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Sammanfattning på svenska 
 

Kväve har identifierats som en viktig orsak till övergödning i akvatiska ekosystem. Eftersom det 

mesta av kvävet kommer in i vattendrag genom mänsklig verksamhet, är det viktigt att genomföra 

korrekt behandling av avloppsvatten som innehåller kväve. Uppmärksamhet har också gjorts till 

behandling av sidoströmmsavloppsvatten, eftersom det innehåller hög koncentration av 

ammoniumkväve (NH4-N) och låg halt av organiskt material (uttryckt som kemisk syreförbrukning 

(COD)). Därför bör sidoström behandlas separat från huvudström. Konventionell biologisk 

kväveborttagningsmetod såsom nitrifiering/denitrifiering har i många år tillämpats i behandling av 

sidoströmsavloppsvatten. Det är ett effektivt sätt att ta bort kväve från avloppsvatten, men det kräver 

en stor mängd energi och kolkälla, som bakterierna behöver för att använda med denna metod.  

 

Med upptäckten av anammoxprocessen och isolering av anaeroba ammoniumoxiderande (anammox) 

bakterier har deammonifikation baserat på partiell nitritation/anammox-processen fått 

uppmärksamhet från forskare, eftersom den behöver mindre energitillförsel och ingen extern 

koldosering. Denna metod har testats för att behandla sidoströmsavloppsvatten i olika system och de 

har visat bra prestanda och hög verkningsgrad. Denna avhandling presenterar resultat som har 

erhållits vid sidoströmsbehandling med deammonifikationsprocessen i integrerat fastfilm 

aktivslamsystem (IFAS). I den experimentella delen har en IFAS-reaktor i pilotskala använts och 

körts framgångsrikt med behandling av rejektvatten från Henriksdal avloppsreningsverk. Studien 

inleddes den 8 mars och varade i 117 dagar. Under studieperioden användes IFAS-reaktorn vid 

konstant temperaturen (25 ° c), medan vissa andra driftsparametrar såsom börvärde för löst syre, 

luftningstid och inflödesbelastning ändrades för att utvärdera deras påverkan på processens 

prestanda och reningseffektivitet. Först användes 2,0 mg/L som löst syrebörvärde och 40 min 

luftningstid i en 1-timmes cykel. Reaktorns prestanda nådde det högsta värdet av 85,6% för total 

oorganisk kvävereningseffektivitet. Sedan testades en lägre nivå för börvärdet för löst syre (1,5 mg/L) 

och kortare luftnings tid (35 min) separat. Reaktorn uppvisade en minskning av 

reningseffektiviteten. Även lägre inflödesbelastning testades. 

 

Reaktorns prestanda och påverkan av olika parametrar (pH, alkalinitet, suspenderade partiklar och 

sCOD) under hela försöksperioden diskuterades utifrån laboratorieanalyser och data från 

online-sensorer. Specifik anammoxaktivitetstest (SAA) utfördes också för de anaeroba 

ammoniumoxiderande bakterierna i biofilm fäst på bärarna. Resultaten från satsvisa försök visade 

att bakterierna kan uppnå högre kväveavlägsningshastighet än vad som uppnåddes i 

IFAS-pilotskalereaktorn.    
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Summary in English 
 

Nitrogen has been identified as a major cause of eutrophication in aquatic ecosystems. As most of the 

nitrogen enters waterbodies through human activities, it is important to implement proper 

treatment for the wastewater containing nitrogen. Attention has also been paid to sidestream 

wastewater treatment, as it contains high concentration of ammonium nitrogen (NH4-N) and low 

content of organic matter (expressed as chemical oxygen demand (COD)). Thus, sidestream should 

be treated separately from mainstream. Conventional biological nitrogen removal method such as 

nitrification/denitrification has been applied in sidestream wastewater treatment for many years. It 

is an effective way to remove nitrogen from wastewater, however, it requires a large amount of 

energy and carbon source input necessary for bacteria to use in this method. 

 

With the discovery of anammox process and isolation of anaerobic ammonium oxidizing (anammox) 

bacteria, the deammonification based on the partial nitritation/anammox process has been drawing 

attention from researchers, since it needs less energy input and no external carbon dosage. This 

method has been tested to treat sidestream wastewater in different systems and they have shown 

good performance and high nitrogen removal efficiency. This thesis presents what has been found 

regarding sidestream treatment with the deammonification process in integrated fixed-film 

activated sludge (IFAS) system. In the experimental part, a pilot-scale IFAS reactor was set up and 

successfully operated to treat reject water from Henriksdal wastewater treatment plant. The study 

started on 8th March and lasted for 117 days. During the study period, the IFAS reactor was operated 

at a constant temperature (25℃), but some other operational parameters such as setpoint for 

dissolved oxygen, aeration time and inflow loading, were changed to evaluate their influence on the 

process performance and removal efficiency. First, 2.0 mg/L as dissolved oxygen setpoint and 40 

min aeration time in a 1-hour cycle was applied. The performance of the reactor reached the highest 

value of 85.6% for total inorganic nitrogen removal efficiency. Afterward, a lower value for dissolved 

oxygen setpoint (1.5 mg/L) and shorter aeration time (35 min) were tested separately. The reactor 

experienced a decrease in removal efficiency. Lower inflow loading was also tested.  

 

The performance of the reactor and influence by different parameters (pH, alkalinity, suspended 

solids and sCOD) during the whole study period was discussed based on laboratory analyses and 

online sensors data. Specific anammox activity (SAA) test was also done for the anaerobic 

ammonium oxidizing bacteria in biofilm attached to the carriers. The results from batch tests 

showed that the bacteria could achieve a higher nitrogen removal rate than what was achieved in the 

pilot-scale IFAS reactor.       
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Abstract 
 

The aim of this study was to evaluate the performance of the integrated fixed-film activated sludge 

(IFAS) reactor achieving partial nitritation/anammox process to treat reject water after dewatering 

of digested sludge. During the study period, dissolved oxygen setpoint, aeration mode and inflow 

loading were changed to evaluate their influence on the process performance and efficiency in the 

reactor. Four different values for dissolved oxygen setpoint were tested: 2.0 mg/L, 1.8 mg/L, 1.5 

mg/L and 1.3 mg/L. Three different aeration modes in a one-hour cycle were tested: 30 min, 35 min, 

40 min. And two different inflow loadings were tested: 2 g N/m2∙d and 1.6 g N/m2∙d. Discussion and 

evaluation were based on laboratory analyses and online sensors. The highest achieved total 

inorganic nitrogen removal efficiency was 85.6%, at 40 min aeration per hour, 2.0 mg/L dissolved 

oxygen and with 2 g N/m2∙day inflow NH4-N loading. Specific anammox activity (SAA) tests were 

also done for the anaerobic ammonia oxidizing bacteria in biofilm attached to the carriers in the 

IFAS reactor, and the results showed that the bacteria could achieve a higher nitrogen removal rate 

than in the pilot-scale IFAS reactor. 

Keywords 
 

Deammonification, IFAS, Online sensors, Partial nitritation/Anammox, Reject water, Specific 

anammox activity 
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1 Introduction 
 

Nitrogen has been recognized as one of the major pollutants in water systems, as it plays an 

important role in the eutrophication process in aquatic eco-systems (Conley et al., 2009). As most of 

the algae grow up by assimilating inorganic nutrients, including nitrogen, phosphorus, etc., the key 

to mitigating the growth of them is to prevent nutrients from getting into the waterbodies. Previous 

studies have shown that there are three main paths for nitrogen to enter water systems – N2-fixing 

by nutrient losses from agricultural areas and urban wastewater. Especially in the case of the Baltic 

Sea, which is surrounded by a large drainage area covering 14 countries and a huge population, it is 

receiving an increasing amount of nitrogen load since the 20th century. Thus, it is important to take 

action to lower the load of nitrogen that is discharged into the aquatic system. 

 

Biological nitrogen removal is one of the widely implemented technology in wastewater treatment 

plants (WWTP) worldwide. The main idea of this technology is to put natural bacteria in a 

well-designed system where limitations on their growth can be lifted so that the bacteria can work 

efficiently to remove certain pollutants in wastewater (Henze et al., 2008). Therefore, the 

development of this technology has been made in two aspects: a) identifying and isolating new 

bacteria which convert nitrogen in wastewater to nitrogen gas in a more effective way; b) optimizing 

the system to provide the bacteria with better conditions to multiply 

 

With the identification of ammonia oxidation bacteria (AOB), nitrite oxidation bacteria (NOB) and 

denitrifying bacteria, the conventional process for biological nitrogen removal was established. The 

conventional process contains two steps – nitrification and denitrification. Nitrification is achieved 

by AOB and NOB, which are both autotrophic and aerobic, while denitrification is achieved by 

heterotrophic and anaerobic denitrifying bacteria (Henze et al., 2008). In the meantime, several 

systems were also built to apply the process in different ways. Typical biological nitrogen removal 

systems include activated sludge (both in plug flow and sequence batch reactor), membrane 

bioreactor (MBR) and moving bed biofilm reactor (MBBR), etc. 

