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Summary 
  The objective of this study was to investigate the opportunities for en-
hanced biogas-production from municipal WWTP. This might be achieved by 
co-digestion of microalgae with sewage sludge or using a possible TPAD-
system (Temperature-phased anaerobic digestion). These methods influence 
dewaterability of the digestate, the efficiency of the systems, the possibility of 
recirculation of nutrients, the change of carbon footprint from the WWTP, the 
changes of pollutant content in the digestate and the possibility of creating a 
sanitation method for the digestate. These challenges are considered in the 
study.  
 The first part of the study was an investigation of a possible method to 
create a more energy efficient municipal wastewater treatment process and 
increase biogas production by the introduction of microalgae as an alternative 
biological treatment instead of the ASP (Activated sludge process) or as a bi-
ological treatment of the supernatant from dewatering of digested sludge. Af-
ter growth and separation the harvested algae can be fed into the AD (Anaer-
obic digestion) together with a representative mix of sewage sludge in meso-
philic or thermophilic conditions. Integration of microalgae to the AD has the 
potential to increase biogas production and to improve sludge digestability 
and dewaterability.  
 The second part of the study involved examining the feasibility of a possi-
ble self-sufficient sanitation method that also thickens mesophilic digested 
sludge to 7-8% DS (Dry solids) followed by digestion at 55ºC with a guaran-
teed retention time of 8 h. Today’s technologies for sludge sanitation in Swe-
dish municipal WWTPs are not satisfactory and have to be improved in order 
to meet future demands.  
 The results from the first part showed that microalgae cultivated on 
wastewater can be a feasible feedstock for anaerobic co-digestion with sewage 
sludge in both BMP-experiments (biomethane potential) and semi-continuous 
AD experiments. Microalgae improved the BMP of undigested sewage sludge 
significantly in mesophilic conditions but not in thermophilic digestion. The 
best synergetic result was reached when 37 %wet microalgae substrate con-
taining the algae-species Scenedesmus and Chlorella vulgaris were added to 
the sludge. In the semi-continuous experiment addition of a natural mix of 
microalgae grown on wastewater to a representative mix of sewage sludge 
enhanced the specific methane production for every gram reduced VS by 39%. 
The specific methane production for every gram added VS to the reactors was 
9% lower in the digester where microalgae had been added. When microalgae 
were added the total digestibility was reduced compared to the reference di-
gestion with only sewage sludge. Filterability tests indicated that the addition 
of microalgae enhanced the dewaterability of the digested sludge and signifi-
cantly lowered the demand for polyelectrolyte. Heavy metal levels in the mi-
croalgae substrate were much higher than in the sludge which could restrict 
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the utilization of the digestate on arable land in a possible future full-scale 
application. One reason for the high metal concentrations may be the possible 
uptake of metals from the flue gas bubbled through the culture. 
 The results in the second part showed that the process solution could be a 
self-sufficient sanitation method. The highest organic loading rates tested in 
this study were in the range that could cause an unstable process due to high 
ammonia levels and consequently increased VFA (Volatile fatty acids) con-
centrations. The thermophilic treated sludge had worse filterability properties. 
However, a subsequent aeration step improved the filterability properties.  
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Sammanfattning 
Syftet med denna studie var att undersöka möjligheterna att öka biogaspro-

duktionen vid kommunala reningsverk. Detta kan genomföras med samröt-
ning av mikroalger och slam eller att använda ett TPAD – systemet (Tempe-
rature-phased anaerobic digestion). Utmaningarna med dessa metoder som 
också tas hänsyn till i de genomförda studierna var förändringar i rötrestens 
avvattningsegenskaper, systemens effektivitet vad gäller el och värmeförbruk-
ning, möjligheten att recirkulera näringsämnen, förändring av koldioxidav-
trycket från reningsverket, förändringar av halten föroreningar rötresten samt 
möjligheten att skapa en hygieniseringsmetod för rötresten. 

Den första delen av denna studie var att utvärdera en möjlig metod för att 
skapa en mer energieffektiv kommunal avloppsreningsprocess och en högre 
biogasproduktion genom introduktionen av mikroalger som ett alternativt bi-
ologiskt reningssteg istället för den aktiva slamprocessen eller som en biolo-
gisk behandling av rejektvatten från avvattning av rötat slam. Efter tillväxt 
och separation kan de skördade algerna matas till rötkammaren tillsammans 
med en representativ mix av primärslam och biokemslam i mesofila eller 
termofila förhållanden. Integreringen av mikroalger till rötningen har poten-
tialen att öka gasproduktionen och att förbättra avvattningsegenskaperna för 
det rötade slammet. I den andra delen av studien genomfördes en undersök-
ning för att utvärdera en självförsörjande hygieniseringsmetod med förtjock-
ning av mesofilt rötat slam till 7-8% TS (Torrsubstans) och därefter en efter-
följande rötning vid 55ºC med en garanterad uppehållstid på 8 h. Dagens tek-
niska lösningar för slamhygienisering vid svenska kommunala reningsverk är 
inte tillfredställande och måste förbättras för att möta framtida krav     

Resultaten från den första studien visade både i BMP-försök och i det semi-
kontinuerliga pilotrötningsförsöket att det är möjligt att använda mikroalger 
för anaerob samrötning med avloppsslam. Mikroalgerna förbättrade den bio-
kemiska metanpotentialen betydligt i mesofila förhållanden men inte i termo-
fila. De bästa resultaten uppnåddes då ett blött mikroalgsubstrat med algty-
perna Scenedesmus och Chlorella vulgaris tillsattes till slammet i förhållandet 
37/63%. I det semi-kontinuerliga försöket, där en naturlig mix av mikroalger 
som tillväxt på avloppsvatten samrötades med en representativ blandning av 
avloppsslam, förbättrades den specifika metanproduktionen för varje reduce-
rat g VS med 39%. Den specifika metanproduktionen för varje gram tillsatt 
VS till reaktorerna var 9% lägre i reaktorn där mikroalger hade tillsatts. När 
mikroalger tillsattes försämrades utrötningsgraden medan filtrerbarheten för 
rötresten förbättrades. Mikroalgernas innehåll av tungmetaller var högre än 
övrigt substrat vilket kan göra det svårare att använda rötresten som gödnings-
medel på åkermark i en eventuell framtida fullskalig anläggning. En orsak till 
de höga metallkoncentrationen kan vara ett möjligt upptag av tungmetaller 
från rökgasen som bubblades genom algkulturen. 
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Resultaten från den andra delen av studien visade att TPAD-lösningen 
skulle kunna vara en självförsörjande hygieniseringsmetod. Den högsta orga-
niska belastningen som testades i denna studie orsakade en instabil process på 
grund av höga ammoniaknivåer och därmed ökade VFA koncentrationer. Den 
termofila rötningen gav slammet en försämrad filtrerbarhet. Ett efterföljande 
luftningssteg förbättrade avvattningsegenskaperna igen. 
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1. Introduction 

1.1 Background 
Municipal wastewater treatment plants (WWTP) may use either aerobic or 

anaerobic sludge stabilization. Most large and medium-sized municipal 
WWTPs in Sweden use anaerobic treatment. In the wastewater treatment sew-
age sludge is obtained from the mechanical, biological and chemical treatment 
steps. The sludge, with a high organic content, is pumped into a digester where 
the decomposable organic material is transformed to a burnable biogas, con-
sisting of methane and carbon dioxide. The biogas is an environmentally 
friendly fuel for heat- and electricity production and in upgraded form can be 
used as vehicle fuel (Tchobanoglous & Burton, 2002). In Västerås 40 buses 
and 14 garbage trucks run on upgraded biogas (Mälarenergi AB, 2013) and 
many other municipalities in Sweden use upgraded biogas for vehicle fuel. 
The expansion of biogas production systems will be an important contribution 
to the global conversion from fossil to renewable energy systems. According 
to the Swedish Energy Agency (2013) 1,686 GWh of biogas was produced 
from 264 biogas plants and land fill gas facilities in Sweden in 2013. Energy 
use from biogas is expected to rise to 3,000 GWh by the end of 2015 (includ-
ing biogas production from digestion and thermal gasification). 

New ways of enhancing biogas production are needed to meet these future 
demands including building new facilities and optimizing already existing di-
gestion plants. 137 of the existing facilities in Sweden are located at the mu-
nicipal WWTP, and these facilities produce 40% of the total yearly biogas 
production. 125 of these operate under mesophilic conditions (37ºC) and 12 
operate under thermophilic conditions (50-55ºC) (Swedish Energy Agency, 
2013).  

