different types of sewage 

sludge tested in the experiments. 

The BMP for the dried microalgae (Microalgae C) were much lower than 

the BMP for microalgae B in both mesophilic and thermophilic conditions. 

Microalgae C was pretreated by drying in order to reduce the biological 

reduction during transport. According to Mussgnug et al. (2010) the drying 

process reduces the methane potential; this is one potential explanation for the 

lower BMP. The higher amount of lipids in microalgae B compared with 

microalgae C (see Tab. 7) could also be part of the explanation for the lower 

BMP. 

The third BMP-experiment showed an even lower methane potential for 

the microalgal substrate, 118.2 NmL gVS-1, which was only 27% of the 

theoretical methane yield (Tab. 7). A possible reason for this low BMP could 

be the low VS/TS-ratio of the microalgal substrate due to the long SRT in the 

MAAS-process (approximately 20–25 days). Consequently, when less 

organic matter is available to digest, the BMP is reduced.  

The BMP-curves are divided into three stages: lag phase, decomposition 

phase and flattening phase. A long lag phase indicates a material that is not 

easily hydrolyzed or that the microorganisms need to adapt to the conditions 

in order to utilize the substrate efficiently. It can also indicate that the substrate 

is toxic and produces an inhibitory effect (Schnürer & Jarvis 2017). Since the 

lag-phases was short (1–3 days) in all the BMP-experiments with the 

microalgal substrates, the microalgae are easily digested with an inoculum 

from an anaerobic digestion of sewage sludge. These results contradict Wang 

et al. (2013), in which the lag phase in the batch test with microalgae slurry as 

sole feed was 20 days.  

The decomposition phase followed a linear pattern in the experiments 

described in paper I, indicating that the substrates were homogenous with no 

persistent particles, as reported by (Schnürer & Jarvis 2017). In paper III, two 

distinct exponential phases colud be seen in the methane production.  

In thermophilic conditions, the BMP of the microalgae were reduced in the 

first two experiments. These results are similar to those presented in the mini-

review where the BMP of 13 described microalgae were 210±78 NmL g VS-

1 in thermophilic condition and 258±106 NmL gVS-1 in mesophilic 

conditions. A possible reason for the reduced BMP at the higher temperature 

could be the low activity of the thermophilic inoculum. By contrast the results 

from the BMP of the control substance showed a high activity of the 

thermophilic inoculum which validates the experimental results.  

Another possible explanation for these results was the low C/N-ratio due 

to the high protein content. Degradation of proteins releases ammonium, 

which at higher temperatures is converted to ammonia, which is toxic to the 
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methanogens as reported by Yenigün and Demirel (2013). Samson and Leduyt 

(1986) also concluded that mesophilic conditions are more preferable for 

anaerobic digestion of microalgae due to the high content of proteins in algae 

(50–60%).  

Fig. 16a–c presents the methane potentials for three of the compositions of 

microalgae and sewage sludge mixtures shown in papers I and III (Mixture 

composition 12–37% Microalgae B and 63% sewage sludge, Mixture 

composition 16–37% Microalgae C and 63% sewage sludge and Mixture 

composition paper III – 42% microalgae and 58% sewage sludge). 
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(c) 

Figure 16. BMP-results from a) co-digestion of Microalgae B and sewage 

sludge – Mixture composition 12 (paper I), b) Microalgae C and 

sewage sludge – Mixture composition 16 (paper I) and c) 

Microalgae paper III. Kinetic model (cf. Eq 6, black line) and 

experimental data (circles) (Graphs by J. Zambrano). 

In the experiment in which microalgae B were co-digested with sewage 

sludge, a synergetic effect was observed between the two substrates. The 

highest measured methane yield came from mixture composition 12 (408 ± 16 

NmL gVS-1). This was 23% higher than the methane yield from 100% 

undigested sewage sludge E (mix. no. 9) which was a statistically significant 
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difference. Samples with other substrate ratios digested at the same 

temperature also tended to produce higher methane levels than 100% 

undigested sewage sludge, but the differences were not statistically 

significant. In the mini-review the majority of the tests with co-digestion of 

microalgae and sewage sludge in mesophilic conditions indicated enhanced 

methane potential when the microalgae were added, with increased 

productivity of up to almost 70% as presented by Wang et al. (2013). 

