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Abstract 
Greenhouse gas emissions, particularly nitrous oxide (N2O), are a significant environmental 

challenge linked to biological nitrogen removal in wastewater treatment. Bromma Wastewater 

Treatment Plant (WWTP) implemented a separate reject water treatment process in February 

2017 using ANTIA™Mox with anammox bacteria. This Master's thesis investigates the 

relationship and correlations between nitrogen removal and N2O production in this process, 

aiming to assist Stockholm Vatten och Avfall AB in reducing emissions. A manual profile 

measurement was conducted to investigate the ongoing process. Over eight weeks, four 

operating strategies were tested: intermittent aeration with varying ratios between aeration and 

non-aeration, different dissolved oxygen (DO) concentrations, changes in ammonium load, and 

series configuration. Manual profile measurements of pH, conductivity, DO, nitrite, and 

ammonium were taken at seven points in the treatment process, including the supernatant and 

discharged reject. Findings indicate that intermittent aeration, particularly 60 minutes of 

aeration followed by a 7.5-minute pause, produced the highest N2O emissions (1.46% N2O-

N/Influent N-tot load). The lowest emissions (0.44% N2O-N/Influent N-tot load) occurred with 

a 15-minute pause. The lowest emission (0.07% N2O-N/Influent N-tot load) was detected at 

0.34 mg/L, and high DO concentrations (0.77 mg/L) had the highest emissions (0.88% N2O-

N/Influent N-tot load). Variations in ammonium load (1.5 times higher) did not significantly 

affect emissions, averaging 0.42-0.90% N2O-N/Influent N-tot load. The series configuration 

faced operational challenges with elevated ammonium levels, leading to emissions of 0.90-

1.47% N2O-N/Influent N-tot load. Profile measurements confirmed a stable nitrogen removal 

process. The study concludes that N2O emissions in reject water treatment are complex and 

influenced by multiple factors. A positive linear correlation was identified between nitrite 

concentration and N2O emissions, alongside the impact of not having too-low or too-high DO 

levels, which results in elevated. Regular maintenance of oxygen sensors is crucial for accurate 

measurements and effective N2O mitigation. 
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Sammanfattning 
Ökade utsläpp av växthusgaser är ett stort problem idag för den pågående klimatförändringen. 

Lustgas (N2O) är en mycket potent växthusgas och är relaterad till kväverening vid rening av 

avloppsvatten. I februari 2014 ansattes en separat rejektvattenreningsprocess på Bromma 

reningsverk som använder ANITA™Mox med anammox bakterier som reningsteknik. Denna 

masteruppsats undersöker samband och korrelationer mellan kväverening och N2O utsläpp i 

rejektvattenreningen på Bromma reningsverk, men syftet att presentera hur Stockholm Vatten 

och Avfall AB kan minska sina lustgasutsläpp. En manuell profilmätning genomfördes även 

för att utvärdera hur processen fungerade. Fyra olika scenarion testades under åtta veckor: 

intermittent luftning med olika fördelning mellan luftning och icke-luftning, olika löst 

syrekoncentrationer, ändringar i ammoniumbelastningen samt seriekörning av processen. Den 

manuella profilmätningen mätte pH, konduktivitet, löst syre, nitrit- och 

ammoniumkoncentrationen. Dessa mätningar togs i sju olika punkter, inkluderat rejektet direkt 

från centrifugerna och utgående rejekt. Resultaten påvisade att vid intermittent luftning gavs 

de högsta utsläppen vid 60 minuter luftning och 7,5 minuter paus (1,46% N2O-N/inkommande 

N-tot). Lägsta utsläppen var vid samma luftningstid men 15 minuter paus (0,44% N2O-

N/inkommande N-tot).  Både höga och låga koncentrationer av löst syre gav ökade utsläpp. 

Med de högsta utsläppen vid 0,77 mg/L (0,88% N2O-N/inkommande N-tot ) och lägsta vid 

0,34 mg/L (0,07% N2O-N/inkommande N-tot ). Ändringen av ammoniumbelastning (1,5 högre 

belastning) hav ingen signifikant skillnad gällande utsläpp, med utsläpp på 0,42–0,90% N2O-

N/inkommande N-tot. Seriekörning av processen resulterade i driftproblem med höga 

ammoniumhalter, med utsläpp på 0,90-1,47% N2O-N/inkommande N-tot. Profilmätningarna 

visade på att processen är stabil och välutvecklad för att rena rejektet på kväve. Uppsatsen kan 

ge slutsatsen att rejektvattenreningsprocessen är komplex med många parametrar som påverkar 

varandra och N2O utsläppen. En ingående och bred förståelse om vad som påverkar utsläppen 

av lustgas är viktigt för att förstå hur utsläppen ska minskas. En positiv linjär korrelation mellan 

halten nitrit i processen och lustgasutsläpp kan verifieras, samt påverkan av ökade utsläpp vid 

både för låga och höga koncentrationer syre. Från profilmätningarna kan slutsatsen dras att det 

är viktigt att rengöra onlineinstrumenten regelbundet.  
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1. Introduction 
This section will present the overall background of N2O and the problem of why it is relevant 

to conduct this thesis. It will then show the aim and objectives of the project. Finally, some 

relevant delimitations and the structure of the thesis will be discussed.  

1.1 Background 

The increased emissions of greenhouse gases are a challenging problem for the environment 

and climate change. An interesting and potent greenhouse gas is nitrous oxide (N2O). The 

global emissions of N2O are much less than carbon dioxide (CO2). However, N2O has a global 

warming potential of 265 times greater than CO2 over a 100-year-time horizon. (Global 

Warming Potential | Clean Energy Regulator, 2024) Moreover, N2O is a stratospheric ozone-

depleting substance with a current lifetime in the atmosphere of 116  9 years. The emissions 

of N2O are expected to continuously increase during the coming decades due to the growing 

demand for food and energy and a growth in sources from waste generation and industrial 

processes. (Tian et al., 2020) The source of N2O is primarily anthropogenic emissions, where 

a majority is emitted from agriculture and several industrial activities, e.g., production of 

fertilizers, combustion of fossil fuel, and wastewater treatment. However, nitrous oxide can 

also be produced naturally from various biological sources in soil and water. (Climate Change 

2007: Synthesis Report, 2007) 

The production and emissions of N2O in wastewater treatment plants are a global problem. The 

source of N2O emissions is interrelated with the nitrogen removal treatment of the wastewater. 

In recent years, research and mapping of N2O have rapidly increased to find strategies to 

mitigate the emissions related to wastewater treatment. At Bromma Wastewater treatment plant 

(WWTP)  a reject water treatment process was implemented in February 2017 to treat the high-

loaded nitrogen reject water and thus lower the nitrogen load in the biological step. Emissions 

of N2O have been detected at the reject water treatment process. Hence, it is highly relevant to 

investigate different mitigation strategies for N2O emissions at the Bromma WWTP. In 2023, 

an online instrument (Siemens Ultramat 6, Alnab) was installed permanently at Bromma 

WWTP to measure the N2O emissions in the exhaust gas from the reject water treatment 

process. In 2023, the total N2O emissions from Henriksdal WWTP and Bromma WWTP were 

54 tons, 4 tons less than in 2022, of which Bromma WWTP was responsible for 12 tons of the 

total emissions (Stockholm Vatten och Avfall miljörapport 2023). 

1.2 Aim and Objectives 

The overarching goal of this Master’s thesis is to identify and verify the connection and 

correlations between nitrogen removal and the production of N2O in reject water treatment at 

Bromma WWTP. This is done by testing and evaluating different operating scenarios in full-

scale, based on parameters influencing N2O emissions. Furthermore, it is to suggest and present 

a solution on how Stockholm Vatten och Avfall AB  (SVOA) can lower the emission and 

production of N2O to gain knowledge on how to operate the plant with minimal environmental 
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impact. The project aims to find the lowest N2O emission operating conditions. Moreover, 

another objective for this thesis is to examine and assess the ongoing treatment process using 

manual measurements and find correlations with the measured parameters and emission of 

N2O.  

1.3 Delimitations 

N2O is present in both the aqueous and gaseous phases. However, for this Master’s thesis, the 

N2O will only be measured in the gaseous phase. This is due to the Bromma WWTP installed 

instrument, which only allows measuring the N2O in the gas phase. 

The operation process is a conventional full-scale process, so major adjustments and targeting 

one specific parameter will be complex. Hence, it is not possible to adjust every parameter in 

the process. The parameters have been adjusted based on what can be changed at the anammox 

process. The project is bound to regulations of nitrogen compounds, e.g., ammonium of the 

discharged effluent; thus, the experiment must be interrupted if the concentrations increase and 

exceed the permits.  

The reject water treatment basin is a reconstructed primary sedimentation basin, and therefore, 

the process design has been drilled and adapted to the existing design. This has resulted in two 

reactors with different volumes and two different biofilm carriers, which must be considered 

when evaluating the result.  

N2O is measured in the exhaust gas, and the overall production derived from the instrument is 

the overall production of both reactors. Hence, there are some limitations in focusing on the 

emissions from each reactor (in scenarios 0 and 1) and the different scenarios operating in each 

reactor. However, Iris valves shifted the flow between the reactors during scenarios 2 and 3. 

For scenario 1, an estimation was used to estimate the emissions from the separated reactors.  

This thesis will only focus on the N2O emissions. However, other greenhouse gases, such as 

methane, are emitted from the reject water treatment but will not be investigated in this thesis.  

1.4 Structure of the thesis 

The thesis will first present relevant background theory regarding reject water treatment, 

pathways for N2O in nitrogen purification, important operating parameters that influence the 

emission of N2O, and some relevant key figures for further comparison. Chapter 3 will discuss 

the methodology and execution of the experimental part of the project. Relevant results will be 

presented and discussed in Chapter 4. Lastly, the conclusions of the thesis, future research, and 

recommendations will be presented in Chapter 5. 
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2. Theoretical background  
This chapter examines an overall but detailed background theory for the thesis. It starts with a 

brief overview of Bromma WWTP and the reject water treatment they are applying. Then, the 

chapter describes different biological and chemical techniques to treat reject water in general. 

At least, essential parameters affecting the production of N2O are described. 

2.1 Bromma Wastewater Treatment Plant 

Bromma WWTP is one of Stockholm Vatten och Avfalls  (SVOA)  AB wastewater treatment 

plants located in Bromma in the western part of Stockholm. The plant is shared between two 

facilities: Åkeshov and Nockeby, where Åkeshov treats the incoming wastewater, primary 

sedimentation, and the sludge treatment, and at Nockeby, the biological treatment and the 

outflow to Saltsjön are located. Bromma WWTP treats wastewater from circa 380.000 people 

in Stockholm's northern and western parts. (Avloppsreningsverk, 2024) 

2.1.1 Reject water treatment at Bromma Wastewater Treatment Plant 

Implementing a separate reject water treatment aims to lower the total nitrogen (N-tot) in the 

outgoing water from the treatment plant and reduce the nitrogen load for biological treatment 

in the mainstream process.  