 

However, the traditional nitrogen removal process is not sustainable or energy-efficient enough and 

proceeds slowly. The nitrification process needs to be supplied with sufficient oxygen and the 

denitrification process needs external dosing of carbon source. In the 1990s, the discovery of 

anaerobic ammonia oxidizing (anammox) bacteria brought the biological nitrogen removal to a new 

level, on which this thesis is based. 
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2 Literature Review 
2.1 Treatment of Sidestream Wastewater 

2.1.1 Composition of Sidestream Wastewater 

 

Instead of mainstream wastewater which comes from domestic sewage, this thesis is paying 

attention to the treatment of sidestream wastewater. Sidestream wastewater, also known as reject 

water, is usually generated from the digested sludge dewatering process in a WWTP. Much attention 

has been given to sidestream treatment since the 1980s, because it is different in characteristics from 

the mainstream and requires to be treated separately (Wett et al., 1998). 

 

Sidestream usually contains high concentration of NH4-N. The concentration may vary from about 

200 mg N/L to about 3000 mg N/L, according to the process by which the sludge is treated 

(Kampschreur et al., 2008). Aerobically digested sludge generates a relatively lower concentration of 

NH4-N than anaerobically digested ones. The concentration of phosphorous in sidestream is 

depending on the process of precipitation in the digester. If precipitation such as struvite 

crystallization is implemented after digesting, the sidestream will contain a low concentration of 

ortho-phosphate. Sidestream is also carrying a high concentration of alkalinity, and usually, the ratio 

of alkalinity to NH4-N is 3.5:1 (kg-CaCO3/kg-N) (Bowden et al., 2015). 

 

In terms of chemical oxygen demand (COD), it is typically of low concentration in sidestream, with 

the ratio of COD to NH4-N less than 1 (Bowden et al., 2015). Because a large proportion of COD can 

be degraded in the digestion process, from which sidestream is generated. 

 

2.1.2 Nitrification and Denitrification 

 

Conventionally, sidestream wastewater is treated separately or together with mainstream in the 

same wastewater treatment plant through biological processes. The most widely applied biological 

nitrogen removal method is nitrification and denitrification. Nitrification is a consecutive process 

through which NH4-N is oxidized to NO2-N by ammonia oxidizing bacteria (AOB), and then to 

NO3-N by nitrite oxidizing bacteria (NOB), which are named as nitritation and nitratation 

respectively. The following equations show the basic stoichiometries of these two processes. 

 

Nitritation  

𝑁𝐻 + 1.5𝑂 →  𝑁𝑂 + 2𝐻 + 𝐻 𝑂         Equation 1 

 

Nitratation 

2𝑁𝑂 + 𝑂 → 2𝑁𝑂             Equation 2 

    

AOB are autotrophic and belong to five genera according to their different cell shape, of which 

Nitrosomonus is the most frequently studied one (Prosser, 1990). Nitratation usually involves the 
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bacteria belonging to the group Nitrobacter (Prosser, 1990). Typically, a stable nitrification system 

would consist of AOB and NOB at the ratio of 2:1 or higher (Yao and Peng, 2017). During the process 

described by equation 1 and 2, alkalinity, mainly in the form of HCO3--, is also consumed by the 

bacteria to synthetic biomass, and it is estimated that 6.0-7.4 mg alkalinity is consumed for 1 mg 

NH4-N is oxidized to NO3-N (Sharma et al., 1997).  

 

The nitrification process is influenced and controlled by several factors. As most studies describe, 

nitrification is an aerobic process, which means oxygen is required to support it. It is reported that 

about 4.33 mg of oxygen is needed to oxidize 1 mg of NH4-N (Wezernak and Gannon, 1967). pH is 

also an important factor in the growth of most bacteria. As the previous study showed that the 

optimal pH for nitrification is around 7.8 and both higher and lower values would result in a 

decrease of the growth rate of the AOB and NOB (Antoniou et al., 1990). In terms of temperature, 

Obaja et al. (2003) reported the highest NH4-N removal efficiency by nitrification in a sequencing 

batch reactor (SBR) at 30℃ and a decrease in the performance of the reactor was also noticed when 

temperature decreased. 

  

Following the process of nitrification is denitrification, through which NO3-N and NO2-N are 

reduced to NO or N2O, and then easily reduced to N2 spontaneously (Knowles, 1982). Equation 3 

shows the stoichiometry of denitrification, using methanol as the carbon source. 

 

Denitrification 

6𝑁𝑂 + 5𝐶𝐻 𝑂𝐻 → 3𝑁 + 5𝐶𝑂 + 7𝐻 𝑂 + 𝑂𝐻       Equation 3 

 

Denitrifying bacteria are heterotrophic, meaning that they need to take in carbon from the external 

environment to grow. Methanol, acetic acid, glucose and benzoic acid were tested by Her and Huang 

(1995) as carbon supplements to achieve denitrification. Among the four substrates, acetic acid 

resulted in the best option, as the C/N ratio reached the lowest to achieve complete denitrification.  

 

Similar to nitrification, denitrification is also affected by some factors. Optimal pH for denitrification 

reported by Knowles (1982) is in the range of 7.0 to 8.0, and too high or too low pH would lead to 

inhibition of the denitrifying bacteria. The optimal temperature for denitrification is between 65℃ 

and 75℃, which lies in the thermophilic zone (Focht and Chang, 1975). However, denitrification has 

also proved efficient at the temperature as low as 5℃ (Sutton et al., 1975; Dawson and Murphy, 

1972). 

 

2.2 Partial Nitritation/Anammox Process (Deammonification) 

 

As described in previous sections, the conventional nitrification/denitrification method is effective in 

treating sidestream wastewater, however, not sustainable enough. Due to the characteristics of 

sidestream that it contains a low concentration of COD, thus, more external carbon dosage is needed 

to support the denitrification process. An alternative method has been demonstrated by many 
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studies and considered promising to treat sidestream wastewater, which is the partial 

nitritation/anammox (deammonification) process.  

 

2.2.1 Anammox Process 

 

Anammox is short for anaerobic ammonium oxidation. It is a process predicted in the 1990s 

according to thermodynamic calculations and later confirmed in a pilot plant (Ma et al., 2016). The 

stoichiometry of anammox can be expressed by the following equation (Jetten, et al., 2001): 

         

Anammox: 

𝑁𝐻 + 1.32𝑁𝑂 + 𝐻 → 1.02𝑁 + 0.26𝑁𝑂 + 2𝐻 𝑂     Equation 4 

 

During this process, toxic NH2OH and N2H4 are generated as intermediates, which makes it distinct 

from other nitrogen conversion processes (Ahn, 2006). It can be noticed from equation 4 that both 

NH4-N and NO2-N are required to achieve the anammox process, therefore, when treating 

ammonium-rich wastewater in which NO2-N may not be sufficient to support anammox, partial 

nitritation will play the role to supply enough NO2-N. The two processes will combine together as 

partial nitritation/anammox or called as deammonification. 

 

The bacteria that are responsible for the anammox process belong to the group Planctomycetes, and 

they all contain a membrane-bound organelle in which ammonium and nitrite are converted to 

nitrogen gas (Kartal, et al., 2010). These bacteria use carbon dioxide as the source of carbon for 

growth, thus, anammox does not require extra organic carbon input (Kartal, et al., 2010). So, it could 

lower the operation costs by cutting off carbon dosage. What’s more, the process requires around 60% 

less energy for aeration and the production of carbon dioxide and sludge is lower than the traditional 

technology (Castro-Barros et al., 2015).  

 

However, some challenges are in the way of the implementation of this new technology. First, the 

retention of anammox bacteria can be very difficult. Some research showed that the doubling time of 

the bacteria can reach about 11 days under the laboratory environment and raise up to 25 days at a 

temperature below 25℃ (Xu et al., 2015). Some authors suggested that the biomass retention of the 

bacteria can be improved by adding dissolved salts such as NaCl and external support material, like 

zeolite (Fernández et al., 2008 see Xu et al., 2015). A more popular solution is to retain the biomass 

by forming biofilm or granules (Ma et al., 2016). Secondly, the nitritation process is the prerequisite 

reaction of anammox, therefore it is necessary to achieve a state in the system where AOB (Ammonia 

Oxidation Bacteria) is in the dominant position over NOB (Nitrite Oxidation Bacteria) (Xu et al., 

2015). A study has shown that this can be done by control the SRT to a specific range of values which 

are shorter than NOB retention time but longer than AOB retention time so that NOB can be 

continuously washed out of the system (Ge et al. 2014 see Xu et al., 2015). 
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2.2.2 Parameters that Influence the Deammonification Process 

 

Like any other biological nitrogen removal processes, the performance of the deammonification 

process is influenced or controlled by several parameters as well.  

 

Temperature 

 

In the natural environment, the presence of anammox bacteria has been identified at temperatures 

varying from -5℃ to 80℃ (Tomaszewski et al., 2017). Meanwhile, the optimal temperature of the 

bacteria is also different from each other, ranging from 12℃ to 25℃. (Kawagoshi et al., 2012; 

Rysgaard et al., 2004). However, when it comes to wastewater treatment, most anammox bacteria 

show good activity at around 30℃-40℃. (Tomaszewski et al., 2017). Research conducted by Dosta et 

al. (2008) included batch tests for the specific anammox activity of AnAOB in biofilm between 10℃ 

and 45℃, and the results showed that the highest activity was achieved at 35℃ and 45℃, while the 

activity started to decrease at the temperature of 45℃.  

 

Usually, anammox is combined with partial nitritation as the deammonification process in the 

wastewater treatment industry, it is also necessary to study the impact of temperature on the 

prerequisite process. Based on batch tests by Van Hulle et al. (2007), the optimal range of partial 

nitritation is around 40℃. Hu et al. (2013) reported that the activity of AOB and AnAOB will both 

decrease at 15℃ to 20℃, which makes it difficult to achieve a stable deammonification process 

during winter.  