A possible method to establish a more energy efficient municipal 
wastewater treatment process and increase biogas production could be to in-
troduce microalgae as an alternative biological treatment instead of the acti-
vated sludge process (ASP) or as a biological treatment of the supernatant 
from dewatering of digested sludge (Ficara et al., 2014). Since the municipal 
WWTPs face demands from the authorities to reduce nitrogen and phosphorus 
as well as carbon emissions it is important to use an efficient biological treat-
ment that can meet these demands. Several species of microalgae use nitrogen 
and phosphorus in their metabolic processes and can provide high rate of re-
moval of nitrogen and phosphorous from wastewater (Pittman et al., 2011). 
This eutrophication process can be used as a biological water treatment when 
the microalgae grow in a controlled system. According to Maity et al. (2014), 
microalgae are the fastest photosynthesizing organisms that produce lipids us-
ing light, H2O and CO2. In a WWTP biogas can utilized in a combined heat 
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and power system (CHP) for electricity and heat production. According to 
Sahu et al. (2013), flue gas from the CHP system can be used as a CO2 –source 
for the growth of the microalgae. The algal biomass then creates a CO2 sink 
for the WWTP. After growth and separation with for example flotation har-
vested algae are fed into the AD together with a representative mix of sewage 
sludge. Integration of microalgae into the AD has the potential to increase 
biogas production and improve sludge digestability and dewaterability (Yuan 
et al., 2012). The use of microalgae to clean municipal wastewater and subse-
quent co-digestion of the cultivated algae together with sewage sludge or other 
substrates have been the focus of many scientific studies in recent years 
(Alcántara et al., 2013; Formagini et al., 2014; Rusten & Sahu, 2011; Sahu et 
al., 2013; Wang et al., 2013b). 

Another way to increase biogas production from a WWTP is the use of a 
TPAD-system (Temperature-phased anaerobic digestion). These systems 
have gained popularity in recent years because of their pathogenic destruction 
capabilities and the increased biogas production. One example is the DuPage 
two-phase digestion system that consists of a mesophilic phase (1.5 days 
HRT) and a thermophilic phase (10 days HRT) in series (Wilson & Dichtl, 
1998).  

In February 2012 SEPA (Swedish Environmental Protection Agency) was 
assigned to conduct a study on sustainable recycling of phosphorus from dif-
ferent societal resources. Sewage sludge from municipal WWTPs was found 
to be important contributors to phosphorous recycling (SEPA, 2013). The pur-
pose of the investigation was to support the Swedish authorities in the decision 
regarding different actions on sustainable phosphorus recycling. SEPA con-
ducted the study in collaboration with relevant agencies, and with the partici-
pation of interested organizations and other stakeholders between March 2012 
and August 2013. The investigation concluded that current technologies for 
sludge sanitation in Swedish municipal WWTPs were not satisfactory and 
must be improved in order to meet future demands. Many of the sanitation 
methods mentioned in the report (SEPA, 2013) will increase the heat and elec-
tricity consumption of the WWTP. A possible self-sufficient sanitation 
method could be a modified version of the TPAD system, with thickening of 
mesophilic digested sludge to 7-8 % DS and subsequent digestion at 55 ºC 
with a guaranteed retention time of 8 h. The biogas production from the ther-
mophilic digestion could be used in a CHP system, producing the heat and 
electricity needed for the thickening and the thermophilic digestion. There has 
been concern regarding the dewatering properties of the solids created by 
TPAD-systems (Jason & Novak, 2001). However it has been shown that post-
aeration of the digested sludge improves the dewaterability (Kevbrina et al., 
2011). 
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1.2 Objective 
 The main research objective in the thesis was to study opportunities for 
enhanced biogas production from municipal WWTPs. This could be achieved 
by co-digestion of microalgae with sewage sludge or by using a modified 
TPAD system. The challenges with these methods that were also considered 
in the studies were changes in dewaterability of the digestate, the efficiency 
of the systems, the possibility of recirculation of nutrients, the changes of pol-
lutant content in the digestate and the possibility of creating a sanitation 
method for the digestate. 
 
The specific research questions in the thesis are: 

 How much additional biogas can be produced with the respective 
methods? 

 If there is a synergetic effect in the methane yield between microalgae 
and sewage sludge and if so how can this be explained? 

 Will the digestibility in the AD change when microalgae are added? 
 Will the dewaterability of the digested sludge change after the treat-

ments?  
 What will be the characteristics of the residue sludge? 
 Are the process improvements energy self-sufficient? 
 How will the AD process as such be affected by the methods? (micro-

algae and high NH3-N, respectively)  

1.3 Structure of the licentiate thesis 
Chapter 1 Introduction 

In this chapter a holistic background is given on the topic of the thesis. The 
objective of the research is also described. 

 
Chapter 2 Theoretical background.  

This chapter contains an overview of research in the studied areas. Both 
early research and current state of the art research into the use of microalgae 
in wastewater treatment are described. Results from other studies regarding 
the feasibility of co-digestion of microalgae and sewage sludge are also de-
scribed. 

 
Chapter 3: Material and methods 

The experimental methods and analysis of the substrate and digestate are 
described in this chapter. The necessary calculations associated with the ex-
periments are also presented.  
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Chapter 4: Results 

Following results are presented in this section: 
 BMP experiment in paper I 
 The pilot study performed with the modified TPAD system, and 

the subsequent aeration and dewaterability study (paper II). 
 The semi-continuous mesophilic digestion based on the BMP-ex-

periment in paper (paper III). 
 

Chapter 5: Discussion   
Chapter 5 discusses the results generated from the studies.  
 

Chapter 6: Conclusions  
In this chapter the concluding remarks from the studies are presented.  

 
Chapter 7 Future studies 

This chapter presents continuing studies that are to be performed in 2015.  
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2. Theoretical background 

2.1 The use of microalgae in wastewater treatment  

2.1.1 Microalgae in wastewater treatment  
  Microalgae are mainly autotrophic (obtaining all their nutrients from in-
organic sources) and photosynthetic (creating complex organic compounds 
from CO2 and light energy) (Bellinger & Sigee, 2010). They can grow rapidly 
in many different environments such as freshwater, wastewater and marine 
environments. The natural growth cycle of microalgae lasts a few days making 
their photosynthesis 10-50 times more efficient than terrestrial plants (Li et 
al., 2008). The fast growth results in a much lower land area demand for algae 
cultivation than for terrestrial plants (Sheehan J et al., 1998). 
 Microalgae can be categorized in many classes depending on their pigmen-
tation, lifecycle and basic cellular structure. The four most important classes 
are (Sheehan J et al., 1998):  

 The diatoms (Bacillariophyceae), which can be found in marine 
and freshwater. Approximately 100,000 species are known to exist.  

 The green algae (Chlorophyceae). These are usually found in 
freshwater and can occur as single cells or as colonies. The main 
storage compound in green algae is starch, although lipids can be 
produced under certain conditions. 

 The golden algae (Chrysophyceae). This group of algae is similar 
to the diatoms. They can appear yellow, brown or orange in color. 
Approximately 1,000 species are known and are mainly found in 
in freshwater systems. They usually store energy as lipids and car-
bohydrates. 

 
 Research into the use of microalgae in wastewater treatment has been re-
ported in articles since the 1950s. In these early studies the algae were grown 
together with bacteria in stabilization lagoons, in which secondary treatment 
of waste waters was accomplished through the combined activities of bacteria 
and algae (Oswald et al., 1957). The nutrient profile of municipal wastewater 
is not highly variable and the water can be easily treated by algae-based culti-
vation systems. The green microalgae genera Chlorella and Scenedesmus have 
been shown to be particularly tolerant to the conditions in wastewater. Several 
species of these algae can provide very high removal rates for nitrogen and 
phosphorous (more than 80 %) (Pittman et al., 2011) which is beneficial for 
municipal WWTPs since conventional reduction of both macronutrients con-
sumes electricity and chemicals in the treatment process. 
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Quantitatively, nitrogen is the most important element after carbon, con-
tributing 1-10% of the DS of microalgal cells depending on the supply and 
availability. Algae have the ability to assimilate both organic nitrogen (e.g. 
urea) and inorganic nitrogen (NH4

+, NO3
-). NH4

+ is the preferred nitrogen 
source since its uptake and consumption are the least energy consuming. 
(Perez-Garcia et al., 2011). Phosphorous represents 1-3% of the DS of micro-
algae (Bellinger & Sigee, 2010). When microalgae are grown in phosphorus-
rich wastewaters they can store the increased phosphorus uptake as polyphos-
phate. This capability is influenced by a variety of factors such as phosphate 
concentration, light intensity and temperature (Powell et al., 2009). The N/P 
ratio also plays an important role in N and P removal in algae-based waste-
water treatment. A N/P ratio range of approximately 6.8-10 is considered op-
timal for algae growth (Olguín, 2012). In the study of Wang et al. (2014), 
Chlorella sp. and Micractinium sp. were cultivated in a mixture of anaerobic 
digestion reject water and primary effluent with an N/P mass ratio of 56. The 
results showed a high specific N removal rate, indicating that when microal-
gae grow in N-rich wastewater the uptake of nitrogen is increased. This indi-
cates that different types of wastewater could cause different nutrient removal 
kinetics of the algae. 
 The study of Wang et al. (2010) measured the removal by Chlorella sp of 
nitrogen, phosphorus and metal ions from four different wastewaters in a mu-
nicipal WWTP. The four wastewaters were: 1. before the primary settling, 2. 
after the primary settling, 3. after the ASP and 4. reject water from the de-
watering process. The removal rates of NH4–N were 82.4% from point 1, 
74.7% from point 2 and 78.3% from point 4. For wastewater 3 62.5% of NO3–
N was removed. The phosphorous removal was 83.2% from point 1, 90.6% 
from point 2 and 83.0% from point 4. Only 4.7% was removed in point 3. 
Metal ions, especially Al, Ca, Fe, Mg and Mn in the reject water were found 
to be removed efficiently. 