Today, the reject water treatment occurs in a former primary sedimentation basin at the 

Åkeshov facility. The basin's length is 46 meters, width is 5 meters, and depth is 3.1 meters, 

with a total volume of 700 m3. The basin is covered with an aluminum lid to minimize the 

emission and smell of gases produced in the reject treatment. The basin has been divided into 

two reactors, called Reactor 1 (R1) and Reactor 2 (R2). The reject water is the supernatant from 

the sludge handling, centrifuging the sludge from the digester. The process used in the reject 

water treatment is ANITA™Mox using anaerobic ammonium-oxidizing (anammox) bacteria 

with moving biofilm carrier. This technique is feasible for wastewater with low COD 

(Chemical Oxygen Demand), high temperature (30-35 °C), and high nitrogen content, qualities 

that reject water has. The process has an NH4-N removal rate of >90% and >75 % for the N-

tot. 

The inflow in the reactors operates in a cycle of 1 hour, where R1 has an inflow of reject water 

70% of the cycle time, while 30% of the reject water flows to R2. R1 has two, and R2 has one 

top-mounted agitator at a slow and continuous rate.  The reactors are connected to a blower to 

add oxygen to the reactor, which is necessary for the process. At standard conditions, the 

aeration rate is approximately 2600-3200 Nm3/h, with a maximum aeration rate of 4200 Nm3/h. 

R1 is filled with around 230 m3 of movable carrier material of the type AnoxKaldnes K5, which 

accounts for about 50% of the filling rate. R2 is filled with about 100 m3 of movable carrier 

material of the type AnoxKaldens Z-400, which accounts for a filling rate of 43%. The total 

surface area of the carrier in R1 represents 208 000 m2, while in R1, the total surface area of 

the carrier is 66 000 m2. Figure 1 shows the two carriers, with Figure 1a being the K5-carrier 

in R1 and Figure 1b being the Z-400 carrier in R2. 
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  a)   b) 

Figure 1. a) K5 carrier b) Z-400 carrier. The figures have been taken from the operational manual of the 

ANITA™Mox process at Bromma WWTP 

Today, aeration is controlled by the pH level, meaning that the aeration flux is regulated by the 

pH set value, and operates in a parallel configuration. This is done by dividing all the rejected 

water into two reactors, and both outlet sieves are open. Also, a sieve wall is between the reactor 

so they can communicate hydraulically and be used to even out eventual concentration 

gradients. The process can be operated in series as well. Then, the total inflow of reject water 

is led into R1 and flows further into R2 via the sieves for the outlet in R2. Thus, there is no 

inflow to R2, and the outlet sieves from R2 are wholly closed to achieve the series 

configuration. The schematic figure in Figure 2 presents process and the sieves as black boxes. 

The red arrow between the reactors indicates that the current process configuration is parallel, 

but it is possible to have a series configuration. In R1, there are six air gates: three at the 

beginning of the basin, one between the agitators, and two at the end of the basin. R2 has four 

air gates, with two at each side of the agitator.  

 

2.2 Reject water treatment  

The reject water is the supernatant of centrifuged digested sludge; hence, the sludge contains 

more than 90% water. Reject water has a high nutrient load (especially ammonium) and low 

COD. Due to the high ammonium load and other pollutants in the reject water, it is necessary 

to treat it. If reject water is discharged into surface water as the outflow effluent, it can cause 

eutrophication. 

Figure 2. A schematic figure over the reject water treatment basin. The figure is not in proper scale. The figure 

has been illustrated by the author 
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Reject water can be treated in several ways. The simplest treatment method is to recycle the 

reject water from the sludge digestion back to the front of the biological treatment in the 

mainstream. However, this method is not beneficial from an economic point of view due to the 

increased load of nutrients, heavy metals, and suspended solids, which further need to be 

treated. Thus, it is central to have a separate reject water treatment process. For separate reject 

water treatment, both biological and chemical methods are applied. In Sweden, biological 

treatments are commonly used.  

2.2.1 Biological treatment  

Nitrogen removal from reject water can be achieved with several biological processes, such as 

conventional nitrification-denitrification and deammonification, the latter of which is the most 

novel process for nitrogen removal. (Noutsopoulos et al., 2018) 

2.2.1.1 Conventional nitrification-denitrification process 

Due to the high ammonium load mentioned in reject water, processes must be adapted to lower 

the high load. A common and well-established method is nitrification-denitrification. 

Nitrification oxidizes volatile ammonium (NH4
+) to nitrate (NO3

-), with an intermediate stage 

where nitrite (NO2
-) is formed under aerobic conditions. Further, the denitrification step is to 

reduce nitrate to N2, a non-harmful compound to emit under anoxic/anaerobic conditions. 

(Thakur & Medhi, 2019) 

In nitrification, two types of bacteria are involved: ammonium-oxidizing bacteria (AOB) and 

nitrite-oxidizing bacteria (NOB). These bacteria go under the name nitrifying bacteria. The 

nitrification of ammonium to nitrate is carried out with autotrophic bacteria – bacteria that can 

produce their energy with the help of sunlight, i.e., they can execute photosynthesis. Nitrifiers 

use chemoautotrophs, i.e., chemically bound energy in present compounds such as ammonium 

and nitrite. (Solon, 2015) 

The first step, also called nitration, is NH4
+ converted to NO2

- with the help of AOB, as shown 

in Reaction 1. This phase is carried out at an optimal pH and temperature range of 6.5-8.2 and 

30-40 C. (Bhattacharya & Mazumder, 2021) 

NH4
+ + O2 → NO2

- + H2O + H+    [1] 

The second step in nitrification, also called nitritation, occurs in close connection to the first 

step. NOB converts NO2
- to NO3

-, as presented in Reaction 2. The optimum pH range for the 

process is 7.2-8.0. (Bhattacharya & Mazumder, 2021) 

NO2
- + O2 → NO3

-    [2] 

Another pathway for nitrification is called nitrifier denitrification. In nitrifier denitrification, 

the sequence to oxidize NH4
+ to NO2

 and reduce NO2
- to N2O and N2 involves only one group 

of microorganisms called autotrophic NH3-oxidizers. (Wrage et al., 2001) This pathway will 

be discussed in the forthcoming chapters, including the different pathways in which N2O can 

be produced and how different operating parameters influence the production of N2O. 
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The nitrification step is followed by denitrification. In this step, NO3
- is converted to N2, which 

is done in several steps with denitrifying bacteria. Unlike nitrifying bacteria, denitrifying 

bacteria use organic matter as their energy, i.e., heterotrophic. These bacteria operate in an 

anoxic/anaerobic environment. When the oxygen is limited in the water, the denitrifiers will 

switch from aerobic respiration (at which nitrification occurs) to anaerobic respiration. They 

are using NO3
- as the electron acceptor.  (Skiba, 2008) If the anoxic environment has a high 

amount of dissolved oxygen (DO) in the reject water, the denitrification will be inhibited or not 

fully completed. Reject water usually has a high load of organic matter; however, adding an 

external carbon source is crucial if the carbon source has been consumed during the nitrification 

step. If not, the denitrification process will not be able to operate. A ratio of COD/N with a 

minimal value of 4 is required for the denitrification process. If that ratio is too low, i.e., a non-

sufficient carbon source, it will lead to a low process efficiency, thus NO2
- accumulation and 

increased N2O production.  An example of a carbon source that can be added is methanol 

(CH3OH). (Karmann et al., 2024) Reaction 3 shows the denitrification process with the 

intermediate-produced compounds. 

 

NO3
- → NO2

- → NO → N2O → N2   [3]

  

2.2.1.2 Deammonification process  

The deammonification process includes partial nitritation and anammox. In this process, 

various steps in the nitrification process have been bypassed or eliminated. The 

deammonification process does not need an organic carbon source, as the conventional 

nitrification-denitrification process needs. The first step is the so-called partial nitritation. Only 

about half of the ammonium in the reject water is converted to nitrite without further nitrate 

oxidation. The partial nitritation step is followed by the anammox step. In this step, the formed 

nitrite from the nitritation and the remaining ammonium will react and form N2 with the help 

of anammox bacteria. Deammonification can be carried out in either one-stage or two-stage 

processes. In two-stage deammonification, the partial nitritation and anammox process occur 

in two separate reactors. In one-stage deammonification, the partial nitritation and anammox 

process co-occur, and ammonium oxidizers co-exist with anammox bacteria. This happens on 

a biofilm that grows on carriers in the reject water treatment basin. The outer layer of the 

biofilm carrier is concentrated with AOB, and the inner layer contains anammox bacteria. 

(Sultana, 2014; Trela et al., 2015) A schematic figure of the one-stage process with a biofilm 

carrier is shown in Figure 3.  



 

7 

  

 

Figure 3. A schematic figure of a biofilm carrier used on one-stage deammonification. The figure is taken from the 

operational manual of the ANITA™Mox process at Bromma WWTP 

This process is considered more environmentally friendly and cost-effective than the actived 

sludge process to remove nitrogen compounds from the reject water. This is due to a lower 

energy-demanding process, no need for an external carbon source, and lower greenhouse gas 

emissions. (Gao & Xiang, 2021) The ANITA™Mox process applies the anammox process 

using biofilms and treats the reject at Bromma WWTP. Conventional nitrification-

denitrification is commonly used in the mainstream of wastewater treatment. The reason why 

anammox is not applied in the mainstream treatment is the need for high temperatures, 30-35 

°C, in the water. This is possible in reject water, but it takes too much energy to heat the 

mainstream wastewater (having a typical temperature of 10-20 °C) to the required temperature. 

Figure 4 shows an overview of the different pathways for nitrogen treatment. 

 

Figure 4. A schematic figure over the different pathways for nitrogen treatment. The figure has been illustrated by the author 
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2.2.2 Chemical treatment  

Biological processes are the most common and well-established method of treating reject 

water. However, the bacteria in these processes are susceptible to pollutants in the water, such 

as pharmaceuticals or other organic matter. Therefore, reject water can be treated with chemical 

techniques. Another reason for chemical methods is that they facilitate the recovery of nutrient 

resources, e.g., ammonium.  