Improved and faster hydrolysis of algal biomass by sludge microorganisms 

was one of the explanation proposed by Wang et al. (2013). 

In the following two BMP-experiments with Microalgae C and microalgae 

in paper III, no synergetic effects were seen with sewage sludge. These results 

are in agreement with results presented by Caporgno et al. (2015). The lack of 

a synergetic effect could be due to the low VS/TS ratio in the microalgal 

substrates making less organic matter available for digestion. Moreover it is 

possible that the algal characteristics differ between the experiments. The low 

methane potential of the microalgae in paper III could be due to the robust cell 

wall structure of the microalgal cell (Schwede et al. 2013a). 

In thermophilic conditions, no synergetic effect could be seen in the first 

two BMP-experiments. Similarly, the thermophilic co-digestion experiments 

with algae and sewage sludge described in the mini-review gave negative 

enhancement values, down to -10%. A possible reason for this could be the 

same as the inhibitory effect of ammonia as described in the mono-digestion 

of microalgae by Yenigün and Demirel (2013).  

Figs. 14–16a and b show the single Gompertz model (Eq. 5), which did not 

fit the experimental data very well. In paper I, the Gompertz equation fitted 

the data well for most of the studied cases. The reason for the different results 

presented in this thesis compared with the results in paper I is that also 

negative λ-values was used in the calculations presented in paper I.  

In Figs. 14c-16c the experimental plot shows two distinct exponential 

phases in the methane production. This is called a “diauxia” as described by 

Monod (1965). When two modified Gompertz equations were added together, 

they resulted in a function that provided a much better fit to the experimental 

data, with a higher R2- coefficient. This function is presented in Eq. 22.  

 

𝐵(𝑡)  = 𝑓1 + 𝑓2 = 𝐵𝑀𝑃1 exp {−exp [
𝑅𝑚1∙𝑒

𝐵𝑀𝑃1
(𝜆1 − 𝑡) + 1]} +

𝐵𝑀𝑃2 exp {−exp [
𝑅𝑚2∙𝑒

𝐵𝑀𝑃2
(𝜆2 − 𝑡) + 1]}                        (22) 

The first Gompertz function (i.e. f1) can be interpreted as the response to those 

components that are easily available for digestion, whereas the second 

Gompertz function (i.e. f2) corresponds to slowly digestible components. 
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To summarize the results and answer RQ 1 the BMP-experiments showed 

a possible synergetic effect on the methane potential when co-digesting 

microalgae grown in a synthetic medium with sewage sludge in mesophilic 

conditions. Microalgae grown in municipal wastewater showed no synergetic 

effect, possibly due to stabilization of the microalgal substrate. The short lag-

phase in all the experiments indicated that the microalgae were easily 

digestible with sewage sludge inoculum and created a stable anaerobic 

digestion. Thermophilic digestion of microalgae could be challenging due to 

the low C/N-ratio of the algae.  

4.4 Semi-continuous digestion with microalgae 
and a representative mix of sewage sludge 
– RQ 1 and RQ 2 

Results and discussion from the semi-continuous experiments are divided in 

five parts; 4.4.1 experiment 1, 4.4.2 experiment 2, 4.4.3 results from the mini-

review and a summary of all the results from the experiments answering RQ 

1, 4.4.4 Digestate analysis answering RQ 2 and 4.4.5 Dewaterability studies 

answering RQ 2.   

4.4.1 Semi-continuous experiment 1 – RQ 1 

The methane yield and OLR in the two digesters during HRTs 1-6 in the first 

semi-continuous experiment are presented in Fig. 17. During the first period, 

HRT 1-3 with the lower OLR and higher HRT, the normalized methane yields 

were 199.8±24.7 NmL CH4 g VS-1 and 168.2±21.6 NmL CH4 g VS-1 in 

digester 1 and 2 respectively. During the second period (HRT 4-6) the yields 

decreased to 170.3±17.2 NmL CH4 g VS-1 and 157.5±14.3 NmL CH4 g VS-1 

in digesters 1 and 2, respectively. The only statistically significant difference 

in the methane yield between the digesters was in HRT 6. The tendency was 

towards a higher methane yield in digester 1. The full-scale digesters in 

Västerås WWTP with the same OLR as the first period (2.4 g VS L-1 d-1) had 

a methane yield of approximately 250 mL CH4 g VS-1 (the HRT is 

approximately 20 days). 