2.1.2 Technological options for the usage of microalgae in 
wastewater treatment  
 Photosynthetic oxygenation by microalgae and subsequent pollutant deg-
radation by bacteria may be a promising further development of the ASP pro-
cess as a substitute for the regular biological treatment. The production of ox-
ygen from the photosynthesis of the microalgae is used as an electron acceptor 
by the bacteria to degrade pollutants in the wastewater. The CO2 produced by 
the bacteria is then used by the autotrophic algae, closing the photosynthetic 
loop (Subashchandrabose et al., 2011) (Figure 1). The carbon footprint of a 
WWTP could significantly be reduced as a result of the potential energy sav-
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ing from the reduction of the air supply requirements of the biological treat-
ment. Today the activated sludge process consume a significant part of the 
electrical consumption by the aeration.  
 At the same time there may also be efficient recycling of nutrients from the 
wastewater in the algal biomass that can be used as fertilizer on arable land 
(Maity et al., 2014).  

Figure 1 Microalgae based CAS for treatment of mainstream wastewater. Illustration 
by J.Olsson. 
 
 Microalgae can also be used as a treatment for nutrient rich side streams 
such as reject water from sludge dewatering (Figure 2). Rusten and Sahu 
(2011) evaluated the process of cultivation of microalgae from reject water. 
They found that microalgae remove nitrogen and phosphorous from the feed-
stock production. 

Figure 2 Microalgae based CAS for treatment of reject water from the dewatering. 
Illustration by J.Olsson. 

 
The technological solutions currently used for microalgae cultivation are 

divided into open pond systems, race-way ponds and closed PBRs (Maity et 
al., 2014). The open pond system is constructed as large shallow artificial 
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lakes which are easy to operate compared to other systems. The disadvantages 
are poor light utilization, contamination of other heterotrophic microorgan-
isms and the need for large areas of land (Maity et al., 2014). Raceway ponds 
(Figure 3) are designed as closed loop recirculating channels with a depth of 
0.3 m. Mixing and recirculation are performed by paddle wheels which are 
operated continuously to prevent sedimentation. The flow is guided around 
the pond by baffles placed in the flow channel. The wastewater is fed in front 
of the paddle and the microalgae harvested behind the paddle (Chisti, 2007). 
According to Chiaramonti et al. (2013), the water velocity has to be main-
tained at 15–30 cm s-1 with one or more paddle wheels so that the algae do not 
sediment. Published data on the energy use of traditional race way ponds var-
ies significantly. According to Chiaramonti et al. (2013) consumption rates 
from 0.24 – 1.12 W m-2. CO2 can be added to raceway ponds in order to in-
crease the microalgal growth and the capacity of the biological treatment. The 
CO2 can be added into a counter current gas sparging sump (1.5 m depth), 
creating turbulent flow within the pond (Park et al., 2011). 

Figure 3 View of a race way pond (Chisti, 2007) [Used with permission] 
 
Photo-bioreactors (PBRs) are used to produce large quantitates of microal-

gae. A tubular PBR consists of straight transparent tubes that are made of plas-
tic or glass. The tube is generally less than 0.1 m in diameter. The tube diam-
eter is limited because light does not penetrate sufficiently to greater depths 
for high biomass productivity (Chisti, 2007). 

Raceways ponds are less expensive than PBRs, because they cost less to 
build and operate (Chisti, 2007). This is probably the reason why it is more 
common to treat wastewater with raceway ponds. 
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Cultivated microalgae from the treatment of wastewater have to be har-
vested continuously for full-scale applications. This is considered to be a bot-
tleneck in the process of developing large-scale treatment steps in waste water 
treatment systems (Uduman et al., 2010). In the study of Granados et al. 
(2012), different separation processes were tested to overcome this bottleneck. 
The results show that flocculation of the microalgae with cationic polymers of 
medium-high charge density and medium-high molecular weight followed by 
gravimetric sedimentation or flotation is the most efficient separation method. 
The high concentration factors reached in the study allows the size of the 
equipment for dewatering of the microalgae to be reduced. This increases the 
viability of using microalgae in wastewater processes. 

2.2 Co-digestion of microalgae and sewage sludge 
One of the simplest and most cost-effective options to convert algal biomass 
to biofuel is anaerobic digestion (Park et al., 2011). The research on anaerobic 
fermentation of microalgae goes back more than 50 years to when Golueke et 
al. (1957) compared green algae and sewage sludge as sources of nutrients in 
anaerobic digestion. The conclusions from this study were that the anaerobic 
digestion of algae is less rapid and complete than that of raw sewage sludge. 
Degradability of volatile matter was approximately 60-70% of that obtained 
with sewage sludge. Since this study, quite a number of research projects have 
been carried out on the topic. Studies on co-digestion with microalgae and 
other substrates have shown an increase in the anaerobic digestibility of mi-
croalgae when other carbon-rich substrates are introduced. Yen and Brune 
(2007) conclude that co-digestion with microalgae and waste paper is useful 
since the C/N-ratio can be balanced and the activity of cellulase is enhanced. 
The study argues that the cellulase activity may help in the biodegradation of 
algae sludge, which can provide nutrients to the digester and improve the 
methane production rate. By adding 50% waste paper to algae sludge 
feedstock, the methane production rate is doubled compared to algae sludge 
digestion alone.  
 The cultivation of  microalgae on different types of wastewater with sub-
sequent co-digestion of the algae with sewage sludge is mentioned as a possi-
ble promising platform technology for municipal WWTPs by Ficara et al. 
(2014) and Wang et al. (2013a). In Ficara et al. (2014) microalgae 
(Botryococcus braunii, Chlorella sp and Scenedesmus obliquus) are grown on 
reject water from a beltpress and then digested in a BMP experiment. The 
results show that the reject water does not induce toxicity and can be utilized 
efficiently by the algae. Ficara et al. (2014) also suggests that the microalgae 
should be mixed with activated sludge to improve settleability. The study 
concludes that a PBR can convert soluble nitrogen into particulate organics 
(i.e. fix the nitrogen) that can be recycled and partly degraded in the AD. In 
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the AD a portion of the organic nitrogen is released as NH4-N and the rest is 
removed with the digestate. The level of NH4-N in the centrate increases up 
to a limit level that is constrained by the system. In the study by Wang et al. 
(2013a) WAS was used as a co-substrate together with the microalgae Chlo-
rella sp. The biogas yield increased by 73-79% compared with mono-diges-
tion of Chlorella sp when 41% of algae were added to sewage sludge. The 
explanation for this is that high density and diversity of microorganisms in 
WAS support the hydrolysis of algal cells leading to improved digestibility of 
the algae (Wang et al., 2013a)  

2.3 Mesophilic and thermophilic conditions in 
temperature-phased anaerobic digestion 
Interest in temperature–phased anaerobic digestion, with thermophilic and 
mesophilic conditions in series, has increased in recent years due to the path-
ogenic destruction capabilities of the system (Bivins & Novak, 2001). Patho-
gens are inactivated during exposure to heat levels above their optimum 
growth temperature (Strauch, 1998).  According to SEPA (2013) a tempera-
ture of 55ºC for 8 h results in a sludge that is sanitized according to.  
 A TPAD system is one example of temperature-phased anaerobic digestion 
system. It can be configured in several ways with different combinations of 
mesophilic and thermophilic digestion. The usual combination is a thermo-
philic step with a short retention time (2-5 days) and a mesophilic step with a 
longer retention time (15 – 20 days) (Riau et al., 2010). According to Solera 
et al. (2002) a two-stage process like the TPAD system is better than a single 
stage digestion since it separates faster acidogenesis reactions in the first stage 
from the slower methanogenesis reactions in the second-stage. In the study by 
Riau et al. (2010) tested different HRTs for the two digestion steps. They con-
cluded that the TPAD system shows better results and process stability than 
single-stage mesophilic and thermophilic digestion at a HRT of 15 days. The 
combination of 3 days retention time in the thermophilic phase and 15 days 
HRT in the mesophilic phase was found to result in the greatest VS reduction. 
The thermophilic digestion in the study showed poor dewaterability, but was 
enhanced again after the mesophilic phase (Riau et al., 2010).  
 The study by Song et al. (2004) tested the configuration of mesophilic and 
thermophilic co-phase digestion and compared this to single-step mesophilic 
and thermophilic digestion. The study concluded that the specific methane 
yield and process stability of the co-phased digestion was better than those of 
the single-stage mesophilic anaerobic digestion. Pathogen destruction was 
similar to that seen in the single-stage thermophilic digestion, but the VS re-
duction was much greater than in single-stage thermophilic digestion. 
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2.3.1 Dewaterability studies on digested sludge  
The thermophilic digestion of sewage sludge in the study by Riau et al. (2010) 
shows diminished dewaterability which is enhanced again after the mesophilic 
phase. Novak et al. (2000) showed that an increased operational temperature 
in the AD results in a reduced filterability of the sludge. This was also shown 
by Bouskova et al. (2006), where the dewatering properties were tested on 
sludge digested at 33, 35, 37, 39 and 55ºC. They found that sludge from the 
digester operated at 37 ºC had the best filterability and the sludge from the 
digester operated at 55 ºC had the worst.  
 During anaerobic digestion organic material is degraded resulting in a 
change in the particle size distribution. The sludge particle size distribution 
has been shown to be one of the key factors in controlling sludge dewaterabil-
ity (Bouskova et al., 2006). Another parameter that can have an impact on 
sludge dewaterability is the amount of un-degraded EPS (Extracellular poly-
meric substances) (Novak et al., 2003). EPS are the major component of the 
activated sludge floc and act as an adhesive between bacteria in the sludge 
floc formation. An increase in EPS increases the difficulty of dewatering the 
sewage sludge (Ye et al., 2014). In the study of Ye et al. (2014), the sludge 
dewatering properties is decreased after 10 days of anaerobic digestion. After 
10 days there was a large increase in loosely bound EPS containing polysac-
charides and proteins in the sludge leading to the conclusion that the loosely 
bound EPS causes the deterioration of the sludge dewaterability. According 
to Bivins and Novak (2001), both protein and polysaccharide concentrations 
increase with increased thermophilic HRT. In order to determine the reason 
for this they measured the accumulation of protein-degrading enzyme activity 
and showed that the activity was lower in the thermophilic digestion and de-
creased with increasing HRT.  
 Implementing a post-aeration treatment of digested sludge after the AD has 
been shown to be a successful method for enhancing the dewaterability. Sol-
uble proteins are degraded in the aerated zone reducing the amount of EPS in 
the sludge (Kevbrina et al., 2011). 