Several methods can be used to treat the reject water chemically. Chemical precipitation, where 

salt, commonly metal salt, is added to the reject water, transforms unwanted substances into 

solid particles. One effective way to remove ammoniacal nitrogen (NH4-N) is to add 

magnesium salts and additional phosphate to the wastewater. Further, a solid substance called 

struvite (MgNH4PO4 H2O) will be precipitated. The precipitate is then further removed via 

filtration or settling (gravity). (Karmann et al., 2024; Trotochaud et al., 2020) 

Ammonia stripping is a physio-chemical method. The basic principle is to adjust the 

equilibrium between ammonium and free ammonia in favor of free ammonia. Free ammonia 

is well-soluble in water. Ammonia gas will be formed by increasing the pH by adding lime or 

other caustic chemicals. (Guštin & Marinšek-Logar, 2011; Karmann et al., 2024) The stripping 

process is performed in advance with counter-current stripping power and media packing in 

the tower. A significant drawback of ammonium stripping is fouling in the stripping tower and 

producing ammonia gas. The fouling problem results from using alkali chemicals to increase 

pH since, e.g., calcium carbonate can precipitate in the tower. Over time, this will lead to lower 

stripping performance, and regular cleaning is needed. The ammonia gas is not 

environmentally friendly and should not be emitted directly to the air. An adsorption step can 

be implemented to prevent this and recover the gas by adding sulphuric acid (H2SO4). 

Recovering the ammonia gas and upgrading it to solid fertilizers ((NH4)2SO4) is possible. 

(Kinidi et al., 2018; Zangeneh et al., 2021) 

Membrane technologies can be used to recover and treat reject water. These methods are both 

practical and selective in treating wastewater. Standard membrane processes for nitrogen 

treatment and recovery of ammonia include membrane distillation (MD), reverse osmosis 

(RO), and forward osmosis (FO). (Y. Zhou et al., 2023a) 

EasyMining, an innovation company part of the Ragn Sells group, has innovated a process 

called Aqua2®N. The process is divided into two steps: a precipitation step and a separation 

step. The precipitation step considers adding magnesium and phosphate to the reject water to 

form struvite. If the pH needs to be adjusted, sodium hydroxide should be added to the sludge 

liquor. The treated liquor is discharged into the mainstream after this step. The second step is 

adding sulfuric acid to break the struvite. Hence, ammonium sulfate is formed. The magnesium 

phosphate precipitate can be regenerated and reused in the precipitation step. The ammonium 

sulphate is evaporated to a concentrated 30-40 % liquid that can be used as fertilizer. 95 % of 

the ammonium can be removed using this method. The advantage of this process is the 

enhanced circular economy, and no N2O is produced. (EasyMining, 2024) 
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2.3 N2O pathways in reject water treatment 

As mentioned, conventional nitrification-denitrification is commonly used to treat wastewater 

and reject water from nitrogen. The bacteria that perform in the nitrification process, AOB, and 

heterophilic denitrifies have a pathway of producing N2O. However, anammox bacteria and 

NOB cannot produce N2O. A complete nitrification-denitrification process has a higher 

potential to produce N2O than the deammonification process. A potential way to reduce N2O 

emissions is to change the process from a conventional nitrification-denitrification to 

anammox. If the nitrification and denitrification are stable, this will result in low N2O emissions 

since N2O is an intermediate product that will accumulate at malfunction. (Westling, 2011) 

Three possible production pathways for N2O exist in biological processes. Figure 5 

schematically shows these pathways. 

 

Figure 5. Overview of the different pathways for N2O production in biological nitrogen treatment. The figure has been 

illustrated by the author 

 

i. Heterotrophic denitrification is the same denitrification described previously in the 

review where N2O is an intermediate step, as seen in Equation 4, highlighted in bold.  

NO3
- → NO2

- → NO → N2O → N2  [4] 

 

The reaction appears in four sequential steps, catalyzed by four different enzymes. During 

normal operation conditions, the reaction rate of the reduction of nitric oxide (NO) and N2O is 

higher than that of NO2
- and NO3

-. During these conditions, NO and N2O will be fully 

consumed, and the reaction to N2 will be fully completed. However, suppose there is a 

disturbance in the operation conditions, e.g., accumulations of nitrite or the presence of oxygen. 

In that case, it has been shown that the enzyme N2O-reductase quickly inhibits, which favors 

the formation and emission of N2O. (Nilsson Påledal et al., 2020; Yang et al., 2022) 
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ii. Autotrophic denitrification 

 

NH4
+ → NH2OH → NO2

- → NO → N2O  [5]

  

The nitrification of ammonium to nitrate is carried out with autotrophic bacteria. These bacteria 

oxidize ammonium via hydroxylamine (NH2OH), and NO2
- is formed. Further on, AOB 

converts NO2
- to NO3

-. Autotrophic bacteria can also act as the enzyme to reduce NO2
- to NO 

and N2O. Several studies have shown that autotrophic denitrification is the primary source of 

N2O emissions when treating nitrogen in wastewater treatment plants. This especially is a 

problem at unfavorable oxygen levels (not at zero, but low) or increased nitrite concentrations. 

(Nilsson Påledal et al., 2020; Yang et al., 2022) The autotrophic denitrification is shown in 

Equation 5, where N2O is highlighted in bold. This process can also be called nitrifier 

denitrification.  

iii. Hydroxylamine oxidation/autotrophic nitrification   

 

NH4
+ →NH2OH → N2O   [6]

    

N2O can be produced via a byproduct at incomplete oxidation of hydroxylamine. A simplified 

reaction is shown in Equation 6, where N2O is highlighted in bold. When ammonium is 

oxidized to nitrite via NH2OH, it is catalyzed with two different enzymes. AOB produces N2O 

via the hydroxylamine oxidation pathway at high ammonium and low nitrite levels. AOB can 

oxidize the ammonium to NH2OH, and then N2O can be formed as a side reaction in converting 

NH2OH to nitrite. The hydroxylamine oxidation occurs at local spots in the wastewater 

treatment, experiencing anoxic to aerobic shifts. Thus, the oxidation rate of ammonium can be 

stimulated, increasing NH2OH production and N2O emission. The formation process of N2O is 

favored by an unbalanced activity of the AOB, e.g., high ammonium concentration. (Lee et al., 

2022; Nilsson Påledal et al., 2020; Yang et al., 2022) 

 

2.4 Operating parameters  

Several operational parameters have been identified to influence the production and emission 

of N2O when nitrogen is treated at wastewater treatment plants. The most important parameters 

will be presented in the following paragraphs. 

2.4.1 pH and alkalinity 

pH is one operational parameter that affects the formation of N2O. It influences the direct 

kinetics of the AOB and NOB. It has been shown that N2O was formed at a pH below 6.8 in 

the denitrification process. Thus, an acidic pH enhances the N2O emissions. Also, similar 

studies have shown an increase in N2O emissions during denitrification when pH decreased 

from 8.5 to 6.5. (Kampschreur et al., 2009) The enzyme N2O-reductase is rather sensitive 

outside the pH range of 7.5-8.0. Still, it has been estimated that the kinetics of the enzyme had 

a maximum reduction rate of N2O compared to the reduction rate for nitrite and nitrate at a pH 

over 6.0 to 9.0. Also, in these pH ranges, the hydroxylamine oxidation is limited. Further, an 



 

11 

  

alkali pH is preferred to mitigate the emissions of N2O. However, the pH in reject water is 

generally between 7.0 and 8.0 and relatively stable. This results in pH being expected to play 

a minor role in forming N2O emissions. (Kampschreur et al., 2009; Lee et al., 2022; Trela et 

al., 2015) 

 

The alkalinity in the reject water is decreased during the nitration process, and a study by 

Bagchi et al. (2010) showed that alkalinity could be a controlling parameter in the one-stage 

deammonification process. The nitrite – and nitrate accumulation can be adjusted by enhancing 

alkalinity compounds such as NaHCO3 and NaOH. (Trela et al., 2015) 

2.4.2 Dissolved Oxygen  

Dissolved oxygen (DO) concentration is essential for N2O emission in the nitrification and 

denitrification processes. In autotrophic denitrification, high DO levels favor N2O emissions 

due to the acceleration of ammonium oxidation. Anaerobic denitrification can be inhibited by 

high DO, leading to N2O accumulation. N2O-reductase is more sensitive to oxygen than other 

reductase enzymes. This leads to N2O emission during denitrification when oxygen is at low 

levels. Low DO levels favor N2O emissions from heterotrophic denitrification. (Lee et al., 

2022) Further, NOB can effectively be inhibited by low DO levels (<0.5 mg/L), causing nitrite 

accumulation. Meanwhile, the low DO levels result in a relatively slow conversion rate for 

ammonium, which results in an inefficient treatment process. (Y. Zhou et al., 2023b) 

Incomplete hydroxylamine oxidation and nitrifier denitrification occur at DO levels within 0.2-

1.5 mg/L. High aeration intensity leads to high DO, and heterotrophic activity can be inhibited. 

This promotes the NH2OH oxidation, and thus, emission will increase. (Kampschreur et al., 

2009; Y. Zhou et al., 2023b) At aerobic conditions in the anammox process, elevated DO 

concentrations result in increased N2O emissions. The nitrite contraction will increase when 

the DO increases due to an increased aeration rate, resulting in elevated N2O emissions. 

(Westling, 2011) 

Zhou et al. (2019) performed a pilot scale experiment and noted that DO >0.05 mg/L of the 

N2O emissions mainly were formed by autotropic denitrification. Though, for autotropic 

denitrification, a low DO (<1.5 mg/L) favors the production of N2O. At DO levels >3.5 mg/L, 

the N2O formation can partially be inhibited due to the attributable elevated ammonium 

oxidation rate. As an effect of increased DO, nitrifier denitrification can be reduced due to 

inhibition. (N. Zhou et al., 2019) 

It has been shown that with oxygen concentration in the liquid <1 mg/L, the production of N2O 

can correspond to 10% of the nitrogen load. The DO level is complex since the aeration rate 

(the oxygen source) cannot be too high in the nitrification step, leading to a too-high oxygen 

load in the denitrification step. Too high oxygen concentration in the denitrification enhances 

the N2O emission, which will happen if the aeration rate in the nitrification step is too high. 

However, it is crucial to control the dissolved oxygen to ensure a complete nitrification process 

and prevent the accumulation of NO and N2O. (Thakur & Medhi, 2019) 
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2.4.3 Intermittent aeration  

The most straightforward method to control the DO is to adjust the aeration rate. Reducing the 

aeration rate aims to slow the ammonium oxidation and the mass transfer of N2O from the 

liquid to the gas phase. However, a novel and innovative idea is to change the aeration pattern 

from continuous to intermittent. This idea is governed by nitrifier oxidation requiring an 

aerobic environment, achieved from aeration, and heterotrophic denitrification, favored under 

anaerobic conditions. By applying intermittent aeration, a pause occurs and can provide an 

interval when DO is lower, thus driving the reaction of heterophilic denitrification. A low DO 

level and intermittent aeration will lead to AOB producing more N2O. (Lee et al., 2022; Trela 

et al., 2015) During the aeration phase, the hydroxylamine oxidation pathway is expected to be 

the most prominent production step of N2O. This is in combination with a concentration of 

ammonium between 100-300 mg/L and nitrite concentrations varying from 1.2 mg/L, with DO 

concentrations of around 0.8 mg/L, which can be seen as a moderate för anammox process. 