The VS-reduction was 50.8% in digester 1 and 25.1% in digester 2 during 

HRT 3 (stationary phase) in period 1. In HRT 6 (stationary phase in period 2) 

the VS reduction was 44.3% in digester 1 and 31.1% in digester 2.  
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Figure 17. Methane yield per incoming g volatile solids (VS) for digester 1 

(Reference digester) and digester 2 (Experimental digester) 

(paper III). Statistically significant differences (p ≤ 0.05) are 

indicated by different letters. The statistical analysis only 

compared the two digesters for each hydraulic retention time 

(HRT) and does not address differences between HRTs. OLR = 

Organic loading rate. 

The lower methane yield in the digester fed with microalgae could be 

explained by the lower reduction of organic matter in digester 2, since the 

organic matter was more stabilized. Another explanation could be the species 

of microalgae dominating the substrate. According to Mussgnug et al. (2010), 

different microalgae species produce different results with respect to both 

biogas production and methane content in the gas. The microalgae present in 

the microalgal substrate in paper III were a mixture of different types of 

microalgae, as presented in section 4.1. Both C. vulgaris and Scenedesmus 

were present in the substrate but the BMP for the two species are reported to 

be much higher (Frigon et al. 2013) than the yield observed in digester 2. It is 

possible that a pretreatment of the algae before the digestion could enhance 

the availability of the organic matter and increase the methane production, as 

tested by Alzate et al. (2012). 

During both periods the stability of the process in both digesters was 

maintained. The pH-value remained neutral and the VFA-content was low 

(digester 1, 190±70 mg L-1 (period 1) and 150±30 mg L-1 (period 2); digester 
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2, 140±30 mg L-1 (period 1) and 120±10 mg L-1 (period 2). Previous studies 

have shown that stable conditions in anaerobic digestion can be maintained 

with a VFA content of up to 2 520 mg L-1 (Yenigün & Demirel 2013). 

4.4.2 Semi-continuous experiment 2 – RQ 1 

The methane yield and digestibility for the second semi-continuous experi-

ment presented in paper IV are presented in Figs. 18 and 19, respectively. In 

thermophilic conditions the methane yield was higher in TherS than in TherM, 

but the difference was only statistically significant in HRT 2. The reason for 

the lower production in TherM could be the lower VS content in the 

microalgal substrate due to possible aerobic stabilization in the MAAS 

process. The lower VS reduction in TherM and MesM in both thermophilic 

and mesophilic conditions in comparison with the reduction in TherS and 

MesS support this hypothesis. These results are consistent with the results 

from the first semi-continuous experiment presented in paper III. 

 

 

Figure 18. Methane yield per incoming g volatile solids (VS) for the four 

digesters (paper IV). Statistically significant differences (p ≤ 0.05) 

are indicated by different letters. The statistical analysis compared 

the four digesters within each hydraulic retention time (HRT) and 

did not compare different HRTs. (The dashed line describes the 

organic loading rate (OLR) in the digesters before the micro-

algae/bacterial substrate was applied). 
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Figure 19. Volatile solids (VS) reduction (%) for the digesters (paper IV). The 

dashed line describes the organic loading rate (OLR) in the 

digesters before the microalgae/bacterial substrate was applied. 

The comparison of the methane yield between the different operational 

temperatures showed a higher yield in thermophilic conditions, but the only 

statistically significant difference was between TherS and MesS during HRT 

2, 3 and 4. Caporgno et al. (2015) also showed that the temperature signi-

ficantly influenced biogas production when sewage sludge and microalgae 

were digested. The biogas yield in this study was approximately 20% higher 

in the thermophilic digestion of sewage sludge compared with the mesophilic 

digestion, and approximately 25% higher in the thermophilic digestion than 

in the mesophilic digestion when the microalgal substrate was co-digested 

with sewage sludge.  

In the study there were no statistically significant differences between the 

methane yields in the mesophilic digesters during the entire experiment. This 

contradicts the synergetic effects of co-digestion of microalgae and sewage 

sludge reported in the mini-review.  