2.4 Remaining research questions in the literature 
Several research questions remain in the use of microalgae in wastewater 
treatment. For example, Park et al. (2011) suggests that further research is 
needed into large-scale microalgal treatment using cheap/free CO2 sources 
(flue gas or biogas) to minimize operational cost. In the area of anaerobic di-
gestion of the cultivated algae. Hidaka et al. (2014) mention that there are few 
comparative studies on the performance of anaerobic digestion of microalgae 
cultivated over different cultivation periods. Hidaka et al. (2014) conclude that 
shorter cultivation times are efficient in terms of mass of CH4 recovery per 
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day, but utilize less of the microalgal production potential. Optimal cultivation 
time for the microalgae during continuous operation needs investigation. 

Concerning co-digestion of sewage sludge and microalgae only a few stud-
ies has been performed and more needs to be done to fully understand the 
influence of variations in microalgae and sludge properties. 

Lv et al. (2010) conclude that temperature-phased anaerobic digestion has 
many advantages, but the technology is still at an early stage and knowledge 
gaps remain, which can hinder its large-scale implementation. For example, 
there are large variations in the efficiencies of TPAD systems in different case 
studies and it is therefore difficult to produce accurate energy balances and 
economic calculations when implementing such a system in full-scale appli-
cation. 
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3. Material and methods 
The overall methodology approach in the studies of co-digestion of microal-
gae and sewage sludge included cultivation of microalgae in a laboratory en-
vironment or in pilot-scale reactors. The microalgae cultures were harvested 
and used in BMP-experiments together with sewage sludge as described in 
section 3.4. Conditions obtained from the BMP-studies were used in semi-
continuous pilot-scale digesters as described in section 3.5. The experiment 
on the temperature-phased anaerobic digestion was carried out in a similar 
pilot-scale anaerobic digestion system. This is described in section 3.6. 

3.1 Microalgae cultivation  
Two of the microalgae cultures cultivated and used in the BMP-experiments 
described in paper I were grown in a water sample from Lake Mälaren taken 
in mid-June 2012 (Microalgae A) and mid-December 2012 (Microalgae B). 
Cultivation began on the day of collection, without any prior preservation or 
storage step. Batch cultivation was set up in two 120 dm3 glass aquariums each 
containing 10.5 dm3 lake water and 21.5 dm3 tap water (Figure 4). A modified 
version of Jaworski’s medium (3.5 dm3), described in Table 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). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Aquarium with cultivated microalgae. Photo by J.Olsson. 
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The third microalgae culture (microalgae C) was cultivated for 5 days in Au-
gust 2012 in municipal wastewater from Umeå municipal WWTP in northern 
Sweden. This culture was grown in a 650 dm3 raceway pond. Natural light 
was used as light source. The reactor was made from thin fiberglass in order 
to allow light penetration on all surfaces. Flue gases from the local combined 
heat and power plant, which combusts municipal and partly industrial solid 
wastes, were bubbled into the raceway pond through a ceramic tubular gas 
diffuser at approximately 3 dm3 min-1. The bubbling was stopped at night 
(Axelsson & Gentili, 2014). 
 
Table 1 The composition of Jarowski’s Medium 
Nr Components Every 200 cm3 
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 two microalgae cultures taken from Lake Mälaren were not pre-treated 

in any way. The third culture was dried to minimize microbial activity during 
transportation from Umeå to Västerås and during storage in Västeras.  
 In the semi-continuous experiment described in paper III the microalgae 
were cultivated in the same photo-bioreactor in Umeå. The algae were culti-
vated for 4 weeks before they were harvested by gravimetric sedimentation 
and filtration through a 100 µm filter. The algae were frozen before use in 
order to minimize microbial activity (Samson & LeDuy, 1983). 
 The species in all the microalgae substrates were identified by light mi-
croscopy.  

3.2 Sewage sludge and inocula  
 The substrate to be co-digested with the microalgae in the BMP-test de-
scribed in paper I and in the semi-continuous experiment described in paper 
III was a representative mixture of undigested primary sludge (60% based on 
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VS-content) and WAS (40% based on VS-content) collected from the munic-
ipal WWTP in Västerås. The process solution at the WWTP consists of a me-
chanical treatment with screens, sand grit and pre-sedimentation, and a bio-
logical treatment with an ASP.  
 Sludge samples were taken directly after the gravimetric and mechanical 
thickening steps and stored at +2ºC 2 weeks prior the experiments.  

The different inocula used in the BMP experiments were obtained from a 
mesophilic digester at the municipal WWTP in Västerås and a thermophilic 
pilot digester at the municipal WWTP in Uppsala. 

In order to ensure degradation of the remaining easily degradable organic 
matter and to remove dissolved methane, the inocula were incubated with an 
anaerobic headspace for 10 days prior to the start of each experiment. Meso-
philic inocula were incubated at 37ºC and the thermophilic inoculum was in-
cubated at 55ºC according to the method described by Angelidaki et al. (2009). 
The activity of the inoculum was evaluated based on cellulose as a reference 
material with a theoretical methane yield of 415 Ncm3 g VS-1. Inocula were 
deemed unsuitable if the yield was less than 70% of the substrate’s theoretical 
potential. This value was based on the combined experience of the reference 
group and authors in the study by Carlsson and Schnürer (2011). 

3.3 DS and VS measurements of the substrates and 
inocula  
 The DS and VS analysis of the substrates and inocula in papers I-III were 
performed according to the standard techniques described in APHA (1995). 
For the DS- and VS-measurements, empty ceramic bowls (3 bowls per sub-
strate sample) were placed in an oven at 550°C for 1-2 h and then cooled in a 
desiccator. The bowls were then weighed empty and substrates were added. 
The bowls were weighted again and then dried in an oven for 24 h at 105°C 
before being cooled in a desiccator. The dried sample were weighed and in-
cinerated in an oven at 550°C for 1-2 h. The bowls were cooled again in the 
desiccator and re-weighed. The DS- and VS-contents were then calculated ac-
cording to equations 1 and 2. 

 
𝐷𝐷𝐷𝐷 = (𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑−𝑚𝑚𝑑𝑑𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠)

(𝑚𝑚𝑏𝑏𝑑𝑑𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑−𝑚𝑚𝑑𝑑𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠)               (1) 

 
𝑉𝑉𝐷𝐷 = (𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑−𝑚𝑚𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑠𝑠𝑒𝑒𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑)

(𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑−𝑚𝑚𝑑𝑑𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠)             (2) 

  
 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑑𝑑: mass of dried sample in 24 h at 105°C (g) 
 𝑚𝑚𝑑𝑑𝑚𝑚𝑠𝑠𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠: mass of empty bowl (g) 
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 𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤: mass of wet sample before the drying process (g) 
 𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑖𝑖𝑠𝑠𝑤𝑤𝑤𝑤𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤: mass of sample after drying and incinerations proc-
 cess (g). 