 

Another thing that is worth attention is that these two different bacteria that are involved in the 

deammonification process show a different response to the change of temperature (Lotti et al., 2015). 

According to batch tests done by Lotti et al. (2015), in which maximum biomass specific activity was 

measured at temperatures of 20℃, 15℃ and 10℃, the activity of AnAOB decreased much faster than 

AOB when temperature decreased. In this case, other operational parameters should be altered to 

prevent the accumulation of NO2-N in the reactor.  

 

pH 

 

pH imposes influences on the deammonification in two different aspects. First, the activity of most 

microorganisms is pH-dependent, including AnAOB and AOB (Tomaszewski et al., 2017). For 

AnAOB, different optimal pH values have been reported by different studies. Strous et al. (1999) 

investigated the performance of anammox in an SBR and reported that the optimal pH for AnAOB 

was 6.7-8.3.  Yang et al. (2006) reported a similar optimal pH range of 7.5-8.3 for anammox. 

Furthermore, Puyol et al. (2014) conducted 12 batch tests for anammox activity at pH from 7.6 to 8.6 

and narrowed down the optimal value to 7.2-7.6.  

 

pH value also determines the concentration of certain toxic substrates that may cause inhibition of 
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the anammox process. Free ammonium (FA) and free nitrous acid (FNA) are the two main inhibitors 

that have been identified in many studies (Ma et al., 2017; Fernández et al., 2012). The concentration 

of FA and FNA is influenced by pH value, as the concentration of FA increases at high pH value while 

FNA increases at low pH value (Tomaszewski et al., 2017). Similarly, the partial nitritation process is 

also affected by pH, and a high concentration of FA at high pH, and high concentration of FNA at low 

pH inhibits the activity of AOB (Claros et al., 2013).    

 

Dissolved Oxygen (DO) 

 

In the two steps of the deammonification process, oxygen is a crucial parameter, because it is needed 

by AOB to convert NH4-N to NO2-N while it can be an inhibitor to AnAOB (Szatkowska et al., 2003; 

Strous et al., 1997). However, too much dissolved oxygen may lead to an increase in the activity of 

NOB, thus, it is important to keep DO concentration at an optimal value (Sliekers et al., 2005). Hao 

et al. (2002) evaluated the impact of DO concentration on the performance of anammox by a 

mathematical model. It was concluded that the DO setpoint for anammox should be determined 

according to ammonium surface loading (ASL, unit: g NH4-N/m2∙d) to achieve a high nitrogen 

removal efficiency. Furthermore, Sliekers et al. (2005) suggested that due to competition between 

AOB and NOB, it is better to ensure that oxygen supplied to reactors is too low to oxidize all 

ammonia so that less nitrate will be generated.       

 

2.2.3 Different Configurations of Reactors for Deammonification 

 

Over the years, the deammonification process has been implemented around the world in different 

designs of systems, with the same goal to provide optimal conditions for the process and overcome 

the challenges that have been discussed in previous sections (Bowden et al., 2015). In this section, 

different process designs for deammonification are presented and examples from previous studies 

are given. 

 

ANAMMOX® 

 

The patented ANAMMOX® first applied deammonification in a two-stage system, later followed by 

an optimized design of the single-stage process, both developed by Delft University of Technology 

and Paques BV.  

 

In the first stage, about 50% of NH4-N can be converted to NO2-N through the partial nitritation 

process, as a result, the ration of NH4-N to NO2-N is close to the theoretical value of 1:1.32 as shown 

in equation 4. The control of the proportion of NH4-N to be oxidized to NO2-N is available by 

adjusting the dosing of alkalinity (Bowden et al., 2015). The second stage of this system is an up-flow 

anaerobic reactor, filled with granulated biomass. The reactor is mixed by the generated nitrogen gas 

from the anammox process. This system has been reported to achieve a nitrogen removal efficiency 

of up to 95% at the loading of 10 kg N/m3∙d (Bowden et al., 2015). 
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Sequencing Batch Reactor (SBR)  

SBR is the most widely implemented configuration of reactors for deammonification, of which the 

DEMON® process is the majority (Bowden et al., 2015). A full-scale SBR system achieving 

deammonification at Strass WWTP was studied by Wett (2007). The SBR tank, with a volume of 500 

m3, was controlled by three operational parameters – time, pH and dissolved oxygen. Time control 

defines 8 hours of operation cycle, which includes a fill/react phase, a settling period and a decant 

period. During the react phase, intermittent aeration is applied to create aerobic and anoxic 

conditions for partial nitritation and anammox respectively. pH control was done in a precise way, 

with a range of 7.3 to 7.5 and an interval of 0.01. The nitritation process produces H+ and pH value 

decreases to the lower limit where aeration stops. In the anammox process, the consumption of H+ 

and the continuous feed of influent leads to an increase in pH to the upper limit and aeration will 

start again. DO is limited to a low value of 0.3 mg/L to suppress the growth of NOB. Consequently, 

the ammonia removal efficiency of around 90% was achieved. 

 

Moving Bed Biofilm Reactor (MBBR) 

 

Moving bed biofilm reactor (MBBR) has been demonstrated as a stable and efficient system to carry 

out the deammonification process. In an MBBR system, bacteria grow and form one or more layers 

of biofilm, which is attached to the carriers, as a result, there will be no risk of losing biomass during 

the operation. To achieve the deammonification process, MBBR can be configurated in two different 

ways – one stage and two stages. A two-stage MBBR consists of two reactors and the first one is for 

partial nitritation and the second one for anammox. The first reactor needs to be supplied with 

oxygen for AOB. A one-stage MBBR uses only one reactor. AnAOB and AOB are distributed in 

different layers of biofilm on the carriers, with AOB in the outer layer and AnAOB in the inner layer, 

as shown in Figure 1. Dissolved oxygen in liquid can easily get into the outer layer to create an 

aerobic condition for AOB to grow. But dissolved oxygen is limited from entering the inner layer so 

that an anoxic condition suitable for AnAOB is maintained in the inner layer. In this way, partial 

nitritation and anammox processes are spatially separated and proceed under suitable conditions 

(aerobic and anoxic) respectively. 
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Figure 1 Two layers of Biofilm on Kaldnes Carriers (Lemaire et al., 2011) 

Cema (2009) compared one stage and two-stage MBBR in pilot-scale using reject water as influent. 

It was found that one stage MBBR showed better process performance in terms of nitrogen removal 

rate, and it was five times higher than two-stage MBBR (0.25 ± 0.05 g N/m2∙d for two-stage and 1.39 

± 0.31 g N/m2∙d for one stage).  

 

To date, many MBBR systems have been established with deammonification process in both pilot- 

and full-scale to treat sidestream wastewater. In Sweden, a full-scale deammonification process was 

implemented at the Himmerfjärden WWTP in April 2007, to treat reject water from sludge digestion, 

based on years of pilot-scale experiments by KTH. As Plaza et al. (2011) presented, this process had 

two lines, and each of 700 m3 featured a one-stage MBBR and a pre-sedimentation tank. The MBBR 

was filled with 32% of carriers for the biofilm to attach to and was operated with intermittent 

aeration mode. As a result, a stable nitrogen removal efficiency of 70-80% was achieved with the 

highest removal rate of 2.03 g N/m2∙d. 

 

A modified one stage deammonification MBBR system with the trade name ANITA™Mox was later 

developed by AnoxKaldnes, a subsidiary of Veolia. The ANITA™Mox process adopted continuous 

aeration mode and the setpoint value for dissolved oxygen was in the range of 0.5-1.5 mg/L. With 

the application of online sensors, it was possible to adjust the DO setpoint value based on 

concentrations of NH4-N and NO3-N, so that the growth of NOB can be suppressed. With the mixing 

energy provided by continuous aeration, mechanical mixing is not required therefore it could 

achieve low energy consumption (Christensson et al., 2011 see Bowden et al., 2015). The first 

full-scale ANITA™Mox process was established at Sjölunda WWTP in Malmö in 2010. This plant 

was able to achieve 90% ammonia removal efficiency with low energy consumption within 4 months 

from start-up. It was also used as a seeding plant to provide biofilm-attached carriers for new 

ANITA™Mox installations (Christensson et al., 2011). 
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2.3 Integrated Fixed-Film Activated Sludge (IFAS) 

2.3.1 Characteristics of IFAS 

 

Integrated Fixed-Film Activated Sludge (IFAS) combines the features of suspended and attached 

growth processes by incorporating the specially designed biomass carriers in an aerated tank. This 

system features a clear spatial distribution of different microbial communities in the aerated tank 

when operated with the deammonification process. Studies (Zhang et al., 2015; Veuillet et al. 2014; 

Zhao et al., 2014) have observed that in an IFAS system achieving deammonification process, the 

AOB abundance is much higher than AnAOB in activated sludge while in biofilms AnAOB is in the 

dominant position. The reason for this unique phenomenon could be the characteristics of biofilm 

and sludge. Biofilm can provide long retention time that AnAOB needs for growth (Zhang et al., 

2015). Biofilm also blocks dissolved oxygen to the outside, which creates a perfect condition to 

prevent inhibition of anammox but to inhibit the growth of AOB (Lackner and Horn, 2013). 

Consequently, anammox bacteria become dominant in the biofilm while AOB stays in sludge in 

which more oxygen and ammonium were available. 