However, in the non-aerated phase and the anoxic parts of the biofilm the N2O production is 

dominated by autotropic denitrification. Autotropic denitrification is linked to nitrite 

availability; thus, the emission ceases when the nitrite concentration decreases. (Blum et al., 

2018) 

 

A study by Miao et al. (2022) showed that the applications of an intermittent pattern were one 

of the most cost-effective methods for biological wastewater treatment. An intermittent 

aeration pattern would enhance nitrogen removal and sludge settleability due to organic carbon 

being diverted from oxidation by O2 to denitrification. The aeration should be stopped before 

half of the ammonium has oxidized to nitrite. This would result in both reduced energy 

consumption and N2O emissions. (Miao et al., 2022) One study from Osada et al. (1995) 

decreased N2O emission when applying periodic aeration from 35% to 1% of the nitrogen load. 

This is due to the prevention of nitrite accumulation. (Kampschreur et al., 2009) 

 

A report from IVL Svenska Miljöinstitutet (Westling, 2011) highlights and summarizes several 

studies regarding N2O production. From these studies, it has been shown that N2O emissions 

appear at the alteration from anoxic to aerobic conditions. However, it is still unclear if the 

N2O is produced mainly from the transition or if the emissions are an effect of air stripping. 

(Westling, 2011) 

2.4.4 Nitrite and ammonium concentration  

High nitrite and ammonium concentrations locally in the water affect nitrification and 

denitrification, leading to N2O emissions. Increased nitrite concentration during the 

nitrification can lead to increased nitrifier denitrification by AOB, thus increasing N2O 

production. Elevated nitrite levels alongside diminished DO are known to inhibit the involved 

enzymes (nitrite reductase and nitric oxide reductase) in AOB, thereby promoting the 

production of N2O via the nitrifier denitrification pathway. Under aerobic conditions, high 

nitrite concentrations (1-50 mg/L) in combination with low DO (<1 mg/L) will promote N2O 

production pathways, i.e., AOB denitrification. However, despite the defect in the process 

operation, even at higher NO2
- concentrations (50-1000 mg/L), an inhibition effect on N2O 



 

13 

  

pathways and control of N2O production were observed. Further, in anoxic conditions, the 

denitrification rate will decrease with the accumulation of NO2
-, thus eventually N2O 

formation. In heterotrophic denitrification, high nitrite concentration will inhibit complete 

denitrification, and therefore, NO and N2O accumulation and so on increased emission of N2O. 

Thus, reducing nitrite and ammonium concentrations in wastewater will reduce and lower the 

accumulation of N2O. (Chen et al., 2020; Kemmou & Amanatidou, 2023; Thakur & Medhi, 

2019) In the anammox process, ammonium and nitrite have a positive joint correlation, i.e., 

high ammonium concentrations consensually result in high nitrite concentrations and vice 

versa. This will also result in high N2O emissions. (Westling, 2011) Theoretically demands a 

higher ammonium load and higher nitrogen removal in the treatment process; this can 

potentially result in higher N2O emissions, which studies have confirmed. In addition, higher 

nitrogen removal demands a higher aeration flux to maintain the DO concentration at 

reasonable levels. Higher aeration can affect the stripping effect of the N2O, thus resulting in 

higher emissions. (Yang et al., 2022) 

2.4.5 COD/N ratio  

As described earlier in the report, an external carbon source must be added to achieve complete 

denitrification. If there is a limitation in the carbon source in the denitrification step, this will 

lead to increased N2O emissions. The type, access of the carbon source, and the amount of the 

carbon source added to the income nitrogen load, also called the COD/N ratio, will influence 

the denitrification rate. The impact of different ratios has been studied; overall, a lower ratio of 

COD/N results in higher N2O emissions due to improper denitrification (when compared to 

1.5, 2.5, 3.5, and 4.5 ratios), i.e., if the COD/N ratio increases the N2O emissions will decrease. 

However, if the COD/N is too high, nitrite accumulation will occur, resulting in extra formation 

of N2O. For complete denitrification, at least a COD/N ratio of 4 is required. Studies have 

shown that N2O emissions were raised to 30% when the COD/N ratio was below 3.5 when 

treating high-strength wastewater (wastewater with a concentration of  BOD, suspended solids, 

or nitrogen high compared to domestic wastewater (High-Strength Waste Definition, 2024)) 

while another study presented that insufficient COD levels results in increased N2O formation. 

A lower ratio will result in elevated N2O emissions. (Kampschreur et al., 2009; Thakur & 

Medhi, 2019) 

The anammox process is beneficial if the wastewater has a high nitrogen concentration and low 

COD, such as reject water. Studies have shown that anammox bacteria can compete with 

heterophilic bacteria if the COD/N ratio is lower than 0.5 in the inflow reject water. If the 

anammox process dominates, the COD/N ratio should not exceed 2.9 (Trela et al., 2015). 

Another benefit regarding anammox is the lack of an external carbon source since the 

denitrification step has been reduced.  

2.4.6 Temperature 

The temperature is an essential operational parameter in nitrification-denitrification and can 

affect N2O production. Low temperatures can reduce the activities in both nitrification and 

denitrification. Generally, reject water treatment operates with mesophilic microorganisms 

with a temperature optimum between 30 and 38 °C. Reject water has a temperature of around 
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35 °C. The denitrification process has a low activity below temperatures of 5 °C. The activity 

increases linearly until a maximum between 25 and 30 °C and decreases to a minimum of 

around 65 °C. Studies have been done on deammonification at a temperature range between 15 

and 45 °C. This minimum is due to enzyme denaturation (growth stop). The growth rate of the 

microorganism and the temperature dependence can be derived from the Arrhenius equation. 

Due to the temperature dependency, fulfilling complete denitrification at temperatures below 

15 °C can be challenging. If incomplete denitrification occurs, the higher the risk that N2O is 

produced. (Kanders, 2019; Trela et al., 2015) 

2.5 N2O emission factor 

Quantifying the emission factor (EF) is crucial for assessing and mitigating environmental 

impacts. The N2O emissions factors are typically expressed as the ratio of emitted N2O-N (kg-

N/day or h) to the influent N-tot load (kg-N/day or h). In some instances, the nitrogen removal 

amount through nitrification and denitrification is used instead of the nitrogen load. Various 

factors, including process configuration, operational conditions, environmental conditions, and 

monitoring campaigns, influence the emission factors. (Law et al., 2012) 

A measurement campaign from Ejby Mølle WWTP in Denmark showed the N2O emissions 

from a full-scale granular sequencing batch reactor (SBR) deammonification was 4-8% of 

incoming N-tot load under standard intermittent aeration control. When the control was 

changed from intermittent to continuous aeration, the emissions were divided by half, 2-4% of 

the incoming N-tot load. At Slottshagens WWTP in Norrköping, Sweden, a measurement 

campaign was performed at a fullscale sidestream SBR operated in nitrification-denitrification 

and showed that the average N2O emissions of about 10% of the incoming N-tot load; however 

after changing the sidestream treatment process for reject water to deammonification MMBR 

(moving bed biofilm reactor) to emission was reduced to an average of 0.1-0.7 % of the 

incoming N-tot load. The deammonification was operated under continuous feed and aeration. 

In 2012, a measurement campaign at Växjö WWTP, Sweden, and their ANITA™Mox process 

was the average N2O emissions of 0.2-0.8% of the incoming N-tot load. During stable 

operation, the emissions were reported to be very low (0.04-0.16%) and higher, up to 1%, when 

the feed was not continuous and stop in the aeration. The Intergovernmental Panel on Climate 

Change (IPCC) Guidelines recommended a maximum EF of 0.016 kg N2O-N/inflow N-tot load 

(1.6 %) in 2019. (Lemaire & Christensson, 2021; Ye et al., 2022)  
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3. Methodology  
This section will present the thesis's overall methodology, including the scenarios' 

experimental design, how the N2O has been measured,  the profile measurement method, and 

data sampling. 

3.1 Experimental design  

3.1.1 N2O scenarios 

Four scenarios have been designed to be operated in the reject water treatment to find the 

operating scenario with the lowest N2O production. The scenarios are based on what can be 

operated and adjusted at Bromma WWTP´s treatment process and on the literature. Scenario 1 

to shift from continuous to intermitted aeration, with two different aeration retention times but 

the same ratio between the aeration and non-aeration periods. The aeration pattern is 

continuous throughout the rest of the scenarios. In scenario 2, the DO concentration is adjusted 

to remain relatively constant to set values. The third scenario is to adjust the ammonium load 

into the reactors.  This is done by adjusting the distribution of reject into the reactors. Today, 

in a cycle time of 60 minutes, 70% of the time, the reject flows into R1, and the remaining 

cycle time, the reject flows into R2. The percentage into R1 is adjusted to vary the ammonium 

load. The fourth and last scenario is to change the configuration in the process – from parallel 

to series. In this scenario, other parameters will not be targeted or specified adjusted as in the 

different scenarios. An overview of the scenarios for the reject water treatment and the time 

frame is presented in Table 1, where the week is presented as absolute weeks during 2024.  

Table 1. Overview of the scenarios. The weeks are absolute weeks during 2024 

Week Scenario Description 

8-9 Scenario 0 Regular operation of the process 

10-11 Scenario 1 Intermittent aeration 

 Scenario 1A  Aeration is 30 min, and non-aeration is 15 min.  

 Scenario 1B Aeration is 60 min, and non-aeration is 30 min.  

12-13 Scenario 2 Dissolved oxygen concentration 

 Scenario 2A Dissolved oxygen concentration 1.25 mg/L 

 Scenario 2B Dissolved oxygen concentration 0.4 mg/L  

14-15 Scenario 3 Ammonium load  

 Scenario 3A 0.88 kg NH4-N/m3 per day into R1 

 Scenario 3B 1.32 kg NH4-N/m3 per day into R2 

16-17 Scenario 4 Serie configuration of the process 

 

As can be seen, two scenarios are within the scenarios: A and B. These scenarios will be 

operating in parallel; however, the scenario with the highest impact and stress on the process 

will be operated in R2 due to the lower volume of the reactor. All the B scenarios have been 

considered to have the highest stress on the process and thus conducted in R2.  
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Only the presented parameters for each scenario will be adjusted. This is due to the full-scale 

ongoing process and some difficulties in changing the process too much and several parameters 

simultaneously. There is also an obligation with nitrogen removal that cannot be deranged due 

to laws and guidelines. 

Each scenario will operate for two weeks, based on the process retention time of about one day. 

To stabilize the new operational scenario, each scenario will run at least six times the retention 

time for the anammox process at Bromma WWTP.  