3.4 BMP-experiments  
 The BMP experiments in papers I and III were set up according to the pro-
tocol described by Dererie et al. (2011) with a substrate:inoculum ratio of 1:2 
based on VS. The study in paper I was conducted to determine the BMP of 
different mixtures of microalgae cultures and undigested sewage sludge. The 
mixtures in paper I are described in Table 2. The algae concentrations were 
selected based on the previous study performed by Krustok et al. (2013). All 
substrate mixtures and controls (inoculum only) were run in triplicate and in 
both mesophilic (37ºC) and thermophilic conditions (55ºC) (Figure 5). 
 The BMP study in paper III was conducted to determine the methane po-
tential of the microalgae culture and the representative mix of waste activated 
sludge and primary sludge used in the semi-continuous pilot study described 
in section 3.5. The experiment was performed in mesophilic conditions (35°C) 
in 1 dm3 conical bottles. The substrate mixtures are presented in Table 3. 
 Gas production in both studies was determined by measuring the overpres-
sure in the flasks using a pressure gauge. The gas volume was calculated ac-
cording to equation 3. The calculated volume was normalized according to 
equation 4 (VDI, 2006) to take into account the volume of gas under standard 
conditions i.e. at atmospheric pressure (101.325 kPa) and at 0ºC.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Bottles used in one of the BMP-experiments. Photo by J.Olsson. 
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 A 2 cm3 gas sample was taken from each bottle with a syringe and trans-
ferred into a vial for methane content analysis by gas chromatography each 
time the overpressure was measured. The normalized gas volumes in the bot-
tles were multiplied by the methane content in the samples to obtain the total 
methane production. The estimated methane production from the inoculum 
alone was subtracted from the total methane production. Methane production 
was then calculated relative to the amount of VS added to each bottle (Ncm3 
CH4 g VS-1). Confidence intervals (95%) were calculated in Microsoft Excel 
to reveal statistically significant differences between the samples in paper I. 
In paper III the standard deviation was used.   

 
𝑉𝑉 = (𝑝𝑝𝑎𝑎−𝑝𝑝𝑚𝑚)∙𝑉𝑉ℎ

𝑝𝑝𝑎𝑎
− 𝑉𝑉ℎ                 (3) 

 𝑉𝑉:  Calculated gas volume (cm3 gVS-1 d-1) (not normalized) 
 𝑝𝑝𝑎𝑎: Ambient pressure (mbar) 
 𝑝𝑝𝑚𝑚: Measured pressure (mbar) 
 𝑉𝑉ℎ: Headspace volume (cm3)  

 
𝑉𝑉0 = 𝑉𝑉 ∙ (𝑝𝑝−𝑝𝑝𝑤𝑤)∙𝑇𝑇0𝑝𝑝0∙𝑇𝑇

                 (4) 
 𝑉𝑉0:  Normalized gas production (Ncm3 gVS-1 d-1) 
 𝑉𝑉:  Calculated gas production (cm3 gVS-1 d-1) 
 𝑝𝑝:  Air pressure in the room (mbar) 
 𝑝𝑝𝑤𝑤: Vapour pressure of the water as a function of the temperature  
   of the ambient space (VDI, 2006) (mbar) 
 𝑇𝑇0:  Normalized temperature; 273.15 ºK  
 𝑝𝑝0:  Normalized pressure; 1013 mbar 

 𝑇𝑇:  Temperature in the room (ºK) 
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Table 2 Description of substrate mixtures and controls in the BMP-experiment in pa-
per I 
Mix. 
comp. 
nr. 

Temp. 
(°C) 

Micro- 
algae A 
(%) 

Micro- 
algae 
B (%) 

Micro- 
algae 
C (%) 

Sew-
age 
sludge 
D (%) 

Sew-
age 
sludge 
E (%) 

Con-
trol 
subst. 
(%) 

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 - - - 
18 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 - - - 
28 55 - - - - - 100 

 
Table 3 Description of substrate mixtures and controls in the BMP-experiment in pa-
per III 
Mix. 
comp. nr. 

Micro- 
algae (%) 

WAS (%) Primary 
sludge (%) 

Control 
subst. (%) 

1 - 35 65 - 
2 100 - - - 
3 42 19 39 - 
4 - - - 100 
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The biogas production was modelled using the modified Gompertz equation 
(Zhu et al., 2009) (equation 5). 
 
𝐵𝐵𝐵𝐵 = 𝐵𝐵𝐵𝐵𝐵𝐵 ∗ exp{− exp[ 𝑅𝑅𝑚𝑚𝑒𝑒

𝐵𝐵𝐵𝐵𝐵𝐵 (𝜆𝜆 − 𝑡𝑡)] − 1]}         (5) 
 
 𝐵𝐵𝐵𝐵:  Cumulative biogas yield (Ncm3 gVS-1 d-1) 
 𝐵𝐵𝐵𝐵𝐵𝐵:  Biochemical methane potential (Ncm3 g VS−1) 
 𝑅𝑅𝑚𝑚:  Maximum daily biogas yield (Ncm3 g VS−1 d-1) 
 𝜆𝜆:   Bacteria growth lag phase (d) 
 𝑒𝑒:   Mathematical constant (2.718) 
 t:   Digestion time (d) 
 
The constants λ, BMP and Rm were determined from the experimental data 
using the MS Excel Solver Toolpak. 

3.5 Semi-continuous digestion with microalgae and a 
representative mix of sewage sludge  
 The study in paper III was based on the results presented in paper I. In this 
study the best mixture conditions evaluated in paper I were tested in a semi-
continuous process in mesophilic conditions with the aim of investigating 
whether there was a synergetic effect between microalgae and a representative 
mixture of sewage sludge in continuous process operation. The semi-continu-
ous pilot digester system consisted of two reactors with an active volume of 5 
dm3 (Figure 6). The system has online measurement of gas production and 
methane content. Gas production was measured with volumetric gas flow me-
ters based on the principle of measuring the displaced volume of liquid in a 
tube consisting of an inner and outer glass cylinder. There are two inductive 
sensors on the tube. The top sensor produces a signal to a three-way valve to 
release the gas produced and the bottom sensor produces a signal to close the 
outlet. The distance between the sensors measures the volume of gas pro-
duced. The methane content is measured by a Bluesens BCP-CH4 which con-
tains an IR light source, a detector and the evaluation electronics. The IR light 
beam is reflected by the gas-filled measuring adapter and the light absorption 
by gas is measured by the detector. The sensor head heats the measuring 
adapter to avoid condensation. The methane measurement range of this instru-
ment is 0-100 %. Stirrers are mounted in the reactors, and could be run at a 
steady speed (a constant 200 rpm was used in the study), or controlled by a 10 
point interpolating profile.   
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Figure 6 Semi-continuous digestion system used in paper III. Photo by J. Olsson. 
 
 One of the two reactors was a reference reactor which was fed once a day 
(7 days a week) with a representative mix of 40% WAS and 60% primary and 
chemical sludge, calculated by VS content. The other reactor was fed with 
37% microalgae and 63% of the representative mix of sewage sludge once a 
day (7 days a week). The experiment was divided into two separate periods. 
During the first period the HRT was 15 days and the OLR was 2.4 kg VS m-3 
d-1. During the second period the HRT was kept at 10 days and the OLR was 
3.5 kg VS m-3 d-1. The purpose of the second period was to try to stress the 
system and compare the two digesters. To ensure that stable conditions were 
reached each period was run for the equivalent of three retention times. 
 Substrate, digestate and gas produced were sampled and analyzed accord-
ing to the specified sampling points A-G described in Figure 7.  
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Figure 7 sampling points for the semi continuous digestion. Illustration J.Olsson 
 
 At the beginning of the study the substrates (primary sludge, WAS and 
microalgae) were sent to external laboratories to be characterized for DS, VS, 
total carbon, total nitrogen, NH4-N, metals, heavy metals and lipids. These 
parameters can be used to partly explain the results in terms of possible 
changes in methane production, deficiency of micronutrients and the amount 
of heavy metals in the digestate. 
 Biogas production was normalized according to equation 4 and the me-
thane production was normalized according to equation 6 (VDI, 2006).  
 
𝐶𝐶𝐶𝐶40𝑠𝑠𝑠𝑠 = 𝐶𝐶𝐶𝐶4 ∗

𝑝𝑝
𝑝𝑝−𝑝𝑝𝑤𝑤

                 (6) 
 
 𝐶𝐶𝐶𝐶40𝑠𝑠𝑠𝑠:  Normalized methane content 
 𝐶𝐶𝐶𝐶4:  Measured methane content 
 p:    Air pressure in the room (mbar) 
 𝑝𝑝𝑤𝑤:  Vapour pressure of the water as a function of the temperature 
    of the ambient space (VDI, 2006) (mbar)  
 
 Samples of digestates from the two reactors were analyzed for DS, VS, 
VFA, NH4-N, metals and heavy metals. 

3.6 Semi-continuous digestion of thermophilic 
secondary digestion  
 The pilot equipment used in paper II consisted of the two digesters with a 
working volume of 35 dm3 for every reactor shown in Figure 8. The reactors 
were equipped with time-controlled stirrers and thermometers which were 

Digester 2 -
Microalgae 
reactor  

A. Primary sludge
B. WAS
C. Microalgae 

G. Gasproduction 
and methane 
content

E. Digestate

F. Gasproduction and 
methane content

Digester 1 -
Reference 
reactor 

A. Primary sludge
B. WAS

D. Digestate



 32 

connected to an automatic temperature control unit. Biogas production from 
the reactors was monitored continuously with a gas flow meter of the type 
Ritter MGC-1 v 3.0. The measuring principle is based on gas bubbles through 
a liquid seal in a measuring cell that contains a known amount of gas. The cell 
consists of two measuring chambers, which are filled alternatively by the ris-
ing gas bubbles. When a measuring chamber is filled with gas it tilts over and 
the second measuring chamber begins to fill with gas.  

 

Figure 8 Pilot equipment for subsequent thermophilic digestion in paper II. Photo by 
M. Philipson. 
 