 
Figure 2 Comparison of Biofilm in MBBR and IFAS (Veuillet et al., 2014) 

The spatial distribution of AOB and AnAOB leads to better process performance. Figure 2 shows the 

different pathways for NH4-N and O2 to be consumed by AOB. NH4-N and O2 are more easily to 

diffuse to flocculated biomass than biofilm because the biofilm is usually thicker and denser. Thus, 

in an IFAS system, AOB in the suspended biomass can produce higher NO2-N flux with relatively 

lower DO setpoint value compared with MBBR, which results in a higher removal rate (Veuillet et al., 

2014).   

 

2.3.2 Factors Influencing the Operation of IFAS 

 

The operation of an IFAS system is influenced by several factors, which may impact the process 



10 
 

performance of both partial nitritation and anammox.  

 

Aeration Mode 

 

The most commonly applied aeration mode was continuous aeration with a low DO setpoint. This 

strategy was used by Veuillet et al. (2014) and Zhang et al. (2015) in an IFAS reactor and was 

effective. Later, it was discovered by Malovanyy et al. (2015) and Wang et al. (2016) that 

intermittent aeration is more cost-efficient, and it helps to suppress the growth of NOB. Results 

from Li et al. (2013) also supported this conclusion. They tested the performance of partial 

nitritation process with 5 different aeration mode, including one continuous aeration and four 

intermittent aeration, and it was concluded that intermittent aeration was a good way to inhibit 

NOB and by gradually increasing aeration time in one cycle the treatment capacity of the reactor 

could be improved. 

 

Suspended Solids 

 

The amount of biomass existing in the activated sludge is expressed by the concentration of 

suspended solids. In an IFAS reactor, a high concentration of suspended solids means a high 

amount of AOB. Because partial nitritation is the prerequisite step of deammonification, 

maintaining a high concentration of suspended solids is crucial to keep the good performance of the 

reactor. Veuillet et al. (2014) operated a pilot-scale IFAS reactor achieving deammonification and 

tested the effect of mixed liquor suspended solids (MLSS) on the nitrogen removal rate. The results 

showed that the decrease in the concentration of MLSS will negatively affect the nitrogen removal 

rate instantly.  

 

Sludge Retention Time 

 

There are not many papers about the influence of SRT on the performance of IFAS specifically, 

however, some studies about the impacts of SRT on AOB and NOB are still worth attention and 

could be useful to operate an IFAS system. Model simulation by Wu et al. (2016) showed that 

decreasing SRT is an effective way to repress the growth of NOB, consequently, reduce NO3-N 

produced.    

 

2.3.3 Studies on IFAS Systems to Achieve Deammonification Treating Sidestream 

Wastewater 

 

As described in section 2.1.1, sidestream wastewater usually contains high NH4-N, alkalinity but low 

COD, which makes it difficult to be treated by conventional removal method but easier by 

deammonification. There have been some studies on the feasibility of applying deammonification 

process in IFAS systems to treat sidestream wastewater, some of them are summarized and 

compared in Table 1. 
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Veuillet et al. (2014) conducted research with a pilot-scale IFAS reactor to treat reject water by 

deammonification. It was operated at a temperature of 30℃, pH value of 7-8, and continuous 

aeration with DO setpoint of 0.1-1 mg/L. The concentration of suspended solids was maintained at 

the range of 2000-3000 mg/L for good performance of the process. This IFAS reactor was able to 

achieve 90% of total nitrogen removal efficiency and 95% ammonia removal efficiency, with the 

highest removal rate of 8 g N/m2∙d. A full-scale demonstration of IFAS was also conducted by 

converting a successfully operated ANITA™Mox MBBR system to IFAS. One of the MBBR tanks 

which had already been filled with 50% AnoxKalnes K5 carriers, were filled with sludge. This tank 

was operated at lower DO (0.2-0.6 mg/L) but a high concentration of suspended solids (2000-4000 

mg/L). An evident increase in NH4-N removal rate to 2.2 kg N/m3∙d was observed after the MBBR 

tank was converted to IFAS. The full-scale IFAS reactor was able to achieve 95% ammonia removal 

efficiency and 85% total nitrogen removal efficiency. The ratio of NO3-N produced to NH4-N 

removed was controlled at around 8.5%, with a low DO setpoint.  

 

Zhang et al. (2015) set up two IFAS systems in pilot- and full-scale respectively. The pilot-scale IFAS 

reactor had a volume of 12 m3 and was divided into five zones. It was first fed with synthetic 

wastewater in the start-up phase and later switched to reject water. Carriers to support biofilm in 

this project were made of cubic sponge polyesters. This pilot-scale IFAS reactor, running at 30 ℃, 

0.3-2.5 mg/L DO setpoint, 7.8-8.1 pH value and about 1-day hydraulic retention time, achieved 85% 

of ammonia removal efficiency and 0.5 kg N/m3∙d ammonia removal rate. Later, carriers in the 

pilot-scale reactor were transferred to the full-scale reactor for reject water treatment. The full-scale 

reactor also showed great process performance which achieved average nitrogen removal efficiency 

of 84% and the highest removal rate at 0.84 kg N/m3∙d. 

 

A recently conducted research was done by Yang et al. (2019). An IFAS reactor with 6L volume was 

operated with deammonification process in SBR mode. Reject water collected from a sludge 

thickening was used as influent for the reactor. Each SBR cycle lasted for 12 h, which consisted of 20 

min feed, 11 h reaction, 30 min settle, 5 min withdrawal, and 5 min idle. Carriers used in this reactor 

were AnoxK™5 and 38% of the reactor was filled with them. The results showed that this IFAS 

reactor removed over 88% of ammonia when it was stable.   

   

All the studies were concluding that deammonification in an IFAS reactor was a promising method 

to treat sidestream wastewater. 

 

Table 1 Comparison of Different Studies on Sidestream Treatment by Deammonification in IFAS System 

 

 

  

Number 1 2 3 4 

References  Veuillet et al. (2014) Zhang et al. (2015) Yang et al. (2019) 

Reactor 

configuration  

IFAS IFAS IFAS (SBR) 
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Scale Laboratory Pilot Full Laboratory 

Influent influent type Reject water Reject water Reject water 

NH4-N 

(mg/L) 

907±200 255-705 250±20 - 435±35 

sCOD (mg/L) 414±150 180-550 145 ± 25 - 305 ± 

55 

C/N Ratio  0.45 Not stated Not 

stated 

Not stated 

Alkalinity (mg 

CaCO3/L) 

4200±1000 Not stated Not 

stated 

3056±45.6 

Ammonia 

loading rate 

(kg N/m3∙d) 

Not stated 0.05-1.3 0.35-0.5 Not stated 

Performance TN Removal 

Efficiency (%) 

90 85 84 Not stated 

NH4-N 

Removal 

Efficiency (%) 

95 Not stated Not 

stated 

88 

Nitrogen 

Removal Rate 

(kg N/m3∙d) 

up to 8 (reported in 

unit of g N/m2∙d) 

0.5 0.48 Not stated 

Operational 

Parameters 

Volume (L) 7 12000 500000 6 

Temperature 

(℃) 

30±0.5 29-30 31-33 30 

pH 7-8 7.8-8.1 7.8 

Dissolved 

oxygen (mg 

O2/L) 

0.1-1 0.3-2.5 Not 

stated 

Not stated 

Aeration 

Mode 

Continuous Continuous  Not stated 

HRT (d) Not stated 0.9-1 Not 

stated 

2.5 

SRT (h) 5±2 Not stated Not 

stated 

Not stated 

Carrier Media Anox™ K5 

biofilm carriers 

43% filling degree 

Cubic sponge 

polyesters 

Anox™ K5 

biofilm carriers 

38% filling degree 

 

Comparison studies of process performance between IFAS and MBBR to treat reject water was done 

by Zhao et al. (2013) in both pilot- and full-scale. Both pilot- and full-scale reactors showed that the 
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IFAS system was able to achieve a nitrogen removal rate 2-2.5 times higher than MBBR. IFAS 

system also showed strength in its adaptability to a high ratio of COD to Ammonia in influent. 

3 Aim and Objectives 
 

The aim of the thesis is to investigate the performance of a pilot-scale IFAS reactor treating reject 

water derived from the digested sludge dewatering process and how it is influenced by different 

operational parameters.  

To achieve the aim, the whole thesis is divided into three different sections with three different 

objectives, respectively. 

 Literature review. To acquire essential knowledge to carry out the pilot study, including 

the principle of the deammonification process, configuration of the reactor, and which 

parameters can have impacts on the removal efficiency. 

 Setting up and handling operation of the pilot-scale IFAS reactor.  

 Evaluate the process performance and efficiency of the deammonification in the IFAS 

reactor. This was further divided into three different specific objectives: 

 Study the influence of aeration mode and dissolved oxygen setpoint on nitrogen 

removal efficiency. 

 Find out the optimal operational conditions for partial nitritation/anammox in the 

IFAS reactor. 

 Evaluate the impacts on the process performance of operational parameters, 

including pH value and suspended solids. 

 Find out the maximum possible nitrogen removal rate the biofilm can achieve by 

batch tests. 

 

4 Methodology 
4.1 Configuration of the Pilot-scale Reactor 

 

This study was based on a system with PN/A achieved in a pilot-scale IFAS reactor. The system was 

established at Hammarby Sjöstadsverk. It is a facility to research and develop wastewater treatment 

technologies and operated by KTH Royal Institute of Technology and IVL Swedish Environmental 

Research Institute. 