During the entire experiment the VFA in the digesters indicated stable 

conditions in both temperature ranges. The VFA values were 221±82 mg L-1 

in TherM, 238±69 mg L-1 in TherS, 93±22 mg L-1 in MesM and 100±22 mg 

L-1 in MesS. The slightly higher VFA-content in the thermophilic digesters 

could be the effect of the low C/N-ratio in the WAS and the microalgae, 

causing NH3-N levels above 100 mg L-1 in the dominant part of the analysis 

in the digestates from thermophilic digesters (Such levels are inhibitory, 

according to Yenigün and Demirel (2013)).  
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4.4.3 Mini-review and summery – RQ 1 

The literature search in the mini-review only found examples of continuous 

experiments with co-digestion of microalgae and sewage sludge in mesophilic 

conditions. The HRT in the experiments ranged from 14 to 20 days and the 

OLR ranged from <1 to 6 kg VS m-3, d-1. The methane yields for the co-

digestion conditions showed high variation, with an average of 293 ± 112 

NmL gVS-1. This is within the range of methane yields in the semi-continuous 

experiments carried out in this thesis. 

The concluding remarks of the semi-continuous experiments that answer 

RQ 1 show that no synergetic effects were observed when co-digesting 

microalgae and sewage sludge. The low VS/TS-ratio in the microalgal sub-

strate due to stabilization reduced the methane yield when the substrate was 

introduced to the sewage sludge. Additionally stable conditions with low 

VFA-levels were maintained in both mesophilic and thermophilic conditions 

in both experiments presented. 

4.4.4 Digestate analysis – RQ 2 

The heavy metals content in the digestates from the two semi-continuous 

experiments are presented in Tab. 9. 

Table 9. Digestate analysis – heavy metals. Values in bold exceed limits in 
the regulations. 

Heavy 
metals 
(mg kg 
TS-1) 

Dig. 1 
paper III 

Dig. 2 
paper III 

Ther S 
paper IV 

Ther M 
paper IV 

Mes S 
paper IV 

Mes M 
paper IV 

Zn 420 1 350 480 2 600 490 2 100 

Cu 310 345 390 460 380 450 

Ni 20 33 24 30 24 31 

Pb 15 140 15 16 14 14 

Hg 0.33 0.70 0.33 0.8 0.48 0.42 

Cr 22 40 22 35 21 40 

Cd 0.92 10.3 0.95 0.9 0.88 1.00 

In the digestates from the first semi-continuous study it could be concluded 

that the levels of Zn, Pb and Cd in digester 2 were above the limits in the 

Swedish regulations SFS 1998:944. These results were expected, since the 

microalgae substrate had a much higher heavy metals content (assumed to 

originate from the flue gas) than the sewage sludge. A possibility to reduce 
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the heavy metal content could be the use of a different CO2 source for the 

growth of the microalgae. Sahu et al. (2013) suggested using the CO2 in the 

exhaust gas from a CHP system at a municipal WWTP which uses biogas from 

the anaerobic digestion as a fuel. These exhaust gases should not contain high 

levels of heavy metals.  

The only heavy metal that exceeded the limits in the digestates from the 

second semi-continuous experiment according to the Swedish regulations 

were Zn in TherM and MesM. This result was expected since, there was much 

higher Zn content in the microalgae due to an assumed leakage from the alloy 

on the stirrers in the MAAS pilot plant. Cu, Ni and Cr were also slightly higher 

in the digestates from TherM and MesM. This could have a negative effect on 

the potential to use this digestate on arable land in future, when there may be 

stricter limits in sludge on heavy metals (SEPA 2013) (SEPA: Swedish 

environmental protection agency). 

In both experiments there was a tendency for some of the heavy metals to 

increase in the digestates when co-digesting microalgae and sewage sludge 

due to the increased levels of heavy metals in the microalgal substrates 

presented in section 4.1. This answers RQ 2. 

4.4.5 Dewaterability studies - RQ 2 

Tab. 10 presents the CST analysis of the digestates from the first and second 

semi-continuous experiment. In the first study the dosage of polyelectrolyte, 

with good floc formation, for the digestate from the full-scale process was 

estimated to be 12.5 g kg TS-1. Since very good results were achieved on the 

filterability test with the digestate from digester 2, a second experiment was 

carried out with a lower polyelectrolyte dosage (6.6 g kg TS-1) for the digestate 

containing microalgae. In study 2 the dosage of polyelectrolyte was estimated 

to 7.6 g kg TS-1 for all digestates. 
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Table 10. CST analysis in study 1 and 2. 