3.1.2 N2O measurement  

The N2O online instrument measures the overall produced N2O in the gas phase in the off-gas 

ventilation. However, since different operating scenarios will be performed in the two reactors, 

it is not possible to individually and separately measure the produced N2O from each reactor 

as the current design is. The produced gases are transported via three Iris valves connected to 

one joint pipe. Two Iris valves are connected to R1 and one to R2. Figure 6 shows one of the 

Iris valves as the sliver sieve in the middle of the grey pipe. These Iris valves can be opened 

and closed; thus, the N2O gas flow can be adjusted to flow only from R1 or R2. The normal 

condition is to have the valves open in all three pipes. The Iris valves are adjusted via screwing 

on a nut which then changes whether the valves are open or not or somewhere between. This 

is indicated with an analog number display here: 0 indicates “completely open,” and 8 means 

“(almost) closed.” The N2O flow is altering between the two reactors throughout the 

experimental period.  

 

 

 

 

 

 

 

 

 

 

 

3.1.3 Profile measurement  

A manual measurement profile over several parameters will be conducted in parallel with the 

main scenarios in the reject water reactors. These parameters were decided based on today’s 

Figure 6. Picture one of the Iris valves placed on the top of the reject treatment basin. The picture has been taken by 

the author 
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manual measurements and relevant parameters connected to N2O production that are 

interesting to investigate. 

The following parameters were measured each time:  

• pH (Endress+Hauser pH electrode) 

• Dissolved Oxygen (DO) concentration (Endress+Hauser DO sensor) 

• Temperature (Endress+Hauser DO sensor) 

• Conductivity (GLF 100 from GHM-GREISINGER 

• Nitrite (Hach Lange LCK302 cuvette 47-130 mg/L) 

One ammonium (Hach Lange LCK302 cuvette 47-130 mg/L) profile will be performed for 

each scenario.  

The measurement points are presented in Figure 7 as the black boxes. Figure 8a shows one of 

the actual hoods. The first point is the supernatant reject water (not shown in Figure 7), which 

is placed in the centrifugal hall. In R1, three hoods were placed in the middle of the basin; these 

can be opened, and the grab samples were taken from here. R2 has two hoods for sampling. 

The outflow for both reactors was also set to the measurement point. The outflow box is shown 

in Figure 8b, with the discharged reject from R1 to the right and the discharged reject from R2 

to the left. The online ammonium and nitrate instruments are the black instruments placed in 

the respective outflow boxes. The profiles were measured three times a week, except for 

scenarios 0 and 1, where only four respective five profiles were performed during the two 

weeks.   

Figure 7. A schematic figure of the measurement points marked with black boxes represents the hoods. The figure shows the 

basin from above, but it is not on the proper scale  

a)   b) 

R1 R2 

Figure 8. a) One of the hoods located in the middle of the basin, used as measurement point b) outflow box marked with the 

discharged point for R1 and R1. The pictures have been taken by the author 

R1 R2 
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3.2 Experimental procedure 

3.2.1 N2O scenarios 

The reject water treatment process is controlled via a control system (Siemens, PCS 7). The 

process was adjusted for each week, as presented in Table 1. Other parameters and adjustments 

in the process are kept as in a daily operation. Since the process does not operate as regular, it 

can be sensitive if parameters are drastically changed, which can happen during these test 

weeks. Other parameters can be affected if other parameters change. The goal is not to change 

the target parameters during the weeks that scenario is operated; however, if the process is 

damaged, i.e., the bacteria flora in the biofilm takes damage or the outflow if ammonium, 

nitrite, and nitrate are too high, adjustment is crucial to execute. The following line-up presents 

briefly an overview of what was conducted during the eight weeks of the experiment. The 

weeks presented are week numbers for 2024. 

• Week 10 and 11, scenario 1  

The process was reprogrammed to switch from continuous to intermitted aeration. For R1, the 

aeration was set for 30 minutes, followed by a 15-minute pause. In R2, the aeration was set for 

60 minutes with a 30-minute pause. At the end of the first week, the pause time was changed 

to 15 minutes in both reactors. At the end of week 11, the pause time was halved in both 

reactors, i.e., 7.5 minutes.  

• Week 12 and 13, scenario 2  

The process is controlled through the oxygen concentration (DO) in the reject, i.e., the aeration 

flow depends on the detected and set oxygen concentration. The aeration pattern returns to 

normal condition, i.e., continuous aeration. Since the DO concentration controls the process, 

the DO concentration will vary between specific values. However, the DO in each reactor will 

differ significantly, with a higher DO in R2 and a lower in R1. The DO in R1 will be between 

0.5 and 0.15 mg/L, and the DO in R2 will be between 0.8 and 0.45 mg/L when the DO is 

adjusted with the same span up and down to maintain a significant difference in the DO 

concentration in the reactors. 

• Week 14 and 15, scenario 3  

The load of nitrogen, more precisely ammonium, was adjusted by changing the flow in each 

reactor. The flow from the centrifuges cannot be adjusted and is based on the capacity of sludge 

in the process and the function of the centrifuges. However, the reject water treatment has a 

limited capacity of treating 35 m3/h reject water. To change the ammonium load, the inflow 

distribution was changed from 70% to 57% of the cycle time (60 minutes) inflow in R1 and 

30% to 43% of the cycle time inflow in R2. This results in a higher ammonium load into R2, 

approximately 1.5 higher than the inflow in R1. The ammonium load will be 0.88 kg NH4-

N/m3 per day in R1 and 1.32 kg NH4-N/m3 per day in R2.  

• Week 16 and 17, scenario 4  

The process is transformed from a parallel configuration to series configuration. This means 

all rejects flow into R1, and the majority flow from R2. However, approximately 10 to 15 % 
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of the inflow in R1 also flows out of R1. Thus, the ammonium and nitrate instruments located 

in the water do not need to be stored in drinking water throughout the scenario and can control 

the process that occurs in R1.  

3.2.2 Profile measurement  

The pH and oxygen concentration were measured with a portable measurement device from 

Endress+Hauser. The pH electrode is calibrated each operating day with 2-point calibration 

(pH 7 and 10). The same device, but with an oxygen electrode, was used to measure the oxygen 

concentration; the same electrode was used for the temperature profile in the reject water. All 

these measurements were conducted by opening the hoods and measuring directly into the 

reject water. The electrodes were submerged into the basin, approximately 0.5 meters, for 3-8 

minutes. The conductivity was measured with GLF 100 from GHM-GREISINGER. This 

instrument had a shorter cord, and so on, making it harder to get in-depth with the electrode. 

However, after the first experimental week, the pH measurement was affected by the turbulent 

flow, difficulty measuring the pH, and conductivity directly into the hoods. These parameters 

were further measured as a grab sample from the reject basin, measured in a plastic can. The 

reject water needed to be roughly filtered to reduce the suspended solids for the nitrite and 

ammonium analysis. This was done by filtering the reject water with regular paper towels and 

stored in plastic bottles for further analysis.  

The nitrite concentration was measured with a Hach Lange LCK323 nitrite cuvette 0.6-6.0 

mg/L measurement kit, and 0.2 mL of filtered reject was added to the cuvette. Furthermore, 

solid chemicals are added to the cuvettes. After 10 minutes, the cuvette was placed in the Hach 

spectrophotometer model DR3900, and the nitrite concentration was presented immediately. 

The ammonium concentration is measured with Hach Lange LCK302 cuvette 47-130 mg/L by 

adding 0.2 mL of the filtered reject to the cuvettes and adding the solid chemicals. After 15 

minutes, the cuvettes were placed in the Hach spectrophotometer, and the ammonium 

concentration was presented immediately.  

3.3 Data sampling  

All data and measurements from online instruments are stored, saved, and shown online using 

software called aCurve (Germit AB), which is used at SVOA. Data can be extracted and further 

analyzed in, e.g., Microsoft Excel. All the presented data, such as the N2O emissions, DO 

concentration (from the online instrument), aeration flow, reject flow, ammonium 

concentrations, etc., are exported from aCurve. The profile measurements are processed in 

Microsoft Excel.  

The N2O online instrument measures the emissions in ppm. In mid-February 2024, an online 

instrument was installed for the off-gas flow (Nm3/m) in the ventilation from the reject 

treatment process. The data from the installed online instrument can recalculate the ppm to a 

mass flow of N2O. For the data analyzed before the installation of the ventilation flow 

instrument, the total airflow into each reactor was used, which is also data taken from two 

online instruments from aCurve. 
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The mass flow [g/h] of N2O is calculated according to Equation 7: 

𝐴𝑖𝑟 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑥ℎ𝑎𝑢𝑠𝑡 𝑔𝑎𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 [𝑁𝑚3/ℎ] ∗ 𝑁2𝑂 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑝𝑝𝑚 𝑜𝑟 𝑐𝑚3

𝑁𝑚3⁄ ] ∗  0,001861 [
𝑔

𝑐𝑚3⁄ ]          [7] 

0.001861 g/cm3 is the density of N2O at 15 °C (the average temperature in the off-gas 

ventilation pipe), the airflow of the exhaust gas in the ventilation, and the N2O production in 

ppm. In the ventilation, there is some air loss in the pre-sediment hall. Approximately 83% of 

the air passes through the off-gas ventilation, and the rest is leaked into the hall. However, the 

calculations do not consider this since it was found late during the thesis work.  

The calculated key figures will be compared further to find the scenario with the lowest N2O 

emissions. The relevant key figure is the rate of the influent N-tot load emitted as N2O-N; N2O-

N has been used since the nitrogen in the compound is interested in the removal process. 

Equation 8 presents the relationship used to calculate the key figure.  

𝐼𝑛𝑓𝑙𝑜𝑤 𝑁𝑡𝑜𝑡 𝑙𝑜𝑎𝑑 [
𝑘𝑔

ℎ
⁄ ] = (𝑁𝑡𝑜𝑡𝑖𝑛[

𝑚𝑔
𝐿⁄ ] ∗ 𝑅𝑒𝑗𝑒𝑐𝑡 𝑓𝑙𝑜𝑤 [𝑚3

ℎ⁄ ])/1000              [8]

  

The concentration of N-tot is taken from external lab results. Reject flow is taken from the 

online instrument from aCurve. The mass flow is calculated as presented in Equation 9 

𝑁2𝑂 − 𝑁 [
𝑘𝑔

ℎ
⁄ ] = (𝑀𝑎𝑠𝑠𝑓𝑙𝑜𝑤 𝑁2𝑂 𝑓𝑟𝑜𝑚 𝐸𝑞. 7 ∗ 0.64)/1000             [9]

   

64% of N2O consists of nitrogen, and as mentioned, the nitrogen that is of interest. 

The key figures are calculated as the ratio of Eq. 8 and 9, as presented in Equation 10.  

% 𝑁𝑡𝑜𝑡 𝑙𝑜𝑎𝑑 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑡𝑜 𝑁2𝑂 − 𝑁 = 100 ∗
𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑁2𝑂−𝑁 [𝑘𝑔

ℎ⁄ ]

𝐼𝑛𝑓𝑙𝑜𝑤 𝑁𝑡𝑜𝑡 𝑙𝑜𝑎𝑑 [𝑘𝑔
ℎ⁄ ]

            [10] 
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4. Results and discussion  
In this section, the experimental results will be presented and discussed. The scenarios will be 

compared to the ratio of N2O-N emission and incoming N-tot load. The profile measurements 

will then be presented and discussed. The last section will discuss some interesting correlations 

regarding N2O emissions and parameters that affect the emission and an overall comparison of 

all the scenarios. All the data presented is obtained from August 2023 to April 2024.  