 

The configuration of the system is shown in Figure 3. The whole system was comprised of four 

major components: a storage/settling tank, an IFAS reactor, a sedimentation tank and an online 

sensor system. The influent used during the study was reject water which was generated by the 

dewatering process of digested sludge at Henriksdal WWTP, and it was delivered to the 

storage/settling tank around every 20 days. The reject water stayed in the settling tank for a period 

of time so that some of the suspended solids in the water could settle down to the bottom of the tank. 

The IFAS reactor was intended to operate in continuous flow, thus a pump was used to transfer the 
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reject water from the settling tank into the reactor. Since the reject water from Henriksdal WWTP 

contained about 500 mg NH4-N/L, the pump was set at about 180 ml/L to achieve the inflow 

NH4-N loading at 2 g N/m2∙d.  

  

 
Figure 3 Configuration of the Pilot-Scale Reactor 

Shown in Figure 4, the IFAS reactor was of 200 L volume and equipped with a mechanical mixer, an 

aeration system and an online sensor system. The aeration system was a membrane diffuser 

supplied by an airflow pump. This aeration system was connected to computers so the duration of 

aeration and the flow of air could be controlled. The IFAS reactor was filled with 91 L of Kaldnes 

carriers K5 (Figure 5) that were collected from Bromma WWTP, along with 54 L activated sludge 

(with the concentration of SS=8000 mg/L). Activated sludge contained most AOB to perform 

partial nitritation, while carriers provided a large area for AnAOB to achieve anammox. The effluent 

from the reactor flowed into the sedimentation tank, which has 100 L volume and most of the 

sludge would sediment to the bottom and be recirculated to the IFAS reactor by the sludge pump. 

 

 

Figure 4 IFAS Reactor 
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Figure 5 Kaldnes Carriers K5 in the IFAS Reactor 

 

4.2 Methods of Laboratory Analyses 

 

Every week, laboratory analyses were done twice on Tuesdays and Fridays (date may differ due to 

holidays). For each analysis, concentrations of NH4-Nin, NH4-NOut, NO2-NOut, NO3-NOut, sCODin, 

sCODOut, Alkalinityin, AlkalinityOut, TSS and VSS were measured (TSS and VSS are only measured 

once a week). Analyses for the concentration of Chloride and Potassium in the reactor were also 

done once a month for the calibration purpose. All the analyses, except TSS and VSS, followed a 

similar procedure. First, two samples, each about 50 mL, for influent and effluent were collected 

separately. Then, the samples were filtered with 0.45 μm filters so that any particle would not 

influence the results. Lastly, Spectroquant® Cell Test Kits (WTW, Weilheim, Germany) were used 

to measure different samples. The kits contained prepared testing cells and necessary reagents. 

Samples and reagents were added to the cells according to the instructions. When the reaction in the 

cells was ready, it was placed in the slot of a PhotoLab® 6600 (WTW, Weilheim, Germany) 

photometer and the results could be acquired from the screen. Specially, for sCOD tests, the samples 

were put into a thermal reactor at 120℃ for two hours and at room temperature for 30 min to cool 

down, before measured in the photometer. The measurement procedure for TSS and VSS was the 

same as described in Standard methods for the examination of water and wastewater (2005).  

 

4.3 Online Sensors and Calibration 

 

An online sensor system was used to monitor the real-time concentrations of different forms of 

nitrogen and operational parameters.  
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Figure 6 Control Panels of Online Sensors 

The online sensor system consisted of three parts: sensors, control panels (Figure 6) and computers. 

The sensors detected concentrations of different forms of nitrogen and operational parameters, and 

the values would be displayed on the control panel immediately. In the meantime, the values would 

be transmitted to and stored in the computers, so that they could be retrieved anytime later.  

There was a total of ten sensors installed in the IFAS reactor, as shown in Table 2. 

 

Table 2 Ten Sensors Installed in the System 

Location Sensors 

Influent NH4-N, Conductivity 

Effluent NH4-N, NO3-N, Temperature, MLSS, pH, 

Conductivity, Redox, Dissolved oxygen 

 

Sensors for NH4-NIn, NH4-NOut and NO3-NOut were electrodes that detected specific voltage in the 

reject water, and then the voltage value was converted into concentrations by the control panel. 

Thus, calibration was very important to keep the sensors accurate. Calibration of NH4-NIn, NH4-NOut 

and NO3-NOut sensors was done by adjusting the values shown on the panel to the values acquired in 

the laboratory analyses. The concentration of Chloride and Potassium was necessary as reference 

values for calibration. The calibration for those three sensors was done three times a week. All 

sensors were cleaned every week based on a regular schedule. 

 

4.4 Operational Strategies 

 

The whole study was divided into 5 periods, based on the aeration mode. Meanwhile, DO and HRT 

were also changed to test the process performance of the reactor. All strategies were summarized in 

Table 3. 
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Table 3 Strategies Throughout the Whole Study 

Period Aeration* 

min/min 

Date DO  

mg/L 

HRT 

h 

0  30/30 3.8-3.11 2.0  

 

 

  16.6 

 

1 

 

 40/20 

 

3.11-4.5 2.0 

4.5-4.9 1.8 

4.9-4.19 2.0 

2  

 

 35/25 

4.19-5.6 2.0 

5.6-5.17 1.5 

5.17-5.28 2.0 

5.28-6.5 2.0  

   20 6.5-6.7 1.5 

3  30/30 6.7-6.10 1.5  

 

  16.6 

 

 

4 

 

 

 35/25 

6.10-6.11 2.0 

6.11-6.13 1.2 (continuous) 

6.13-6.26 1.5 

6.26-7.2 1.3 

        * Aeration is expressed in aeration time/non-aeration time. For example, 40/20 means in a complete one-hour cycle, 

aeration is on for 40 min, and off for 20 min 

 

The study started with period 0, which was the startup period. On 8th March, carriers and activated 

sludge were added to the reactor. During the period 0, no laboratory analysis was done, thus it was 

not discussed in the following chapters.  

The system also experienced three major failures during the study period, as detailed in Table 4. 

 

Table 4 System Failures during the Study 

System Failure  Date Problem 

1 4.20-4.22 Pipe clogging and Loss of 

Sludge 

2 5.12-5.17 Inhibition due to low pH 

3 6.10-6.13 DO Sensor Failure 

 

4.5 Specific Anammox Activity 

 

The specific anammox activity test was designed to determine the maximum activity of AnAOB in 

this study. The method was based on Dapena-Mora et al. (2007). The idea was to put AnAOB in an 

environment with the optimal conditions and enough substrate for them. By measuring the increase 

of pressure in the reactor, the amount of nitrogen that was produced could be measured, and the 

activity could be calculated. Detailed steps are described as followed.  
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 Preparing solution.  

Buffer solution: weigh about 1.40 g KH2PO4 and 7.50 g K2HPO4 and transfer it to the 1000 

ml volumetric flask. Dissolve them in distilled water. Dilute it ten times with distilled water 

and check with a pH meter. If the pH was not 7.8, NaOH or HCl solution would be added to 

adjust the pH close to 7.8. 

Substrate solution: weigh 6.68 g NH4Cl and transfer it to the 500 ml volumetric flask. 

Dissolve in distilled water. Fill up to the mark with distilled water. Weigh 8.62 g NaNO2 and 

transfer it to the 500 ml volumetric flask. Dissolve it in distilled water. 

 Setting up batch reactors 

30 carriers from the IFAS reactor were collected and rinsed with the buffer solution. Then 

they were put into a 500 mL glass bottle, which was then filled completely with buffer. 100 

mL of the buffer was then removed and 8 mL NH4Cl solution was added. The bottle was 

then purged with nitrogen gas for about 5 min to remove oxygen. 8 mL NaNO2 solution was 

then added. Now in the bottle, the concentration of NH4-N was 70 mg/L and NO2-N was 70 

mg/L. Then the bottle was placed into a water bath tank at 25 ℃ and a magnetic stirrer 

was also used.  

 Starting the test  

The test lasted for 2 h. During this time, a pressure meter was connected to the cap of the 

bottle to record the increase of the air pressure in the bottle, which was an indication of how 

much nitrogen was generated. When the test was done, the headspace of the bottle was 

measured. 

 

Finally, the SAA was calculated as the following equation: 

𝑆𝐴𝐴 = ∙
∙

∙
∙ (60 ∙ 24) ∙      

 

∙
     Equation 5 

 

Where: 

SAA – specific anammox activity [g N/m2∙d], 

a – slope value of the curve (calculated with linear regression method) describing changes 

of pressure in the batch reactor in the function of time [mbar/min], 

MN2 – molecular weight of dinitrogen [g/mole] (28 g/mole), 

Vg – head-space volume in the batch reactor [cm3], 

R – universal gas constant [bar∙cm3/mol∙K] (82,077 [bar∙cm3/mol∙K]), 

A – total biofilm area in the batch reactor [m2], 

T – temperature in the reactor[K]. 
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5 Results and Discussion 
5.1 Results of Laboratory Analyses 

5.1.1 Conversion of Nitrogen in the Reactor 

 

The results of the pilot-scale IFAS reactor operation based on laboratory analyses are shown in 

Figure 7. Throughout the study period, the concentration of NH4-N in the influent was at an average 

value of 493 mg NH4-N/L, and the highest recorded value was 557 mg NH4-N/L on 15th, March, 

while the lowest was 432 mg NH4-N/L on 24th June. After 24th June, the concentration distinctly 

dropped by about 10%, and this caused the decrease of the inflow loading for the last two weeks. 