Parameter  Dosage (g 
kg TS-1) 

CST at 10 s 
stirring (s) 

CST at 40 s 
stirring (s) 

CST at 100 s 
stirring (s) 

Study 1      

Digester 1  12.5 238.6±18.7 12.1±0.5 19.9±0.5 

Digester 2  12.5 32.1±7.4 11.9±1.0 12.0±1.8 

Digester 2  6.6 67.1±45.3 19.3±2.3 16.1±2.2 

Study 2     

TherM  7.6 42.7±12.1 45.8±11.7 107.1±58.8 

TherS 7.6 155.2±52.8 899.4±93.4 1 362.3±180.3 

MesM 7.6 12.1±1.4 14.7±2.5 22.5±1.5 

MesS 7.6 12.0±0.4 14.4±0.5 21.9±2.1 

According to the manufacturer of the CST equipment, approximately 20 s is 

an acceptable CST time for centrifugation of sewage sludge with a good floc 

stability. 

In the first study there was a lower optimal polyelectrolyte dosage for the 

digestate from digester 2, indicated that the dewaterability was improved by 

adding microalgae to the sewage sludge. Similar improvements in the 

dewaterability of the digestate were demonstrated by Wang et al. (2013) when 

adding 4% and 11% of microalgae (percentage weight by VS) to sewage 

sludge. 

In the second study the dewaterability for the mesophilic digesters MesM 

and MesS was good and stable flocs were formed.  

Digestates from the thermophilic digesters in study 2 had poorer dewater-

ability, with the worst result coming from the digestate from TherS (primary 

sludge and WAS). According to Bouskova et al. (2006), this poorer dewater-

ability in thermophilic conditions could be attributed to higher proportions of 

collodial flocs. 

4.5 System impact evaluation – RQ 3 and 
RQ 4 

4.5.1 Heat-balance calculation – RQ 3 

In paper IV the heat-balance calculation presented in Tab. 11 showed that the 

heat produced from the CHP system in the WWTP was sufficient to provide 

a positive heat balance in both thermophilic and mesophilic conditions. The 
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lower methane yield in the digesters using microalgae in the substrate contri-

buted to a smaller positive heat balance. The heat losses from the digester 

represent only a small part of the heat requirement. This supports the results 

presented by Zupančič and Roš (2003), indicating that the digester size  has 

only a minor influence on the total heat requirements. 

Since the microalgae gave a lower methane yield less electricity can be 

produced from the CHP-system.  

A higher biomass production from microalgae can increase the total biogas 

production even if the methane yield is lower, thereby increasing the heat and 

electricity production from the CHP-system. This is described in section 4.5.3. 

Table 11. Results from the heat-balance calculation. 

 Winter conditions 

Digester  Qregen. 

(kWh) 
Qsubstrate 
(kWh) 

Qheat losses (kWh) Qbalance with 
regeneration (kWh) 

TherM 324 723 34 +267 

TherS 324 723 34 +382 

MesM 246 414 24 +460 

MesS 246 414 24 +478 

 Summer conditions 

TherM 324 609 27 +64 

 TherS 324 609 27 +179 

MesM 246 298 17 +337 

MesS 246 298 17 +355 

4.5.2 Reduction of pharmaceutical residues with the 
MAAS-process and an ASP – RQ 4 

In the results from the ten sampling points presented in Fig. 10 from the full-

scale process is apparent that the majority of pharmaceutical substances were 

found in the water phase. Similar results were also observed by Ternes and 

Joss (2006) 

The total reduction of pharmaceutical residues in the water phase between 

incoming and outgoing water was 46% in the full-scale biological treatment. 