4.1 N2O emission  

A ratio of N2O-N emitted compared to the incoming load of N-tot to the reject treatment will 

be presented for each scenario, denoted as key figures, calculated as Eq. 10. The percentage 

given is the average value, with standard deviation as presented as error bars. For the minimum 

and maximum percentages for each scenario and the mass flow emission of N2O, see Appendix 

B. Each scenario will offer the mass emission rate in kg/h. The mass emission rate in kg/h is 

based on the time each sub-scenario was operated. This varies between three hours to two days, 

depending on how the Iris valves were adjusted and due to weekends and other holidays during 

the experimental time.  

4.1.1 Scenario 0 – Reference scenario  

Scenario 0 represents the process scenario before the experimental period. The online 

instrument for the N2O measure was installed in August 2023. Hence, data on emissions can 

be analyzed since then. However, for limitations, the two weeks before the experimental period 

will be denoted as scenario 0, and data during these weeks will be analyzed. Both reactors 

operate similarly, and therefore, the whole process will be studied as a whole, not divided 

between the two reactors, and treated in different scenarios as the other scenario will.  

The average ammonium concentration in R1 was 132 mg/L, and in R2, the average 

concentration was 137 mg/L during the first week of scenario 0. In the second week, the 

ammonium concentration was slightly lower in both reactors, 103 mg/L in R1 and 67 mg/L in 

R2. The aeration pattern is stable in both reactors. The distribution is 70 % in R1 and 30 % in 

R2. The oxygen concentration in R1 in both weeks is 0 mg/L; in R2, the oxygen concentration 

in the first week 0.036 mg/L (considered low), and in the second week was, the concentration 

0.012 mg/L, a low DO concentration overall. Figure 9 compiles the average percentage in a 

bar graf, with the error bars representing the standard deviation.  
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Figure 9. Scenario 0: Load N-tot converted to N2O-N, presented in percentage. The data is divided into two weeks. The 

error bars represent the standard deviation (n= 150 -170) 

These are the data from the two weeks before the experimental period. However, the pattern 

for the emissions further back in time is that a stable process results in stable emissions, i.e., 

low emissions. As can be seen, the emissions are stable during the two weeks, with  0.99% 

converted to N2O-N the first week and 0.98% converted the second week. The standard 

deviation is almost the same for the two weeks, and there is a slightly higher emissions rate in 

the first week. Still, it is not statistically significant due to the large standard deviation. Due to 

the similar values, the process is under relatively stable conditions.  

4.1.2 Scenario 1 – Intermittent aeration  

This scenario aimed to investigate the influence of intermittent aeration. Hence, the ratios 

between the aeration and non-aeration and the time for how long the aeration and non-aeration 

operate were examined. The ratio has been stated as how much shorter the non-aeration period 

is compared to the aeration period. The ratios (referred to as r) that have been investigated are 

2, 4, and 8, i.e., the non-aeration period is 2, 4, and 8 times shorter than the aeration period.  

Directly, when the process was changed from continuous to intermittent aerations, high and 

strong peaks of N2O emission appeared, as shown in Figure 10. As illustrated in the figures, 

the firm peaks occur when the aeration shifts from non-aeration to aeration. However, the high 

peak decreases rapidly to a stable line and drastically increases when the aeration changes from 

non-aeration to aeration. Moreover, as shown in Figure 10, the aeration in R1 significantly 

influences these high N2O emissions peaks, probably because the aeration rate in R1 is higher 

than R2 and dominates the process. The peaks can result from stripping the N2O in the water 

phase during the first minutes of the aeration. Small peaks can be seen when the aeration stops 

in R1, and the aeration then increases in R2. The peaks can be a result of stripping here as well. 

Furthermore, during this scenario, the two reactors could not be separated from the N2O 

emission, so the emission of N2O shown in Figure 10 is the total emission from both reactors. 

Figure 10 also highlights the difference between pause time and N2O emissions. Figure 10a 
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shows the pause of 15 minutes in both reactors; hence, the peaks are not as high as in Figure 

10b, and the distance between the peaks is more prolonged and lower than when the pause is 

7.5 minutes. A shorter pause results in a higher peak in N2O emissions, and the distance 

between the peaks is shorter. Figure 10b presents the intermittent aeration with a 7.5-minute 

pause in both reactors. The aeration in  R1 is 30 minutes and 60 minutes in R2 in Figures 10a 

and b.   

 a)    b) 

The reject water treatment process is programmed to stop the inflow of reject if the discharged 

concentration exceeds 200 mg/L in the respective reactor to help lower the ammonium 

concentration. The process is reprogrammed to regular inflow when the ammonium 

concentration in the discharged reject is below 200 mg/L. 

For the first scenario with intermittent aeration, the major problem was elevated ammonium 

concentration. The first change was in R2, which changed from a 30-minute to a 15-minute 

pause. By shortening the pause time in R2, the ammonium concentration decreased. However, 

in the middle of the first week of scenario 1, the ammonium concentration in R2 elevated once 

again. As a result, the pH also increased in both reactors due to ammonium accumulation. The 

ammonium concentration in R1 was also successively elevated, with a problem with a long 

pause time. The pause time was reduced to 7.5 min in both reactors in the middle of the second 

week. However, in R2, the ammonium concentration exceeded 200 mg/L. Thus, no reject water 

entered R2 due to the pre-installed program in the control system. The ammonium 

concentration did not decrease in R2, even if the reactor was not fed with new reject. This is 

due to the sieve between R1 and R2. Hence, the junction is not entirely closed, and a new reject 

flows into R2 from R1. The ammonium concentration in R1 also exceeded 200 mg/L; therefore, 

all the reject was cut off from the basin and bypassed to the Nockeby facility and the biological 

treatment. Since the ammonium concentration did not decrease in any of the reactors, a small 

inflow of new reject water was fed into the reactor within a limited time, thus converting the 

process back to a regular inflow of the reject water. This was successful in lowering the 

ammonium concentration.  

The main design plan of the experiment was to keep the ratio with a pause time half of the 

aeration period and only investigate the different times of aeration and non-aeration, 

respectively. However, the ratios between aeration and non-aeration must be adjusted due to 
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Figure 10. a) Aeration pattern with the N2O emissions with r=2 in R1 and r=4 in R2 with a 3 hours resolution  b) Aeration 

pattern with N2O emission r=4 in R1 and r=8 in R2 with 2 hours resolution. The data is directly taken from aCurve. The  
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other operating problems with changing to intermittent aeration, such as problems with high 

ammonium concentration in the reactors, discussed in the previous paragraph.  

The different ratios that have been investigated, as presented previously, are a ratio when the 

pause period is half of the aeration period (r=2), when the pause time is a fourth of the aeration 

period (r=4), and when the pause period is an eighth of the aeration period (r=8). This results 

in five sub-scenarios within the main scenario. When the pause time is half the aeration period, 

two different intervals have been tested: a 60-minute aeration with a 30-minute pause (R2) and 

a 30-minute aeration with a 15-minute pause (R1). In the scenario with r=4, two different time 

intervals have been tested: 60 minutes of aeration with 15-minute pauses and 30 minutes of 

aeration with 7.5-minute pauses. For the last ratio, r=8, only one interval was tested: 60 minutes 

aeration with 7.5 minutes pause. In this scenario with intermittent aeration, the ability to 

concentrate and adjust to only aim the emissions from one of the reactors has not been possible; 

an estimation has been done that two-thirds of the emissions are emitted from the process 

operates in R1, while one-third of the emission is emitted from the process operate in R2. This 

estimation allows the reactors' two scenarios to be divided and analyzed separately.  

Figure 11 presents the results from scenario 1 and presents the average percentage of incoming 

N-tot load converted to N2O-N, with the standard deviation given in the error bars. It is 

compared with the different ratios, where the blue bar in r=2 represents the case with 60-minute 

aeration and 30-minute pause, and the blue bar in r=4 represents 60-minute aeration and 15-

minute pause.  

 

Figure 11. Scenario 1: The average N-tot load converted to N2O-N in the different ratios. The error bars represent the 

standard deviation. (n=250). The red bar in r=2 is 30 minutes aeration and 15 minutes pause, and the blue bar is 60 minutes 

aeration and 30 minutes pause. The red bar in r=4 is 30 minutes aeration and 7.5 minutes pause, and the blue bar is 60 

minutes aeration and 15 minutes pause. The blue bar in r=8 is 60 minutes of aeration and 7.5 minutes of pause 

Comparing the different ratios, the scenario with 60 minutes of aeration and 15 minutes of 

pause (r=4) generates the lowest average conversion of the N-tot load to N2O-N, 0.44%, and 

the lowest standard deviation. When r=2, for the case with 30 minutes of aeration and 15 

minutes of pause, the average conversion ratio is 0.50%, the second lowest. The highest 
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average ratio has the scenarios with the short pause, 7.5 minutes. The high conversion ratio can 

result from short pauses and periods with too extended aeration, leading to an insufficient 

anoxic/anaerobic environment for the bacteria. According to a study by Brum et al. (2018), the 

dominant pathway in the aeration period is hydroxylamine oxidation. Elevated ammonium 

concentrations have also been shown to promote the hydroxylamine pathway. For the non-

aerated phase and in the anoxic layer of the biofilm, autotrophic denitrification dominates for 

N2O emissions, as the same study from Brum et al. (2018) discusses.  

4.1.3 Scenario 2 – Dissolved Oxygen control  

The second scenario aimed to examine the effect of the oxygen concentration. The reject 

treatment shifted from being controlled via pH to being controlled via oxygen concentration, 

i.e., the amount of aeration flux into the basin depends on the set oxygen values. Before this 

scenario was implemented, there had been some problems with the online instrument 

measuring the oxygen concentration since the instrument did not detect any oxygen or deficient 

concentrations. However, the instruments were maintained during these weeks, producing 

good oxygen detection in the reactor. During this scenario, the initial aim was to keep the 

concentration in the two reactors relatively stable but with a significant concentration 

difference. However, since controlling the process with oxygen concentration had not been 

done before, the set values of the concentration were adjusted throughout the scenario. 

Nevertheless, the set values in the respective reactor were adjusted to have a significant 

difference in oxygen concentration, i.e., if the set values were increased with 0.2 mg/L in R2, 

it was adjusted the same in R1, but there was a clear difference with high and low concentration. 