NH4-N in the effluent was achieved at a very low level for most of the time, except during the startup 

period and three system failures. The average value of NH4-NOut during the normal operational 

period was 19.7 mg NH4-N/L. It meant that the AOB worked efficiently to convert ammonia to 

nitrite.  

 

Figure 7 Concentration of Nitrogen in Different Forms 

 

NO2-N in the effluent remained at a very low amount all the time. Because once NO2-N is generated 

in the reactor, most of them would be consumed by AnAOB to react with NH4-N and others could 

easily be oxidized by NOB to NO3-N. 

 

The concentration of NO3-N in the effluent varied a lot in different study periods, as different 

parameters changed. Generally, the performance of NOB, which was the group of bacteria to convert 

NO2-N to NO3-N, was more sensitive to the change of oxygen in the reactor. There will be a more 

detailed discussion in the following subchapters. 
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Three spikes of NH4-NOut can be noticed in Figure 7, which represented three major system failures 

for different reasons. The first one, which occurred on 26th April, was caused by clogging of the pipe 

that connected the reactor and the sedimentation tank. The reject water in the reactor just 

overflowed from the top of the reactor along with a lot of suspended solids. Therefore, much AOB 

were lost from the system and the process performance of converting NH4-N to NO2-N decreased 

and the concentration of NH4-NOut increased. This system failure was fixed by adding more 

activated sludge to maintain the suspended solids at the normal level. The added sludge with good 

nitrification performance was collected from another reactor at Hammarby Sjöstadsverk. The 

second failure happened between 10th May and 17th May. The online sensor of pH recorded the 

decrease from about 6.8 to 5.5 on 11th May, which was too low for AOB to grow and the 

concentration of free ammonia increased, therefore the process performance was dramatically 

inhibited and the NH4-NOut increased to a very high value (348 mg NH4-N/L). It took two days for 

the pH to recover to above 7, followed by recovery of the process in the IFAS reactor on 21st May. 

The third failure was caused by the fault of the online DO sensor on 10th, June. Compared with 

another portable oxygen sensor, the broken sensor always showed values higher than the actual 

value, which led to lower actual DO in the reactor than the setpoint. Thus, oxygen was not sufficient 

for AOB activity, and the concentration of NH4-NOut increased. On 13th June, a new DO sensor was 

installed, and this system failure was fixed. 

 

5.1.2 Nitrogen Removal Efficiency and Nitrogen Removal Rate 

 

The calculated value of nitrogen removal efficiency and nitrogen removal rate are shown together in 

Figure 8, as they followed a similar trend. Overall, the average nitrogen removal efficiency of the 

whole period of study was 78.5%, excluding the date of 12th March, 15th March, 14th May and 17th 

May, when the reactor was experiencing inhibition and a huge drop in performance could be noticed. 

The highest nitrogen removal efficiency accomplished was 85.6%, which was recorded on 3rd April - 

21 days after the reactor was started and it was operated in the condition of 2.0 mg/L DO setpoint, 

40 min aeration time/20 min non-aeration time and 16.6 h HRT. This result was close to what was 

achieved by Zhang et al. (2015) and Yang et al. (2019). Analyses conducted around this date (26th 

March and 5th April) also showed higher nitrogen removal efficiency than other dates (83.1% and 

82.1% respectively). Therefore, this condition was the most suitable one for this IFAS reactor to 

treat reject water.  

 

Compared with the MBBR reactor operated by Yang (2016) for reject water treatment using 

deammonification, which obtained highest nitrogen removal efficiency of 88 % with DO 

concentration of 3.5 mg/L and intermittent aeration of 45 min aeration/15 min non-aeration, IFAS 

reactor presented in this thesis was able to achieve similar nitrogen removal efficiency with lower 

DO concentration and shorter aeration time. This was evidence to support what has been described 

in section 2.3.1 that oxygen is more easily to diffuse to flocculated biomass than biofilm, therefore, 

the oxygen demand in an IFAS reactor could be lower than MBBR, in similar conditions. 
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Figure 8 Total Inorganic Nitrogen Removal Efficiency and Nitrogen Removal Rate 

 

The average value of the nitrogen removal rate achieved during the whole study period was 490.24 g 

N/m3∙d (data from the first two analyses and the second system failure were excluded). This value is 

similar to what Zhang et al. (2015) reported in both pilot- and full-scale reactors (see Table 1).  

 

5.1.3 Ratio of NO3-N Produced to NH4-N Removed 

 

According to the stoichiometry of the anammox process, about 11% of the NH4-NIn will be oxidized 

to NO3-N. The calculated value of the ratio of NO3-N Produced to NH4-N Removed is presented in 

Figure 9. Generally, the average value of the ratio is 15.3%, which is very close to the theoretical 

value. However, throughout the entire study, the ratio varied from 0.3% to 30.6%. During most of 

the study period, this ratio remained higher than 11%. Between the days of 19th March and 9th April, 

the system was operated in a very good condition and the ratio was low and stable (average 

value:14.0%). This ratio is close to but higher than what was achieved by Veuillet et al. (2014), who 

managed to control the ratio lower than 10%. Two extremely low values were achieved on 17th, May 

and 11th, June. Because, on these two days, NO3-N was low (7 mg NO3-N/L and 1.2 NO3-N/L) due to 

technical issues. For the last two weeks, DO setpoint was lowered to 1.3 mg/L. Although NH4-NOut 

was not at the lowest level, NO3-N decreased since lack of oxygen for NOB, and the reactor still 

achieved a relatively low ratio. And in this condition, aeration time was shorter and DO setpoint was 

lower, thus less energy was required to operate the system.  
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Figure 9 Ratio of NO3-N Produced to NH4-N Removed 

 

5.2 Analyses of online monitoring data 

5.2.1 Nitrogen Variation within 1-hour cycle 

 

Since intermittent aeration mode was applied to the reactor, it would be interesting to look at how 

the concentration of different forms of nitrogen changes in a single aeration/non-aeration cycle.  

 

Figure 10 One-hour Cycles of Operation at 35/25 Aeration, 2.0 mg/L DO Setpoint 
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Three examples of one-hour cycles with different aeration modes from on-line data showing 

concentrations of NH4-N and NO3-N were selected and presented in Figure 10, Figure 11 and Figure 

12. Figure 10 shows the concentrations of NH4-NOut, NO3-Nout and DO in three sequencing cycles on 

28th April, when the DO setpoint was 2.0 mg/L and the aeration mode is 35 min aeration/25 min 

non-aeration. From the figure, it can be seen that in the aeration phase, NH4-NOut decreased a little, 

since AOB were provided with enough oxygen to consume NH4-N from influent. However, in the 

meantime, NO3-NOut would increase, because NOB got oxygen for them as well. When aeration 

stopped, NH4-NOut would go up a little bit, for influent was continuously incoming into the reactor 

and it contained much NH4-N. On the contrary, NO3-NOut decreased because the activity of NOB 

slowed down without sufficient oxygen.  

 

 

Figure 11 One-hour Cycles of Operation at 35/25 Aeration, 1.5 mg/L DO Setpoint 

In Figure 11, one-hour cycles on 13th May with 35 min aeration/25 min non-aeration and 1.5 mg/L 

DO setpoint are presented. The variation of concentration of NO3-N during this period is clear to see. 

Within aeration time, the concentration of NO3-N increased, because more oxygen is available to 

NOB and more NO2-N is generated through partial nitritation process.  
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Figure 12 One-hour Cycles of Operation at 40/20 Aeration, 2.0 mg/L DO Setpoint 

Figure 12 shows one-hour cycles on 5th April, with 40 min aeration/ 20 min non-aeration and 2.0 

mg/L DO setpoint. The concentration of NH4-N and NO3-N follows a similar trend as shown in 

Figure 10 and Figure 11. Aeration provided enough oxygen for both AOB and NOB so the 

concentration of NH4-NOut decreased and concentration NO3-NOut increased when aeration is on, 

and they both went the opposite way when aeration stopped. 

 

5.2.2 Evaluation of Different Strategies 

 

As described in section 4.4, three different aeration strategies were applied to evaluate the 

performance of the reactor under different conditions.  

 

Effect of Different Aeration Time 

 

Figure 13 shows the data of online sensors during the time when the system is transferring from 40 

min aeration to 35 min aeration within a one-hour cycle. The entire process was operated with 2.0 

mg/L DO. It is clear that when aeration time was shortened, the concentration of NO3-NOut 

decreased and NH4-NOut increased. Before the transition, the average value of the concentration of 

NO3-NOut was 91.1 mg NO3-N/L and NH4-NOut was 10.9 mg NH4-N/L. Then, with shorter aeration 

time, the average concentration changed to 71.6 NO3-N/L and 21.9 mg NH4-N/L. It indicated that 

without enough oxygen in the reactor, activities of both AOB and NOB would be influenced and 

slowed down. However, the increasing of NH4-NOut did not lead to worse performance of the system. 

According to lab analysis on 18th April and 26th April, the total inorganic nitrogen removal rate went 

up from 73.8% to 79.3% after the transition to 35 min aeration and the ratio of NO3-N produced to 
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NH4-N removed dropped sharply from 24% to 13%. Therefore, the decrease of aeration time was an 

effective way to inhibit the activity of NOB while imposing a small impact on the AOB. 