In the MAAS-process, the total reduction of pharmaceutical residues in the 

water phase between incoming and outgoing water was 76%, which is much 

higher than the reduction in the full-scale process. The reason for this 

enhanced reduction could be the photo degradation mentioned in Matamoros 

et al. (2015). Moreover, the longer retention time for the wastewater in the 

MAAS-process can also influence the reduction of pharmaceutical residues.  
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4.5.3 System impact – MAAS process instead of ASP 
with nitrogen removal – RQ 3 

Tab. 12 presents the data for scenario 1, 2a and 2b. In scenario 2a the methane 

yield for the microalgae was 118.2 NmL gVS-1 and the VS-content was 59.2%. 

In scenario 2b the methane yield for the microalgae was 367 NmL gVS-1 and 

the VS-content was 70%.  
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Table 12. Change in parameters in the system impact comparison. 

Location 

points 

Parameters1) Scenario 
1 

Scenario 2a – low 
methane yield 
and low VS-

content 

Scenario 2b – high 
methane yield and 
high VS-content 

1 

BOD7 4 854 4 854 4 854 

Ntot 936 936 936 

Ptot 116 116 116 

2 

BOD7 1 981 1 981 1 981 

Ntot 828 828 828 

Ptot 37 37 37 

3 

BOD7 <54 <54 <54 

Ntot 237 153 153 

Ptot 1.01 1.01 1.01 

4 

BOD7 15 15 15 

Ntot 107 288 288 

Ptot 0.60 26 26 

5 Primary Sludge 
prod. 

4 170 4 170 4 170 

6 
WAS- or 
WAS/microalgae – 
prod. 

1 370 16 018 13 716 

7 Methane prod. 1 547 000 2 568 000 4 718 000 

8 

Sludge prod. 3 490 15 290 13 000 

Nsludge 125 495 495 

Psludge 115 115 115 

Pb 14 3.2 3.9 

Cd 0.53 0.12 0.15 

Cr 18 4.1 5.0 

Cu 377 86 104 

Hg 0.56 0.13 0.15 

Ni 14 3.2 3.9 

Zn 518 118 143 

9 
Polyelectrolyte 
consumption 

27 58 49 

1) Units are in “tonnes year-1” for the water- sludge- and polyelectrolyte phases, “Nm3 

year-1” for the methane production and “mg kgTS-1” for the heavy metals content in the sludge. 
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Fig. 20 presents a Sankey diagram with the nitrogen balance in scenarios 1, 

2a and 2b. The values are based on the results from 2017 for the municipal 

WWTP in Uppsala, Sweden (Tab. 4). 

 

Figure 20. Sankey diagram of the nitrogen balance in scenarios 1, 2a and 2b 

in the municipal WWTP (unit: tonnes year-1). 

When a conventional biological treatment with bacteria is replaced by a 

MAAS-process in a municipal WWTP, the nitrogen removal can be enhanced 

according to the results from Anbalagan et al. (2016). Additionally, nitrogen 

is bound to biomass to a larger extent compared to the conventional treatment, 

in which the nitrogen is released to the atmosphere as nitrogen gas. The 

increased production of biomass in the MAAS-process can be achieved if the 

autotrophic microalgae has enough CO2 available for the growth of the 

microalgae. As presented by Sahu et al. (2013) the CO2 can come from the 

exhaust gas of a CHP system.  
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More phosphorous can also be biologically fixed with the MAAS-process, 

since the enhanced biomass production reduces demand for precipitation 

chemicals. FeCl3 consumption at the municipal WWTP in Uppsala is currently 

1 840 tonnes year1 (UVAB 2017b). This corresponds to 16 g FeCl3 g P-1. If 

the MAAS-process is used as biological treatment the consumption of FeCl3 

can be reduced to 1 100 tonnes year-1.  

When microalgae are degraded in anaerobic digestion there is a large 

increase of both nitrogen and phosphorus in the reject water (location – point 

4). Nitrogen in the reject water could be reduced to a large extent by a reject 

water treatment based on partial nitrititation – anammox process as presented 

by del Rio et al. (2018). The released phosphorous could be recycled as 

struvite, as presented by (Huang et al. 2017).  

The increased methane production when using a MAAS-process is 

significant due to the increased biomass production: 66% in scenario 2a and 

210% in scenario 2b. 68% of the methane currently produced at the WWTP is 

upgraded to valuable vehicle fuel (UVAB 2017b). An increase of the methane 

production would mean that more vehicle fuel could be produced, resulting in 

a more favorable cost-benefit balance for Uppsala Vatten och Avfall AB. 