The results from the second scenario are summarized in Figure 12 and represent the average 

conversion ratio with the related average DO concentration detected in the basin throughout 

the scenario from the online instrument. The overall pattern is that too high DO results in 

increased N2O emission. However, too low DO also results in higher N2O emissions, as shown 

in Figure 11. The DO concentration of 0.36 mg/L can be seen as an outliner due to the higher 

emission (0.61%) compared to 0.34 mg/L, and 0.40 mg/L resulted in lower emissions, 0.074%, 

and 0.17%. Other parameters could have influenced this sub-scenario.  
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Figure 12.  Scenario 2: The average N-tot load converted to N2O-N in the different DO concentrations. The error bars 

represent the standard deviation. (n= 20 – 250) 

Since the bacteria operate in a co-existing environment where the process depends on aerobic 

and anoxic/anaerobic environments, the anaerobic process is inhibited by high DO 

concentration, and N2O is promoted. High DO will also enhance autotrophic denitrification 

(nitrifier denitrification) due to the acceleration of ammonium oxidation, as Lee et al. (2022) 

present. On the other hand, Y. Zhou et al. (2023) have shown that heterotrophic denitrification 

is favored if the DO concentration is too low. Kampschreur et al. (2009) and Y. Zhou et al. 

(2023) present that DO concentration and nitrite accumulation correlate. Since too low DO can 

inhibit NOB, resulting in elevated nitrite concentration, thus N2O production is favored. 

Hydroxtlamine oxidation can also be favored if the DO is too low.  

A too-low and too-high DO concentration is subjective and relative, i.e., it depends on the 

process, composition of the reject, bacteria flora, and other operating parameters. Hence, the 

DO concentration for ANITA™Mox is recommended to be operated in the interval 0.5 to 1.2 

mg/L, according to the operational manual for the ANITA™Mox process at Bromma WWTP. 

The results from scenario 2 align with the theory discussed by both Thakur & Medhi (2019), 

Westling (2011), and Lee et al. (2022), where a too-low DO results in higher N2O emission, 

and when the DO at first increases, the N2O emission decreases; however, when the DO 

increases, the emission will also increase. Hence, the emissions levels are low, but the pattern 

follows the presented theories.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

This scenario, with oxygen control, resulted in a deficient ammonium concentration in both the 

discharged reject water and the reactor basin, compared to the previous scenario when the 

concentration exceeded 200 mg/L. The airflow needed to increase drastically to fulfill the new 

set values of the oxygen concentration in the reactors, and it is most likely that the detected 

values from the online instrument were lower than the actual concentration in the basin. Too 

low ammonium concentration can indicate a complete nitrification process, which is not 

desired. As presented previously, conventional nitrification uses all the ammonium to produce 

nitrate, a step being reduced in the anammox process. Complete nitrification can be 

demonstrated by elevated concentration in nitrate; for this anammox process, approximately 

11 % of the removed ammonium in the discharged reject should be nitrate, corresponding to 
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50-100 mg/L, according to the operational manual. However, during this scenario, the average 

nitrate concentration in the discharge reject was 55 mg/L in both reactors. With as low as 30 

mg/L at the end of the scenario, the same time as the ammonium concentration in the 

discharged reject where as low as 20 mg/L. According to the operational instructions regarding 

the reject water treatment, if the discharged reject has a nitrite concentration below 50 mg/L, 

the DO concentration will be increased to over 1.2 mg/L; however, this will thus result in lower 

ammonium concentrations. Moreover, the DO concentration was already improved compared 

to normal operating, and due to the already low ammonium concentrations, an increase in the 

DO was not in question.  

4.1.4 Scenario 3 – Ammonium load  

This scenario aimed to investigate how the ammonium load affects the N2O emissions. 

According to Yang et al. (2022), ammonium load can impact N2O production due to the need 

for higher aeration flux with higher load, hence a positive correlation between high ammonium 

and high N2O emission. The regular operation with 70% inflow of reject to R1 and 30% inflow 

to R2 has an ammonium load ratio of 0.86 between the reactors, with the higher load into R1. 

However, for this scenario, the ammonium load ratio was increased to 1.5, with the higher load 

into R2. Thus, 43% of the time (25.8 minutes), the reject water flowed into R2 during the one-

hour cycle, and 57 % (34.2 minutes), the reject water flowed into R1. The process is shifted 

back to be controlled via pH.  

The results of the ammonium load scenario are presented in Figure 13. An interesting aspect 

of Figure 13 is that there is no significant difference in the percentage of the incoming N-tot 

load converted to N2O-N between the different ammonium loads. The 1.5 higher ammonium 

load into R2 does not result in a significantly higher N-tot load conversion ratio and, thus, 

higher N2O emission, which was expected. The mean values vary between 0.42 to 0.90 % of 

converted N-tot load to N2O-N in both reactors. The other parameters in the process were stable 

throughout this scenario, compared to the previous scenarios, which had significant problems 

with elevated or declined ammonium concentrations. 
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Figure 13. Scenario 3: The average N-tot load converted to N2O-N for different ammonium loads. The blue bar is the load 

into R2, and the red bar is the load into R1.  The error bars represent the standard deviation. (n= 50 – 100) 

4.1.5 Scenario 4 – Series configuration  

The last scenario was to change the configuration of the process from parallel to series 

configuration. By this, all the reject water enters R1 and is discharged in R2. However, to 

ensure and perceive the process in R1, a small outflow from R1 was conducted, approximately 

10 to 15%. Changing the configuration to series will increase the plug flow in the process. At 

the beginning of the scenario, the ammonium concentration started to decline in R2, which was 

expected since the reject water spent a longer time in the process. The ammonium concentration 

in R1 increased rapidly, which was also expected. Hence, the load into R1 was high and needed 

to be treated. Thus, the retention time in only R1 is not enough for the high load, and therefore, 

the small outflow from R1 has a higher ammonium concentration compared to the 

concentration in R2. An important indication is that the elevated concentration in R1 was noted, 

but no adjustments were made since the flow out was almost negligible compared to the 

outflow in R2. 

The results from the last scenario are presented in Figure 14. A problem during this scenario 

was with elevated ammonium concentration that exceeded 200 mg/L alternately in the reactors, 

and the programmed control system was started, i.e., the series configuration was broken. 

Compared to scenario 1, when it eventually resulted in no reject inflow into the process, this 

scenario, when the ammonium concentration was below 200 mg/L in R2, it was exceeded in 

R1 and vice versa, so it was an altering inflow in both reactors, but only outflow in R2. The 

automatic program was trapped in a loop since one outflow always exceeded 200 mg/L in 

ammonium concentration.  
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Figure 14. Scenario 4: The average removed N-tot is converted to N2O-N in a series configuration. The error bars represent 

the standard deviation. (n= 90-160) 

Only outflow from R2 and alternating inflow in R1 and R2 were observed when the series 

configuration was stopped. Thus, the ammonium load and concentration in R2 are increasing 

due to the serial flow and periodic inflow into only R2, and N2O emissions were expected to 

grow significantly. However, as the blue bar in Figure 13 shows, the incoming N-tot load 

converted to N2O-N has an average value of 1.16% but the most significant standard deviation. 

As shown, the average value is higher in the first week of the scenario than in the second, and 

the standard deviation is higher for the first scenario. Since the process is operated similarly, 

other factors such as aeration, reject inflow, and oxygen concentration can influence the N2O 

emission.  

4.2 Profile measurement  

During the experimental weeks, a profile measurement was performed to investigate the 

process throughout the basin. For each scenario, six profile measurements have been performed 

(three each week), except for scenarios 0 and 1, where four or five measurements were 

performed.  The results from the measurement profile will be presented, where each point is 

the average value of each measurement point in the scenario; for the complete profile 

measurements, see Appendix A. All the graphs have a gap between 26 and 28 meters; this 

represents the separation between the two reactors, with results from R1 presenting on the left-

hand side of the gap and the results from R2 representing the right-hand side of the gap; this 

will be clarified in the following graphs with dotted boxes. The point outside the dotted boxes 

represents the supernatant reject. The discharging point of reject from R1 is located at the end 

of the basin; however, it is more correct that the outflow of reject is situated at the end of R1 

(at 26 meters); see Figure 8 in Chapter 3 for an overview of the design of the process and the 

measurement points.  

The leakage with reject from R1 to R2 can also be seen clearly in the profile measurement in 

R2, where the values are lower than R1. The design of the process with the sieves between the 
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reactors affects the process in the respective reactor. However, this leakage has either a negative 

or positive influence on the N2O emissions. The leakage can also be observed in the discharged 

reject from the respective reactor. During the last week of scenario 3, the flow of the discharged 

reject was estimated. The discharged flow can be calculated as a rectangular weir without side 

contraction. The outflow was complex and difficult to measure precisely due to the location of 

the outflow box. Hence, a folding rule was used to estimate the reject´s height over the weir. 

The outflow can be seen as a grab sample, which can change over the day and depends on 

which reactor the reject flown into. Table 2 summarizes the outflow from three days, the total 

outflow, and the total inflow of rejects from data extracted from aCurve. Consequently, the 

flow is higher from R2. These three days are during scenario 3. Thus, the leakage from R1 to 

R2 is significant. This impacts the nitrogen removal process in R2, with lower values in the 

discharged reject from R2. As can be seen, the balance is not correct since the inflow is unequal 

to the outflow. There is no accumulation in the process. Hence, the outflow calculations can be 

assumed to be heavily estimated.   

Table 2 Summarize the outflow from the respective reactor, the total outflow, and the total inflow of reject with data 

extracted from aCurve 

 

A significant problem during the profile measurements was foaming in the basin. Figure 15a 

shows the foaming at the inflow to R1, and Figure 15b shows the foaming at the first hood in 

R1. With the foaming, the measurements were limited, especially in the first hood in R1, with 

a measurement point of 6.25 meters. Hence, this point could not be measured if the foam was 

as shown in Figure 15b. It is unclear why the foaming appears, but the appearance indicates 

that it is polymer residuals from the added polymers from the dewatering. What is known is 

that the foam is formed when the reject comes in connection with the treatment basin. A pattern 

was observed when either Centrifuge (C1) or both centrifuges were operated, and foam 

appeared. No foam was formed when Centrifuge 2 (C2) was operated alone. 

  

    

Date Outflow R1 

[m3/h] 

Outflow R2 

[m3/h] 

Total outflow 

[m3/h] 

Total inflow (extracted 

from aCurve) 

[m3/h] 

April 8, 2024 8.8a 11.7 20.5 22.6 

April 10 2024 8.1 11.7b 19.8 21.6 

April 12 2024 8.1 13.3b 21.4 20.5 
a inflow R1 
b inflow R2 
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 a)    b) 

The following figures (from 16 to 20) show the compilation of all the profile measurements. 

The nitrite profile was performed only in the reject water treatment basin. At the same time, 

the other profile also analyzed the supernatant reject, which was taken directly from the 

centrifuges and noted as 0 meters in the graphs. The ammonium profile was performed once in 

each scenario. The temperature has been measured as well. However, the results show that the 

temperature in the basin can be assumed to be constant, 31.2 ±1.9 °C.  

4.2.1 Nitrite profile  

The nitrite profile has been performed since this compound does not have an online instrument. 