The experimental setup shown in figure 9 shows the thickening stage for 
the mesophilic digested sludge and subsequent thermophilic digestion with 10 
and 20 days HRT. The methane and carbon dioxide content in the gas pro-
duced from the digester were measured once a week with the gas analyzer 
instrument Multitec Sewerin 540 (Infrared measuring technology). Other op-
erating parameters of the digestate that were measured were NH4-N, VFA, 
total alkalinity, bicarbonate alkalinity and pH. 



 33 

 
Figure 9 Experimental setup of the pilot study in paper II. Illustration by J. Olsson. 

 
 The operating period of the pilot study was 15 weeks, i.e. 10.5 HRT for 
digester 1 and 5.2 HRT for digester 2. During the first five weeks of operation, 
the reactors were fed with sludge containing 7% DS with an OLR of 2.3 kg 
VS m-3 d-1 in digester 1 and 4.6 kg VS m-3 d-1 in digester 2. In weeks 6 to 15 
the reactors were fed with sludge containing 8 % DS with an OLR of 2.7 kg 
VS m-3 d-1 in digester 1 and 5.4 kg VS m-3 d-1 in digester 2.  

3.6.1 Intermittent aeration after the thermophilic digestion 
 At the end of the study the sludge from digester 2 was used in a batch 
experiment with intermittent aeration to investigate possible removal of NH4-
N from the material and possible enhancement of the dewaterability of the 
sludge. The experiment was similar to the studies performed by Kevbrina et 
al. (2011) and Parravicini et al. (2008).  

A 10 dm3 reactor with a water heating circuit around it was used to main-
tain an even sludge temperature. Cycles of one hour of aeration followed by 
30 minutes of anaerobic conditions were maintained for one week. New 
sludge was not added to the reactor during this test period. O2, temperature, 
pH, NH4-N, NO2-N and NO3-N were measured once a day.  

3.6.2 Energy balance 
The energy balance for a possible full-scale system solution with thicken-

ing of mesophilic digested sludge, thermophilic digestion and intermittent aer-
ation were calculated from the results of the pilot study on digester 2. The heat 
and electricity consuming parts of the process included sludge thickening ag-
itation, inlet pumps, circulation pumps and mixers in the digester, heating of 
the sludge with the water heat exchanger and air blowers for the sludge aera-
tion. The recoverable energy from the biogas was estimated by calculating the 
electricity and heat-potential from a CHP–system (IET 100 Bio: electrical ef-
ficiency 36 % and heat efficiency 49 %). The electricity consuming parts are 
presented in Table 4. 

Digester 2,  20 days HRT  

Sludge

thickening 

Digester 1, 10 days HRT  

Mesophilic 
digested sludge 
3 % DS

Methane production 
and biogas composition 

Methane production 
and biogas composition

NH4-N, VFA, total alkalinity, 
bicarbonate alkalinity, pH 

NH4-N, VFA, total alkalinity, 
bicarbonate alkalinity, pH 

Mesophilic 
digested sludge 
25 % DS
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Table 4 Electricity consuming components in the energy balance. 
Components Nominal effect 

(kW) 
Sludge thickener (Rotamat RoS2s) 0.6 
Agitator in the sludge layer 8 
Inlet pump (progressive cavity pump) 12 
Circulation pump (Centrifugal pump) 6 
Agitator in the digester 5 
Air blower – sludge aeration (iTurbo ITC75-0.6S) 47 

 
The dimensioning of the equipment for a possible full-scale system and the 

requirements for heating the sludge through a heat exchanger were based on 
the sludge production at the WWTP in Uppsala. The values used in the heat 
requirement calculation are presented in Table 5. 
 
Table 5 Conditions for the heat balance  
Conditions Values 

Sludge production 3,490 ton DS year-1  
Organic content in the substrate 65% of DS 
Temperature of the mesophilic digested sludge 25ºC 
Temperature of the mesophilic digested sludge 
after heat exchange 

40.2ºC  

Temperature in the thermophilic digester 55ºC 
Temperature of thermophilic digested sludge 
after heat exchange 

39.8ºC 

3.8 Dewaterability studies  
 During the third retention time in the semi-continuous study described in 
paper III a filterability test was performed on the digested sludges from the 
two reactors using a CST-apparatus from Triton Electronics Ltd, UK. A cyl-
inder 1.8 cm in diameter and a Whatman No 17 filter paper were used. CST 
stands for Capillary Suction Time and the equipment measures the time it 
takes for the liquid phase of a sludge to be transported through a filter paper a 
predetermined distance. A slurry with low CST is thus easier to dewater than 
a sludge with a high CST. The sludge was treated with a cationic polyelectro-
lyte Zetag 8127 (BASF) which is used by the WWTP in Uppsala for dewater-
ing of sludge before the filterability test. The method used is described in 
Taylor and Elliot (2013). To evaluate the strength of the sludge flocs the fil-
terability test was performed when the sludge had been stirred for 10, 40 and 
100 s. 
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In the study described in paper II the filterability after different sludge 
treatment steps was measured with the same CST apparatus that was used in 
paper III. Ordinary mesophilic digested sludge from the WWTP was com-
pared with the digestate from digester 1 and 2 and the aerated sludge from 
digester 2. Each sludge fraction was treated with polyelectrolyte. For the di-
gestate from the ordinary mesophilic treatment and the digestate from reactors 
1 and 2, 8.8 kg ton DS-1 of the cationic polymer Superfloc C-498 was used. 
This dose corresponds to the regular dewatering process at the WWTP in Upp-
sala. Superfloc C-498 could not be used for the aerated digestate from reactor 
2 because of bad filterability results. Therefore three other polymers were se-
lected to be used in the filterability test, Superfloc C491, C492 and C442. 
These are all polyacrylamide with a lower cationic charge than Superfloc 
C498. The optimal dosage was determined and the resulting sludge mixture 
was poured into the sample funnel. The remainder of the method used for the 
filterability tests was the same as the test in paper III. 
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4. Results 

4.1 Microalgae cultivation - Characteristics of 
microalgae in the experiments 
 Microscopic examination showed the presence of the green algae species 
Scenedesmus sp (Figure 10) and Chlorella vulgaris in the microalgae samples 
by microscopic examination.  

Following microalga species used in the semi-continous co-digestion with 
a representative mixture of sewage sludge were: Ankistrodesmus, Chlorella, 
Pandorina, Scenedesmus opoliensis, Scenedesmus quadricauda and 
Scenedesmus sp. They were also identified by microscopic examination. 
All the microscopic examinations were made by Dr Francesco G. Gentili at 
the Department of Wildlife, Fish and Environmental Studies, Swedish Uni-
versity of Agricultural Sciences. 
 

  
 
 
 
 
 
 
 
 
 
 
 

Figure 10 Scenedesmus sp. Photo by F. Gentili 

4.2 BMP experiments - Co-digestion of microalgae with 
undigested sewage sludge 
 The specific methane yield after 35 days from the first introductory BMP-
study with microalgae in paper I is presented in Figure 11. The mixtures nr. 
1–8 are presented in Table 2. The highest measured BMP was reached with 
mesophilic digestion of 12% microalgae A and 88% sewage sludge (mixture 
nr. 2). This BMP was approximately 3% higher compared to flasks containing 
sludge alone. The same effect was not seen in the results from the experiment 
in thermophilic conditions. The reason for this may be that the inoculum used 
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for the thermophilic experiment was the same inoculum used for the meso-
philic conditions, and might therefore not be adapted growth at 55ºC. 
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Figure 11 Methane potential per gram VS for co-digestion of microalgae A and un-
digested sewage sludge D, mixture no. 1–8. 
 
 The methane yields from the BMP experiment with microalgae B and C 
are presented in Figures 12-15. The highest measured BMP in mesophilic con-
ditions was reached in the mixture nr. 12, which contained 63% undigested 
sewage sludge E and 37% microalgae B. The BMP in this sample was 408 ± 
16 Ncm3 CH4 g VS-1, 23% higher than the BMP from 100% undigested sew-
age sludge E (mix. no. 9). This difference was statistically significant. Sam-
ples with other substrate ratios digested at the same temperature also tended 
to have higher methane levels than 100% undigested sewage sludge, but these 
differences were not statistically significant.  
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Figure 12 Methane potential per gram VS for sewage sludge E and its co-substrates 
with 0%, 12%, 25%, 37%, 100% microalgae for algae substrate B in mesophilic con-
ditions.  

 
Figure 13 Methane potential per gram VS for sewage sludge E and its co-substrates 
with 0%, 12%, 25%, 37%, 100% microalgae for algae substrate C in mesophilic con-
ditions. 
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Figure 14 Methane potential per gram VS for sewage sludge E and its co-substrates 
with 0%, 12%, 25%, 37%, 100% microalgae for algae substrate B in thermophilic 
conditions. 
 

 
Figure 15 Methane potential per gram VS for sewage sludge E and its co-substrates 
with 0%, 12%, 25%, 37%, 100% microalgae for algae substrate C in thermophilic 
conditions. 
 
 The BMP-experiment performed in parallel with the semi-continuous 
study in paper III is presented in Figure 16. 
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Figure 16 Methane potential per gram VS for microalgae, sewage sludge and a mix-
ture of the two substrates. 