An enhanced biomass production with the MAAS-process also means a 

reduction of heavy metals content in the digestate. If the heavy metals content 

in Tab. 11 is compared with the possible future demands on sludge from the 

Swedish authorities presented by SEPA (SEPA 2013) the levels in mg kgTS-

1 will not be exceeded, making it possible to use the digestate as fertilizer on 

arable land.  

In this evaluation of exchanging a conventional biological treatment with 

a MAAS-process, the size of a future biological treatment based on bacteria 

and microalgae was not considered. Nordlander et al. (2017) concluded that  

a 12-fold increase in the basin surface area is needed for a MAAS-process to 

maintain the reduction of nutrient in the outgoing wastewater. In the Uppsala 

WWTP, one of the aeration basins in the biological treatment have a surface 

area of 2 730 m2. Therefore, a MAAS-process would need a surface area of  

32 730 m2, which corresponds to approximately 40% of the total area of the 

current WWTP. 

The increased amount of biomass produced by the MAAS-process will 

also increase the volume required for the anaerobic digesters. Today the 

sludge flow at Uppsala WWTP is approximately 335 m3 day-1. The volume of 

the digesters is 6 000 m3, which corresponds to a HRT of 18 days. To maintain 

this HRT with the MAAS-process, the volume of the digesters need to be 

increased to 25 500 m3 (data from scenario 2a) and 22 500 m3 (data from 

scenario 2b). The yearly expense of handling the produced dewatered sludge 

with the increased biomass production from the MAAS-process will increase 

by 4 to 5 times. 
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5 Conclusions 

The studies in this doctoral thesis showed that microalgae in combination with 

bacteria from a MAAS-process can be a realistic alternative feedstock to WAS 

in the anaerobic digestion at a municipal WWTP. A few drawbacks need to 

be considered when choosing a MAAS-process as biological treatment.  

The purpose of research question 1 was to investigate how microalgae 

influence the methane yield from the anaerobic digestion and the stability of 

the digestion process in both mesophilic (35–37 °C) and thermophilic (50–

55 °C) conditions. The batch experiments showed that microalgae grown from 

a synthetic medium improved the methane yield by up to 23% in mesophilic 

conditions when it was used to replace some of the sewage sludge. Un-

fortunately, this synergetic effect was not seen when microalgae grown on 

municipal wastewater was used in mesophilic conditions. This caused 

significantly reduced yield. A minor reduction of the yield was also seen in 

the semi-continuous experiments. Furthermore, the digestibility was also 

lower in the co-digestion with sewage sludge and microalgae in comparison 

to the digestion of sewage sludge in the semi-continuous experiments. In 

thermophilic digestion, no synergetic effect was seen between the microalgae 

and sewage sludge, but the stability of the process was maintained even if 

microalgae with a low C/N-ratio were used. The short lag-phase in all the 

batch experiments in both temperature ranges indicated that microorganisms 

in the inoculum adapted easily to the conditions and utilized the microalgal 

substrate efficiently. 

The purpose of research question 2 was to investigate how microalgae 

cultivated on municipal wastewater effect the properties of the digestate. 

Heavy metal analysis of the digestate from the co-digestion of the microalgae 

and sewage sludge indicated a higher content of heavy metals compared to the 

reference digestate due to the increased uptake of the metals by the 

microalgae. Previous studies have shown that microalgae accumulate heavy 

metals. This is useful because of the increased reduction of heavy metals in 

the treatment process of the wastewater but it can become a problem when the 
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sewage sludge, containing the microalgae, is intended to be used as fertilizer 

on arable land. The high cadmium content could be traced to the flue gas from 

heat and power plant that was used as a CO2 source. Thus, the implementation 

of CO2 mitigation via algal cultivation requires careful consideration 

regarding the source of the CO2-rich gas. 

Filterability experiments indicated that the addition of microalgae 

enhanced the dewaterability of the digested sludge and lowered the demand 

for polyelectrolyte significantly in mesophilic conditions. The same tendency 

could also be seen in thermophilic conditions.  