 

 

Figure 13 Transition Between Different Aeration time (From 40/20 to 35/25) 

 

Effect of Different DO Setpoint 

 

Changing DO setpoint was another way to manipulate how much oxygen was supplied to the reactor. 

Figure 14 shows the transition of the DO setpoint from 2.0 mg O2/L to 1.5 mg O2/L. The whole 

process was operated with 35 min aeration and 25 min non-aeration. The curves in Figure 14 follows 

similar trends as in Figure 13. After the setpoint was lowered to 1.5, a distinct drop of concentration 

of NO3-NOut and increasing of NH4-NOut could be noticed. Before the transition, the concentration of 

NH4-NOut was maintained at a low and stable level of 11.6 mg NH4-N/L averagely and it increased 

only a little to 12.1 mg NH4-N/L. However, the system experienced a huge drop in the concentration 

of NO3-NOut from 135.0 mg NO3-N/L to 83.24 mg NO3-N/L. So, this was another proof that oxygen 

was an important operational parameter regarding the nitrogen removal process in the reactor. And 

it was an effective factor to depress the activity of NOB. 
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Figure 14 Transition Between Different DO Setpoint (From DO=2.0 mg/L to 1.5 mg/L, with 35/25 aeration) 

 

Effect of Different Inflow Loading  

 

During the period between 28th May to 7th June, lower inflow NH4-N loading was tested. This was 

achieved by decreasing the inflow pump from about 180 mL/min to about 144 mL/min and the 

inflow loading decreased to 1.6g N/m2∙d. Hydraulic retention time increased to 20 h consequently, 

while other parameters were not changed. Figure 15 shows the performance of the IFAS reactor 

within the low inflow loading (high HRT) period, presented by the concentration of NH4-NOut, 

NO3-NOut and MLSS. Unfortunately, the concentration of NH4-NOut did not decrease as expected to a 

lower level. From online data, it can be observed that the IFAS reactor was suffering several times of 

clogging and loss of suspended solids. No evident trend of change in NH4-N and NO3-N could be 

identified in Figure 15. Extra experiments are needed to draw a conclusion on how the performance 

of the IFAS reactor changes along with the decrease of inflow loading. 
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Figure 15 Online Data for Period with Low Inflow Loading 

 

5.3 Effect of other Operational Parameters 

5.3.1 pH 

 

Throughout the process, pH was never changed intentionally but only monitored by the online 

sensor. The pH value in the IFAS reactor that recorded by the online sensor is presented in Figure 

16. 

 
Figure 16 pH Value and Calculated Concentration of Free Ammonia in IFAS Reactor(Note: the pH sensor was installed 

on 19th April therefore pH value before that date was not available) 
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During most of the study period, pH was stable at around 7.2-7.5, which was considered suitable for 

the deammonification process. However, system failure 1 happened right after a dramatic decrease 

in pH occurred in the reactor. At 19 p.m. on 11th May, pH started to decrease below 6.0 and stayed 

for 37 h until it recovered up to 7 on 13th May. Then it was followed by the first system failure which 

saw the inhibition of the bacteria and a huge decline in the removal efficiency. As described in 

section 2.2.2, pH value influences the concentration of free ammonia (FA), which causes inhibition 

of the anammox process. According to the research by Jaroszynski et al. (2012), when FA exceeds 2 

mg N/L, it will cause a significant inhibition on the performance of the anammox process. During 

the days between 10th May and 17th May, an obvious increase of FA concentration could be observed 

and the average value of the concentration of FA was 3.04 mg N/L. Thus, it could be concluded that 

it was FA that was responsible for the system failure 2. 

 

5.3.2 Alkalinity  

 

Alkalinity was consumed by AOB in the partial nitritation process and NOB in nitratation process. 

Therefore, as shown in Figure 17, the curves of alkalinity consumed and NH4-N removed were in a 

similar trend. Even in the system failure period when NH4-N removal efficiency sharply drops, the 

alkalinity removal efficiency just followed the step. In Figure 18, a correlation of alkalinity 

consumed and ammonium removed was found. 

 
Figure 17 Alkalinity from Inflow and Outflow and Comparison of Alkalinity Consumed Efficiency and Ammonia 

Removal Efficiency 
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Figure 18 Correlation of Alkalinity consumed and Ammonia Removed 

5.3.3 Suspended Solids 

 

Suspended solids were essential in an IFAS system, as they contained most of the AOB that were 

responsible for the partial nitritation process. TSS, VSS and the ratio measured in the laboratory are 

available in Figure 19. For the entire study period, TSS was maintained at over 1000 mg/L except 

when clogging of pipes happened and some solids could be lost. After the startup period, the ratio of 

VSS to TSS reached and maintained at about 70%.   

 
Figure 19 Concentration of TSS and VSS from Laboratory Analyses 

An online sensor of MLSS was also installed to monitor the real-time suspended solids 

concentration. Anytime the online sensor showed values less than 1000 mg/L, some new sludge 
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would be collected from an MBR treatment line located on the same site (Hammarby Sjöstadsverk) 

and added to the reactor. Unfortunately, pipe clogging happened several times throughout the study 

and one of the impacts that it brought to the reactor is visible in Figure 20.   

 
Figure 20 Influence of MLSS on Nitrogen Removal Process 

Along with the gradual decrease of MLSS, the concentration of NH4-NOut increased due to a reduced 

AOB amount. Consequently, NO3-NOut decreased as well, since NOB also existed in the sludge.  

 

5.3.4 sCOD 

 

The following Figure 21 shows the concentration of soluble COD both in influent and effluent and 

the ratio of sCODIn to NH4-NIn. Generally, the ratio of sCODIn to NH4-NIn remained low. The average 

value of the ratio during the whole period of study was 0.52. This indicated that the bio-degradable 

organic substrate contained in the reject water might not be enough to support the denitrification 

process of the traditional biological nitrogen removal method. Because denitrification bacteria are 

heterotrophic, and they need carbon substrates to consume and reduce NO3-N and NO2-N to N2. 

Therefore, low ration of sCOD to NH4-N is a good reason why the deammonification process should 

be selected to treat reject water from sludge dewatering since both AOB and AnAOB are autotrophic 

and do not need carbon sources to support their lives. 

 

From Figure 21, it can also be noticed that a small proportion of sCOD was removed anyway in the 

IFAS reactor. It might be a sign that some heterotrophic activity existed in the system. In this case, 

denitrification bacteria are the most probable ones to consume COD in the reactor. Throughout the 

study period, the difference between sCOD in influent and effluent was small. Comparing with the 

results in Figure 9, it might be concluded that some denitrification bacteria existed in the IFAS 

reactor, because a small proportion of sCOD was removed, but those heterotrophic bacteria were in 

a small amount because the ratio of NO3-N produced to NH4-N removed remained higher than the 
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theoretical value (11%) of the deammonification process.  

 
Figure 21 Soluble COD (in influent and effluent) and ratio of sCODIn/NH4-NIn 

 

5.4 Tests of Specific Anammox Activity (SAA)  

 

Three SAA tests were done to find out the nitrogen removal capacity of the carriers that were used in 

this study. As explained in section 4.5, a pressure meter was used to record the increase of air 

pressure in the batch reactor. In Figure 22, Figure 23, and Figure 24, the increase of pressure along 

the time is presented, with the trendline and calculated equations by linear regression method and 

the R2 values.    
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Figure 22 Increase of Pressure in the Batch Reactor as a Function of Time (Test 1) 

 

 

Figure 23 Increase of Pressure in the Batch Reactor as a Function of Time (Test 2) 

 

 

Figure 24 Increase of Pressure in the Batch Reactor as a Function of Time (Test 3) 

The R2 value of all three curves was close to 1. It meant that the increase of the pressure was stable 
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in all three tests and no leakage happened during any of the tests. The slope of each of the trendline 

was used to calculate the SAA value, according to equation 3. The results are summarized in Table 5.  

 

Table 5 Results of SAA Tests 

Test No. a M(N2) 

g/mol 

Headspace 

mL 

SAA 

gN/m2∙day 

1 2.0170 28 85 5.63 

2 2.1572 28 85 6.04 

3 1.6226 28 115 6.15 

Average    5.94 

 

The average SAA value of the three performed batch tests was 5.94 g N/ m2∙day. It was almost 3 

times higher than the inflow loading (2 g N/m2∙day) of the pilot-scale IFAS reactor. This was an 

indication that biofilm attached to the carriers in the reactor contained AnAOB of large amounts 

and high activity. Therefore, if the AOB in the IFAS reactor were given enough oxygen to produce 

NO2-N substrate for AnAOB and it was operated at pH equals 7.8, at 25℃, the system could 

probably achieve a higher nitrogen removal rate. The partial nitritation process, which mainly 

occurred in the activated sludge turned out to be the bottleneck for high nitrogen removal process 

capacity in the pilot-scale IFAS reactor.  

 

6 Conclusions 
 

In this study, a pilot-scale IFAS reactor was successfully set up and operated to treat reject water 

from the Henriksdal WWTP. The operation lasted for 117 days at a constant temperature of 25 ℃.  