4.3 Semi-continuous digestion with microalgae and a 
representative mix of sewage sludge 

4.3.1 Substrate and digestate composition A-E  
 Table 6 presents the measured parameters for the substrates A-C and di-
gestate D and E in paper III. The TS and VS measurements for primary 
sludge (A), WAS (B), digestate 1 (D) and digestate 2 (E) are average val-
ues from three samples with the standard deviation from the first three re-
tention times. The TS and VS of the microalgae (C) were measured three 
times at the beginning of the project.  
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Table 6 Measured parameters for the sludge A-E. 
Param. A B  C D  E  
TS (%) 5.5±0.12 5.4±0.03 8.4±0.03 2.9±0.03 4.4±0.09 
VS (% of 
TS) 

77±1.8 73±0.05 59±0.1 62±0.69 57±0.50 

Org. deg. 
(%) 

   49.5 30.8 

VFA  
(mg dm-3) 

   177±9 147±6 

NH4-N 
(mg dm-3) 

100 300 100 750±54 700±41 

C/N-ratio 12.74 4.70 5.92   
Lipids (% 
of TS) 

8.91 5.54 3.02   

 
Table 7 presents the metal and heavy metals contents of the substrates and 

digestates. The substrates were characterized in the beginning of the experi-
ment and the digestates during the third retention time.  

 
Table 7 Metals and heavy metals for sludge A-E. 
Param.  
(mg kg TS-1) 

A B  C D  E  

Se  2.50 4.90 1.70 4.7 3.1 
Co  3.70 5.40 7.40 6.4  6.8 
Ni  12.0 16.0 40.0 20.0 33.0 
Mo  2.2 4.6 6.8 4.5  5.5 
Zn  260 240 1 700 420 1 350 
Cu  150 250 330 310 345 
Pb  8.4 9.1 15 15 140 
Hg  0.26 0.18 0.76 0.33 0.70 
Cd  0.35 0.61 15 0.92 10.3 

 
 The composition of the substrates shows that the VS content and the lipid 
content of the microalgae were much lower than those of the primary sludge 
and WAS. This should result in much lower methane production in the digest-
ers. The lower VS content in the microalgae indicates that the substrate was 
already stabilized and thus could only be partially further degraded. This was 
also shown in the organic degradation in the reactor with microalgae which 
was much lower than in the reference reactor (digester 1).  
 During the three retention times the processes in both reactors were stable 
with low VFA. 
 The comparison between methane content in the biogas and normalized 
methane yield is presented in Table 8. 
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Table 8 Methane content and methane yield in the two digesters. 
Param. F- digester 1 G – Digester 2  
Methane content in gas (%) 60.0±9.5 57.1±5.6 
Methane yield (cm3 CH4 g 
VSin -1)  

218 189 

Methane yield (cm3 CH4 g 
VSreduced -1) 

440 613 

 
 Digester 2 had a lower methane yield per gram of VS that was introduced 
into the reactors but a higher yield per gram of VS that was reduced. Conse-
quently it can be argued that there was a synergetic effect under mesophilic 
conditions when microalgae were co-digested with a representative mix of 
undigested sewage sludge in a semi-continuous process in accordance with 
the results in paper I.  
 Further semi-continuous AD experiments using a microalgae culture that 
was not already stabilized and not pretreated would be required to provide 
further support for the results. 

 The results from the filterability test are shown in Table 9. Before the first 
CST-analysis the optimal dose of electrolyte was estimated for digesters 1 and 
2 by adding known amounts of polyelectrolyte to 100 ml of sludge. The 
optimal dosage was estimated at 12.5 kg polymer ton DS-1. A separate CST 
measurement with 6.6 kg polymer ton DS-1 sludge was made for digester 2 
since the optimal dose in the first filterability test seemed to be much lower 
than for digester 1. 
 
Table 9. CST-analysis for sludge in digester 1 and 2. 
Param. Poly 

electrolyte 
dosage (kg 
ton DS-1) 

10 s stirring 
(s) 

40 s stirring 
(s) 

100 s stir-
ring (s) 

Digester 1  12.5 238.6±187 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 

 
The results showed better filterability in digester 2 compared to digester 1. 

The much lower polyelectrolyte dosage in digester 2 also indicated that equal 
filterbility could be achieved with a much lower usage of polymer when 
microalgae were added to the sewage sludge. The change in CST after the 
stirring period indicated a high floc strength in all the tests. A sharp rise in the 
CST with stirring indicates weak flocs and no surplus conditioner.  
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4.4 Semi-continuous digestion with thermophilic 
secondary digestion  
 Table 10 presents the measured parameters for digesters 1 and 2 in paper 
II. The results are average values with the standard deviation over the 15 
weeks operation time.  
 
Table 10. Mean values and standard deviations of the measured parameters 
Parameter Digester 1 Digester 2 

Biogas production (dm3 
kg VS-1) 140±38 180±20 
CH4 content (%) 56±7 60±4 
pH 8.1±0.1 8.1±0.1 
NH4-N (mg dm-3) 1 900±340 1 900±450 
Acetate (mg dm-3) 650±400 400±280 
Propionate (mg dm-3) 475±320 270±180 
Total VFA (mg dm-3) 1 190±670 650±400 

 
When the higher OLR was applied the biogas production was 164±25 dm3 

kg VS-1 in digester 1 and 190±11 dm3 kg VS-1 in digester 2. If the latter value 
was extrapolated to the full-scale process in the WWTP in Uppsala it would 
result in a 19% increase over the current biogas production. The reduction of 
organic matter during the operation period was 18±4.9% in digester 1 and 
22±4.5% in digester 2. If the latter value was used for a full-scale process at 
the WWTP in Uppsala there would be a 10–13% annual reduction in the 
amount of digested sludge. 
 During the operating period the NH4-N content was high in both digester 
1 and digester 2. NH4-N was found to vary between 1,500 and 2,500 mg dm-3 
in both digesters during the operational period. Based on this NH3-N content 
was estimated to be between 400 and 800 mg dm-3.  
 An accumulation of VFA was observed in both digesters 1 and 2 (Figure 
17 and 18). The total VFA concentration was significantly higher in digester 
1 than in digester 2 and co-varied between the digesters. It increased in both 
reactors at the end of the operating period. The higher VFA-concentration in 
digester 1 was probably due to the higher OLR and lower HRT compared to 
digester 2.  
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Figure 17 Acetate, propionate and total VFA in the digestate from digester 1 during 
the operating phase.  
 

 
Figure 18 Acetate, propionate and total VFA in the digestate from digester 2 during 
the operating phase.  

 
The result from the intermittent aeration study showed a sharp increase of 

pH to 8.75 at the beginning of the experiment. pH then decreased to 8.30 on 
the last day of the batch experiment. The oxygen level remained between 0.2-
0.7 mg dm-3 during the aeration step and increased at the end of the trial period. 
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The temperature remained around 30°C throughout the study. The total reduc-
tion of NH4-N with 8 days retention time was 58%.  
 The results from the CST analysis showed a deterioration of the dewatering 
properties when the mesophilic digested sludge was digested again at 55 ºC. 
The CST-analysis of the aerated sludge showed that dewatering properties 
were improved again as described by Bouskova et al. (2006) but there was 
more polymer per ton of sludge required compared with the full-scale de-
watering process for sludge from the mesophilic digestion step at the Uppsala 
WWTP. The best filterability was obtained with Superfloc C442 with a CST 
of 25 seconds.  

The energy balance in the study showed an excess of both heat and elec-
tricity equivalent to 200 MWh year-1 of electricity and 300 MWh year-1 of 
heat.  
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5. Discussion 

5.1 Characteristics of the microalgae in the studies 
described in paper I and III 
The green microalgae species that are tolerant to the conditions in wastewater 
have been shown to belong to Chlorella and Scenedesmus genera (Pittman et 
al., 2011). All the microalgae substrates in both batch experiments and the 
semi-continuous experiment contained these species, suggesting that a similar 
mixture of microalgae can be used in AD with sewage sludge in a possible 
full-scale application. 

5.2 The BMP-experiments 
The study described in paper I showed that co-digestion with specific ratios 
of microalgae content increased the BMP in mesophilic conditions. This could 
be explained by an optimized C/N ratio (C/N = 20–25/1) (Yen & Brune, 
2007). In the second BMP-study in paper I the undigested sewage sludge E 
and the microalgae B had a C/N ratio of 9.4/1 and 9.3/1 respectively, which 
were much lower than the optimized C/N-ratio. Another possible reason for 
the increase in BMP could be addition of minerals (micronutrients) introduced 
with the microalgae. The Micronutrients have been shown by Karlsson et al. 
(2012) to improve the performance of the anaerobic process during start-up 
and early operation. 
 The BMP of pure strains of different types of Scenedesmus sp. and Chlo-
rella vulgaris, both found in microalgae A and B were in the range from 258 
± 7 to 410 ± 6 and from 263 ± 3 to 361 ± 11 Ncm3 CH4 g VS-1 respectively in 
37ºC (Frigon et al., 2013). BMP of microalgae A alone was not analyzed, 
however microalgae B produced 367 ± 4 Ncm3 CH4 g VS-1, which is within 
the range reported by Frigon et al. (2013). 
 Microalgae C had a much lower BMP value than microalgae B, see Figure 
13 and 15. This could be due to the drying process of microalgae C as reported 
by Mussgnug et al. (2010).  
 A long lag phase indicates that the substrate contains high levels of mate-
rial that is not easily hydrolyzed. All samples except for the pure dry microal-
gae C had a short lag phase (Figure 12-15), which indicated that the anaerobic 
microorganisms adapted easily to the conditions and utilized the substrate ef-
ficiently. However, mono-digestion of dried microalgae C had a longer lag 
phase in both mesophilic and thermophilic conditions. These results contradict 
the findings by Wang et al. (2013), where the lag phase in the batch test of the 
microalgae slurry as sole feed lasted 20 days. The decomposition phase fol-
lowed a similar linear pattern in all the samples, indicating that the substrates 
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were homogenous with no persistent particles as described by Carlsson and 
Schnürer (2011). 
 In the BMP-study described in paper III there was no synergetic effect be-
tween the microalgae and the sewage sludge. This could be due to the low 
degradability of the algae since they seemed to be already well stabilized (low 
VS content). 