The purpose of research question 3 was to investigate the system change 

when implementing a microalgal-bacterial step as biological treatment in a 

municipal wastewater treatment. The results concluded that when the same 

amount of WAS was exchanged for microalgal substrate as feedstock to the 

anaerobic digestion, a positive heat balance could be achieved in both 

mesophilic and thermophilic conditions, both with and without heat 

regeneration. When a hypothetical MAAS-process replaced a conventional 

ASP, this feedstock was increased significantly due to the increased biomass 

production from the autotrophic algae. Additionally, nitrogen bound to the 

biomass increased compared to the conventional treatment, where the nitrogen 

was released to the atmosphere as nitrogen gas. More phosphorous could also 

be biologically fixed with the MAAS-process since the enhanced biomass 

production reduced the demand for precipitation chemicals. The increased 

biomass production also increased the biogas-production and reduced the 

heavy metal concentration in the digestate by 3.4 times (due to the dilution 

effect from the increased biomass production).  

The larger amount of biomass increased the volume required for the 

anaerobic digesters by approximately 4 times and increased the yearly 

expenses for handling the produced dewatered sludge by 4-5 times compared 

to today’s costs.  

In research question 4 the impact of pharmaceutical residues in treated 

wastewater when implementing a MAAS-process as biological treatment was 

studied. The results showed that the MAAS-process exhibited a higher total 

reduction of pharmaceutical residues in the water phase in comparison to a 

conventional ASP with nitrogen removal. 

To summaries the conclusions a compilation of the advantages and 

disadvantages can be made for the MAAS–process vs. the conventional ASP. 

Following advantages are:  

1. Higher methane production due to the increased biomass-production.

2. Lower content of heavy metals due to a higher biomass-production.

3. More available nitrogen and phosphorus bound to the biomass.

4. Better dewaterability for the digestate.

5. Higher reduction of pharmaceutical residues in treated wastewater.
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Following disadvantages are:  

1. More biomass to handle. 

2. Bigger digestion plant. 

3. Larger area needed for MAAS-process. 

4. The CO2-source should be carefully chosen due to possible uptake of 

heavy metals from flue gas. 
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6 Future studies 

When the compilation of advantages and disadvantages for the MAAS-

process versus the ASP are presented some existing research gaps can be 

identified. The increased biomass production from the MAAS-process should 

be better quantified to predict the increased methane production. The 

limitations of present studies described in this thesis are the small size of the 

experiments making the results in the system studies less reli-able. To increase 

the reliability future studies should focus on producing semi full-scale or 

larger pilot-scale MAAS-processes to better predict the biomass production. 

Larger continuous experiments with mesophilic and thermophilic digestion of 

the microalgal substrate can then be made to predict the methane yield. The 

results should be connected to system studies when implementing a microalgal 

treatment in a municipal WWTP in Nordic conditions.  

Zambrano et al. (2016) presented a model of the consortia of micro-algae 

and bacteria in a PBR-system. The model showed good agreement with 

experimental results for prediction of nutrient levels in the PBR. Same type of 

models should be developed for the MAAS-process. Nutrient removal kinetics 

in large-scale MAAS-process should therefore be further studied to calibrate 

future models made on the system. 

More studies are needed to investigate and explain the changes in 

dewaterability when microalgae are added. The influence that the mi-croalgae 

have on the particle size, the amount of cations and other fac-tors influencing 

the effect of polyelectrolyte consumption when the material is dewatered need 

to be clarified. Wang et al. (2013) demonstrated an enhanced dewaterability 

when adding 4% and 11% algae but did not provide a detailed explanation for 

why it was enhanced. This question should be elaborated in future research. 

The microalgal substrate should also be co-digested with other substrates in 

order to balance the C/N-ratios. Different pretreatment methods for the 

microalgae before the digestion should be explored in both batch and con-

tinuous experiments.  
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As described in the mini-review, there are large variations in methane yield 

depending on the microalgae species, the seasonal cultivation conditions and 

the type of municipal wastewater. Further studies in this area should be carried 

out to increase the knowledge of the parameters influencing the methane yield 

and the microalgal species. Salama et al. (2017) listed attributes for the ideal 

microalgal species. Examples of these attributes were a) high levels of 

valuable products like lipids for biodiesel production, c) competitive against 

other microalgal species with less attractive attributes, d) tolerance to large 

temperature differences and e) good ability to absorb CO2. 
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