 

 During the study, the following operation strategies were tested: 

   Aeration mode (aerated time/non-aerated time): 30 min /30 min, 40 min/20 min, 35 

min/25 min, continuous aeration; 

   DO setpoint: 2.0 mg/L, 1.8 mg/L, 1.5 mg/L, 1.3 mg/L, 1.2 mg/L (in continuous mode); 

   Inflow loading (HRT): 2 g N/m2∙day (16.6 h), 1.6 g N/m2∙day (20 h). 

   Results from laboratory analyses showed that the best total inorganic nitrogen removal 

efficiency of 85.6% was achieved at 40 min aeration/20 min non-aeration, 2.0 mg/L DO with 2 

g N/m2∙day nitrogen loading. The nitrogen removal rate was 600 g N/m3·d, meanwhile, the 

corresponding ratio of NO3-N produced to NH4-N removed was 12.2%.  

 Compared with an MBBR reactor for reject water treatment by deammonification, this IFAS 

reactor was able to obtain similar nitrogen removal efficiency, with both lower DO 

concentration and shorter aeration time, which could reduce the energy input required for 

the treatment. Other researchers also reported that deammonification in an IFAS reactor 

could achieve 2 – 2.5 times higher nitrogen removal rate than MBBR reactor. 
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 During the study period, the average value of ratio of NO3-N produced to NH4-N removed 

was 15.3 %. This result indicates that the growth of NOB is suppressed and only a small 

proportion of NO2-N is converted to NO3-N. Comparing with other studies, this ratio can 

still be controlled at a lower value by optimizing the aeration strategy.  

 With the application of the online sensor system in this study, the analyses of the status of 

the IFAS reactor could be easily done, since real-time data of nitrogen concentrations and 

other operational parameters could be acquired. It is also convenient to present the 

conversion from one strategy to another. 

 Stable pH was important to the performance of the reactor. Low pH caused inhibition of the 

bacteria and a huge decrease in removal efficiency, due to an increase of concentration of 

FA over 2 mg N/L. Alkalinity was consumed in the partial nitritation process. The removal 

of alkalinity was in a linear correlation to the removal of NH4-N. Therefore, measuring 

alkalinity would be helpful to evaluate the ammonium removal efficiency.  

 Suspended solids were crucial to an IFAS system since they contained most of the AOB. It 

was important to maintain the suspended solids at a high and stable level (around 

1200-1500 mg/L), otherwise, the process efficiency of the reactor decreased. 

 Different inflow loadings were tested. However, due to a technical problem, the result did 

not match the expectation. Extra experiments are needed to find out the change in IFAS 

reactor performance when inflow loading decreases. 

 According to the SAA tests, the carriers used in this study were in good condition with 

biomass attached to them. The maximum possible removal rate achieved was 5.94 g N/ 

m2∙day during the batch test. It means that the system could accept even higher loading of 

inflow with good nitrogen removal efficiency. 

 

Overall, the pilot-scale IFAS reactor showed a good process performance and removal efficiency to 

treat reject water with a high concentration of NH4-N, if operated in suitable conditions. Thus, the 

implementation of IFAS mode for reject water treatment with partial nitritation/anammox is a 

promising technology for wastewater treatment plant at a lower energy cost. 

 

7 Suggestions for Future Study 
 

Based on this thesis, the following points are recommended for studies in the future: 

 

 To reduce the concentration of NO3-N in the effluent is important to obtain a high 

nitrogen removal efficiency in the IFAS reactor. During this study, intermittent aeration 

and different DO concentrations were applied for this purpose. However, it could also be 

done by other alternatives based on pH control or ammonium/nitrate concentration in 

the effluent. Further studies could be carried out to evaluate such control strategies for 

IFAS reactor. 

 The online sensors for NH4-N, NO2-N and NO3-N were implemented to monitor the 
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performance of the IFAS reactor. However, these three sensors required regular clean up 

and calibration, which could be time-consuming. Therefore, more parameters that could 

be easy to measure could be studied to reflect the status of the deammonification process 

in the IFAS reactor. Such parameters could be conductivity, the concentration of 

alkalinity, etc. 

 Suspended solids are vital to an IFAS system with deammonification as they contain most 

of the AOB to oxidize NH4-N to NO2-N. During the study period, the IFAS reactor 

experienced a loss of suspended solids now and then and it caused a decrease in nitrogen 

removal efficiency. Studies in the future may focus on improving the capability of 

retaining the suspended solids in IFAS reactors. 
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Appendix 
 

Appendix A Equations for calculation 

 

The following abbreviations were used in the equations. 

sCODin: concentration of soluble COD in the influent, mg/L 

sCODout: concentration of soluble COD in the effluent, mg/L 

NH4-Nin: concentration of Ammonium in the influent, mg/L 

NH4-Nout: concentration of Ammonium in the effluent, mg/L 

NO2-Nout: concentration of nitrite in the effluent, mg/L 

NO3-Nout: concentration of nitrate in the effluent, mg/L 

pH: pH value in the effluent 

TSS: total suspended solids concentration in the reactor, mg/L 

VSS: volatile suspended solids concentration in the reactor, mg/L 

V: Volume of the reactor, L 

T: temperature in the reactor, K 

Q: Influent flow rate, mL/min 

A: total area of carriers in the IFAS reactor, m2 

 

 

Ammonium influent loading 

NH4-Nloading (g N/m2·d) = [(Q×60× 24) ×NH4-Nin]/(A×b× 106) 

b: coefficient of carriers that are attached by biofilm 

 

Ammonium removal efficiency 

NH4-Nrem,eff (%) = (NH4-Nin - NH4-Nout) ×100%/ NH4-Nin 

 

Nitrogen removal efficiency 

Nrem,eff (%) = [NH4-Nin – (NH4-Nout + NO2-Nout + NO3-Nout)] ×100%/ NH4-Nin 

 

Nitrogen removal rate 

Nrem,rate (g N/m3·d) = [NH4-Nin – (NH4-Nout + NO2-Nout + NO3-Nout)] ×Q× 60 × 24/(V× 1000) 

 

Ratio of NO3-N produced to NH4-N removed 

RatioN = NO3-Nout×100%/( NH4-Nin - NH4-Nout) 

 

Ratio of sCODin to NH4-Nin 

Ratioc = sCODin/ NH4-Nin 

 

Hydraulic retention time 

HRT (h)= (V× 1000/(Q× 60) 
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Free ammonia in the IFAS reactor 

FA (mg/L) = (NH4-Nout×10pH)/(e6344/T+10pH)  

 

 

Appendix B Measurements and Laboratory Analyses Results 

 

 

 

Inflow
Pump

mL/min

Sludge
Pump

mL/min

NH4-N In
mg/L

NH4-N Out
mg/L

NO2-N Out
mg/L

NO3-N Out
mg/L

COD In
mg/L

COD Out
mg/L

Alkalinity In
mg CaCO3/L

Alkalinity Out
mg CaCO3/L

TSS
mg/L

VSS
mg/L

3.11 196 180

3.12 198 178 505 426 0.06 2.5 200 170 2520 2100 1219

3.15 195 260 557 232 5.46 35 210 120 2450 1340 1664 807

3.19 200 260 515 39 5.44 51.9 130 90 2430 700

3.22 195 260 494 12.1 3.9 75 120 90 2240 310 1224 908

3.26 190 260 484 8.6 4.2 69 160 80 2220 520

3.29 190 260 N.T. N.D. 0.7 92 N.T. N.D. N.T. 140 1888 1540

4.3 182 265 533 9.4 3.2 64 160 80 2350 290

4.5 186 265 552 9.4 3.1 86 160 100 2450 110 2120 1580

4.9 184 260 554 19.4 3.4 80 190 150 2080 260

4.12 195 260 539 10.2 3.2 115 220 150 2420 200 1754 1362

4.16 176 260 549 13.4 3.6 112 300 198 2600 195

4.18 186 270 548 11.8 2.6 129 307 198 2250 N.D. 1696 1317

4.26 182 265 504 39.3 2.6 62 236 159 2270 400 664

4. 30 192 270 502 10.6 3 100 255 158 2330 290

5.3 185 265 485 12.3 2.7 129 270 160 2170 180 1376 1088

5.7 182 270 485 5.9 1.3 139 257 151 2180 120

5. 10 180 260 507 16.6 2.9 100 270 175 2190 160 1344 1064

5.14 185 260 505 243 3.5 59 275 199 2330 1350

5.17 186 260 507 348 4.6 7 281 215 2250 1760 1765 1220

5.21 186 265 491 87 2.9 45 290 202 2150 550

5.24 173 270 507 25 4.7 73 281 185 2330 260 1260 830

5.28 145 265 486 27.1 2.2 67 287 218 2320 370

5.31 140 265 478 41.6 2.3 66 295 205 2110 310 540 256

6.4 151 270 472 15 8.7 140 289 201 2120 100

6.7 148 260 451 30 1.8 36 316 231 2000 910 435 245

6.11 170 260 463 96 2 1.2 289 256 2040 1350

6.14 175 350 478 53.1 3.7 52 278 210 2220 640 1252 892

6.18 185 350 474 27.5 4.4 64 284 205 2300 390

6. 20 190 345 457 20 4.3 81 286 199 2250 330 1100 820

6.24 184 355 432 58.1 4.2 45 276 219 2140 780

6.26 178 345 435 30 3 53 285 210 2120 460

6.28 170 340 442 35.2 4 48 290 205 2070 470 753 582

7.1 105 350 440 25 3.3 55 278 214 1700 480

Date

Pump Check Analyses

Records of Laboratory Analyses                                            Notes:   N.T. = Not tested   N.D. = Not detected