5.3 Semi-continuous digestion with microalgae and a 
representative mix of sewage sludge 

It was shown in the semi-continuous AD experiment described in paper III 
that microalgae cultivated on wastewater can be a feasible feedstock for an-
aerobic co-digestion with sewage sludge. Addition of a mix of microalgae 
grown in wastewater to a representative mix of sewage sludge the increased 
specific methane production per gram reduced VS was 39%. The specific me-
thane production per gram added VS to the reactors was 9% lower in the di-
gester where microalgae had been added. When microalgae were added the 
total digestibility was lower compared to the reference digestion with only 
sewage sludge.  
 Many of the essential trace metals (Co, Ni and Mo) that are known to have 
a positive influence on biogas production and the stability of the digestion 
process (Karlsson et al., 2012, Schwede et al., 2013) were more abundant in 
the microalgae substrate than in the primary sludge and the WAS. However 
levels of many heavy metals in the microalgae substrate were much higher 
than in other substrates, making it more difficult to use the digestate as ferti-
lizer on arable land in a possible future full-scale application. One reason for 
the high metal concentrations may be the possible uptake of metals from the 
flue gas bubbled through the culture. The concentrations of these components 
in the flue gas are unknown and need to be verified in future studies. When 
comparing the metal content in the digested sludge from Umeå WWTP plant 
with the sludge from Västeras WWTP Pb, Cd, Hg, Ni, and Zn were higher in 
the sludge from Umeå but Cu was higher in the sludge from Västerås 
(UMEVA, 2012, Mälarenergi AB, 2013). This is also a possible reason for the 
higher metal content in the algae substrate. 

The results from the CST measurements were in agreement with the results 
from the study by Wang el al. (2013). In this study the dewaterability was also 
enhanced after the addition of microalgae to the substrate. The better 
filterability could be the result of a possible lower amount of EPS added by 
the microalgae in the AD. According to Ye et al. (2014) A high EPS will create 
more difficulty of dewatering the sewage sludge.  
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Taken together, the results argue for further research on the use of micro-
algae as a co-substrate in mesophilic and thermophile AD in municipal 
WWTPs.  

5.4 Semi-continuous digestion of thermophilic 
secondary digestion 
The results from the second study described in paper II showed that thermo-
philic digestion following mesophilic digestion of sewage sludge could be a 
self-sufficient sanitation method. The energy balance showed an excess of 
both heat and electricity. There was however an accumulation of VFA in both 
reactors that can be explained by high ammonia levels. Previous studies have 
indicated that high levels of ammonia (>100 mg dm-3) can have an inhibitory 
effect on digestion (Yenigün & Demirel, 2013). The highest organic loading 
rates tested in this study were in the range that would cause an unstable process 
due to high ammonia levels.  
 The thermophilic treated sludge showed reduced filterability properties. 
This result is in agreement with earlier studies by Novak et al. (2000) and 
Bouskova et al. (2006). Possible explanations for the deterioration in dewater-
ing properties may be a change in the particle size distribution when the sludge 
is re-digested once more as described under theoretical background 
(Bouskova et al., 2006) and/or an accumulation of protein and polysaccharide 
concentrations when the sludge is digested in thermophilic conditions (Bivins 
& Novak, 2001). However, the filterability properties improved after a subse-
quent aeration step, as previously suggested by Kevbrina et al. (2011). Aera-
tion can also reduce the ammonium concentration in the sludge. A 58% reduc-
tion of ammonia was observed in the aeration tests carried out in the study 
described in paper II. According to Parravicini et al. (2008) the optimal hy-
draulic retention time for the digested sludge in the aeration zone is 6 days. 
According to Kevbrina et al. (2011) the optimum HRT is 3-4 days in the aer-
ated volume with 0.7-1.0 mg O2 dm-3 in the sludge and with an optimal tem-
perature of 30-35°C. The reduction of nitrogen in the study by Parravicini et 
al. (2008) was up to 45%. In the study of Kevbrina et al. (2011) the NH4-N in 
the supernatant decreased by 65-89%.  
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6. Conclusions 
 It was shown in BMP-experiments and semi-continuous AD experiments 
that microalgae cultivated on wastewater can be a feasible feedstock for an-
aerobic co-digestion with sewage sludge. Microalgae improved the BMP of 
undigested sewage sludge significantly in mesophilic conditions but not in 
thermophilic digestion. In the semi-continuous experiment with the addition 
of a mix of microalgae grown from wastewater to a representative mix of sew-
age sludge the specific methane production for every gram reduced VS was 
enhanced. The specific methane production for every gram added VS to the 
reactors were lower in the digester where microalgae had been added. When 
microalgae were added the total digestibility was reduced compared to the 
reference digestion with only sewage sludge. In the BMP-experiment in par-
allel to the semi-continuous study the synergetic effect shown in previous 
BMP-experiments could not be shown.  

Filterability tests indicated that the addition of microalgae enhanced the 
dewaterability of the digested sludge and lowered the demand for polyelectro-
lyte significantly. 

Many of the heavy metal levels in the microalgae substrate were much 
higher than other substrates. The high levels of heavy metal content makes it 
harder to use the digestate on arable land in a possible future full scale appli-
cation due to legislation.  

In the study of a possible TPAD system with thickening of mesophilic di-
gested sewage sludge and then a thermophilic digestion is was shown that the 
biogas production in the secondary thermophilic digestion would be enough 
to support heat and electricity production for the process solution and an aer-
ation of the digested sludge as a final step. The highest OLR tested in this 
study could create an unstable process due to high ammonia levels and conse-
quently increased VFA concentrations. The thermophilic treated sludge ob-
tained worsening filterability properties. However, a subsequent aeration step 
could improve the properties again.  
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7. Future studies 
Future studies will focus more on semi-continuous experiments with meso-
philic and thermophilic co-digestion of microalgae and sewage sludge. The 
question that remains to be answered is whether and why possible synergetic 
effects may exist between algae and sewage sludge in the AD-process. More 
studies are also needed to investigate and explain the changes in dewaterabil-
ity when microalgae are added.  
Specific studies will be divided into three parts: 

1. A study into a new start-up strategy from mesophilic to thermophilic 
AD. The temperature in digesters with mesophilic inoculum will be 
increased directly from 37 to 55 ºC and a constant organic load of a 
representative mix of primary sludge and WAS will be applied. The 
changes in the stability of the process and the time of recovery will be 
studied. The changes in dewaterability will also be studied with dif-
ferent polyelectrolytes (using both anionic, nonionic and cationic 
electrolytes). The sludge will be analyzed daily and weekly during the 
experimental period. Dewaterability will be measured on CST equip-
ment on a regular basis with the different polyelectrolytes. 

2. The system with microalgae-based biological treatment with harvest-
ing and anaerobic co-digestion of microalgae together with sewage 
sludge could be a viable solution for a more heat- and electricity effi-
cient waste water treatment. Swedish municipal wastewater systems 
usually contain a large treatment plant with mesophilic or thermo-
philic anaerobic digestion in the city area together with smaller satel-
lite plants outside the city area. Two examples of such systems are in 
the municipalities of Uppsala and Västerås in the middle of Sweden. 
The sludge produced from most of the satellite plants is currently sta-
bilized aerobically and transported to the large WWTP for anaerobic 
digestion. This is probably not an energy efficient way to handle the 
sludge. Future study will compare heat, electricity and fuel consump-
tion/production in current municipal WWTP system in Uppsala and 
Västerås with the possibility of treating the wastewater from the sat-
ellite plants and the large WWTP with process stages that utilize mi-
croalgae. The microalgae would then be sent to the digesters and be 
co-digested together with undigested sewage sludge. Results from this 
type of study could provide valuable information to many wastewater 
treatment systems in Sweden that have the same type of structure.  

3. The third study will examine semi-continuous digestion of mixtures 
of sewage sludge and microalgae in two pilot digester systems with 
two digesters each. The algae used in the tests will be cultivated in 
municipal wastewater at the WWTP in Västerås. In the first system 
the digestion will run under thermophilic conditions and the second 



 51 

system will be mesophilic. The project will contribute in understand-
ing how parameters such as substrate composition and feeding rate 
influence biogas production in continuous processes at different tem-
peratures. 
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