During regular operation, the nitrite concentration in the discharged reject should be between 

1 and 5 mg/L, and 20 mg/L should not be elevated. Figure 16 summarizes the nitrite profile. 

Scenario 1 has the highest nitrite concentration in the discharged water and the highest nitrite 

concentration throughout the process. This scenario has the highest N2O emissions with 

significant N2O peaks. The ammonium concentration is also high during scenario 4, with a 

high nitrite concentration generating higher emissions. However, in one scenario, scenario 1, 

the discharged reject higher than 5 mg/L, 7.4 mg/L in R1. So, the nitrite concentration can be 

considered normal in the discharged reject. 

 

According to Chen et al. (2020), Kemmou & Amanatidou (2023), and Thakur & Medhi (2019), 

high nitrite concentration correlates with high N2O emissions. Since the nitrite concentration 

during this experimental period is within a normal range for the discharged and reject, it is 

interesting to analyze the concentration throughout the process. Chen et al. (2020), Kemmou 

& Amanatidou (2023), and Thakur & Medhi (2019) continue to present that high nitrite can 

inhibit involved enzymes in the AOB and promote the production of N2O via the autotrophic 

nitrification pathway. It is also promoted by low DO in the aerobic stage. The N2O can also be 

produced in the anoxic stage if the denitrification is inhibited by high nitrite concentration and 

the N2O pathway heterophilic denitrification is favored. The high nitrite concentration in 

Figure 15. a) The foaming from the inlet of R1 b) The Foaming from the first hood in R1. The pictures have been  taken by 

the author 
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scenario 1 can result from intermittent aeration, where high nitrate concentration in 

combination with too low DO (<1 mg/L) in the non-aeration period might promote autotrophic 

nitrification. However, according to the DO profile in Figure 17, the DO in the basin is, on 

average, about 1 mg/L. Then, the N2O can be produced in the heterophilic pathway during the 

anoxic period. The pattern of the nitrite concentration is that the concentration decreased 

throughout the process, as is shown in Figure 16. The leakage is confirmed since the inlet in 

R2 has a significantly lower nitrite concentration than the inflow to R1. Chapter 4.4.1 Nitrite 

correlation plots in Figure 21 will present the nitrite concentration plotted against the N2O 

emission.  

4.2.2 pH profile  

The pH profile was stable overall throughout the experimental period. Stability means that in 

the basin, the pH does not fluctuate; as clearly shown in Figure 17, the changes are in the range 

of hundredths. In scenarios 1 and 4, the process was characterized by high ammonium 

concentrations; hence, the pH was slightly higher. Scenario 2 had low ammonium in the 

process, therefore, a lower pH during this scenario. It is also clearly shown in Figure 17 that 

there is a difference in the two reactors, which consequently resulted in lower pH in R2. An 

acidic pH of 6.8 and below has been shown to enhance N2O production, according to 

Kampsschreur et al. (2009). However, the detected pH values are under normal conditions and 

in range for the process to operate efficiently. Thus, the pH probably does not directly influence 

N2O production.  
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4.2.3 DO profile 

The DO had some difficulties to measure. The electrode that was used was extremely sensitive. 

Hence, the reject water is in constant high flow and aeration, resulting in bubbles. These 

conditions made it difficult for the DO measurements to target reasonable values. As shown in 

Figure 18, the pattern of DO concentration is similar in all the scenarios, with a high DO 

concentration in the supernatant reject water, to further decrease in the basin, with a stable 

concentration in the reactors, and eventually with the discharged reject water with no oxygen 

concentration. However, the increased concentration at point 24.5 meters (the third hood in R1) 

may depend on high turbulent flow with high aeration, resulting in partly higher concentration 

and partly harder to measure the oxygen concentration due to the sensitive electrode. According 

to the blueprints of the reject water treatment basin, one of the air gates is located at this hood, 

which can be the reason for the turbulent and bubbling reject water. The first hood in R2 had 

the same pattern as the third hood in R1; hence, air gates are connected to this hood. An extra 

point has been measured in the DO measurement, at 15 meters, but not in the middle of the 

basin as the other point. The point is at the place where the oxygen online instrument is 

allocated. This point is where measurements are made to compare what the online instrument 

detected and what the oxygen electrode detected. 

Figure 16. Summarize the pH profile based on the average values throughout the profile measurement, representing each 

scenario 
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Figure 17. Summarize the DO profile based on the average values throughout the profile measurement, representing each 

scenario 

In scenarios 0 and 1, the oxygen measurement instrument in both reactors detected no or low 

concertation (below 0.005 mg/L). However, the oxygen concentration in the basin was not that 

low, as the navy (scenario 1) and blue (scenario 0) lines in Figure 18 illustrate. The high DO 

concentration in scenario 1 can directly correlate with the intermittent aeration. In scenario 2, 

according to the automatic system and the set values for the oxygen concentration, there should 

be a significant difference in the concentrations between R1 and R2. However, as the green 

line shows in Figure 18, the concentration in R1 and R2 is relatively equal.  

During scenario 2, when the focus was to investigate the influence of different oxygen 

concentrations in the process, the oxygen instruments were regularly maintained, resulting in 

the online detected concentration and the measured once. For notification, the online 

instrument in R1 is located 15 meters along the side of the basin. In R2, the instrument is 

located along the side at 30 meters. The measured concentration is measured in the middle of 

the basin, where the agitation and flow are well; however, since the online instrument is located 

along the side of the basin, the agitation and flow are limited; hence, the online instrument 

might not represent the actual DO concentration in the process.  

Table 3 presents the average DO in the basin from the profile measurement in each scenario 

(the DO in the supernatant and the discharged reject are not included) compared with the value 

of the online instrument during the same period. As can be seen, there is a significant difference 

between what the oxygen electrode from the profile measurement and what the online 

instrument shows. The values from the profile measurement are the average values from the 

three measurement points in R1 and two measurement points in R2. A significant difference 

can be seen in the detection of oxygen in the online instrument from scenario 1 and scenario 2 

when the instrument had been maintained. Hence, it is crucial to continue maintaining the 

instrument for better oxygen detection. Another reason for the vast difference is the location of 

the online instrument compared to the profile measurement points. The online instrument is 

located at the side of the basin, about 1 meter below the water surface. However, the aeration 

can be inefficient due to the instrument's location. Hence, a thick carrier layer can block the 
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detection and oxygen sensors. However, good instrument maintenance has been shown to help 

the detection of oxygen in the basin. Moreover, it is hard to say which instruments are more 

reliable. The electrode used for the profile measurement was light and complex to get in-depth 

due to the high turbulent flow compared to the permanently and robustly installed oxygen.  

Table 3. Comparing the average DO concentration from the profile measurement and the online instrument in each reactor 

for the five different scenarios 

 DO concentration [mg/L] 

 Profile measurement  Online instrument  

Scenario 0   

R1 0.94 0.0026 

R2 0.75 0.021 

Scenario 1   

R1 1.34 0.12 
R2 1.47 0.071 

Scenario 2   

R1 0.84 0.23 

R2 1.14 0.51 

Scenario 3   

R1 0.64 0.11 

R2 0.88 0.12 

Scenario 4   

R1 0.74 0.086 

R2 0.83 0.37 

4.2.4 Conductivity profile 

The conductivity of the reject water depends on the dissolved ions in the water, i.e., high 

conductivity means high ions/salt dissolved in the water. Figure 19 summarizes the 

conductivity profile. As shown, the conductivity is high in the supernatant reject; thus, it 

drastically declines when the reject water enters the reject water treatment basin. The 

conductivity is stable during the process, with small decreased values over the basin. A 

correlation was found when the ammonium concentration was high in the basin, and the 

conductivity was also high. For example, scenario 1, as mentioned, had a problem with elevated 

ammonium concentration, and as Figure 19 presents, the navy line has the highest conductivity. 

Further, scenario 2 was characterized by low ammonium in the basin. Hence, the conductivity 

is the lowest, shown in the green line. Higher ammonium concentration presents a higher 

concentration of dissolved ions in the water, thus higher conductivity. The conductivity has no 

impact on the N2O emissions. The analysis is used to characterize the reject water and follow 

the process in the basin.  
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Figure 18. Summarize the conductivity profile based on the average values throughout the profile measurement, 

representing each scenario 

4.2.5 Ammonium profile 

One ammonium profile was performed for each scenario because ammonium has an online 

instrument for the discharged reject. However, studying the ammonium concentration within 

the process was also interesting. The ammonium is drastically decreased from the supernatant 

reject water when the reject enters the process, as shown in Figure 20. The method effectively 

reduces the ammonium concentration, which is its primary aim. Hence, the concentration 

decreases throughout the process. The concentration in the supernatant reject water is 

approximately 1100-1500 mg/L, to the discharged reject water with an ammonium 

concentration between 50 and 150 mg/L during normal conditions. The discharged reject 

should have approximately 10 % of the incoming ammonium concentration. During the daily 

operation of the reject water, a grab sample from the reactors' outflow is included three times 

a week, and a manual test on the ammonium, nitrite, and nitrate. The ammonium profile can 

confirm that the leakage between R1 and R2 significantly influences the treating process. 

Hence, the inflow of R2 has a lower concentration of ammonium than the inflow in R1, 

represented in Figure 20, as the gap between 26 meters and 28 meters is the outflow of R1 and 

inflow to R2, respectively.  
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Figure 19. Summarize the conductivity profile based on the average values throughout the profile measurement, 

representing each scenario 

The hypothesis stated in the thesis that low ammonium can be correlated with low ammonium 

and high ammonium concentration can correlate with high conductivity can be confirmed by 

comparing Figures 19 and 20. This can be because when the ammonium concentration 

increases, the presence of ions in the water increases, hence the conductivity increases. 

Therefore, scenario 1 has high conductivity and a high ammonium concentration, while 

scenario 2 has low conductivity and a low ammonium concentration.  

The gap between 0 and 10.8 meters is due to the foaming problem discussed in the introduction 

of this subchapter.  

4.3 Reject composition and external lab data 

 Once every week, grab samples from the supernatant and discharged reject is sent to an 

external lab for analysis. Table 4 summarizes the results from the external lab for each scenario, 

with the composition of the inlet reject and the discharged reject. The inlet measurement point 

is directly from the centrifuges, and the discharged measurement point is the junction for both 

reactors' outflow. The values are the average value for each scenario, i.e., the average value 

from two results from the external lab. 
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Table 4. Summarizes relevant parameters analyzed by an external lab. The values are mean values from the two weeks of each scenario: n=2 for scenarios 0-4 and n=7 for Aug 23- Feb 24. The 

last row presents the average value of the five scenarios values given in the table 

 

 Suspended 

solid  [mg/L] 

N-tot  

[mg/L] 

NH4-N  

[mg/L] 

NO3-N 

[mg/L] 

NO2-N 

[mg/L]  

TOC 

[mg/L] 

P-tot  

[mg/L]  

Alk 

[mg/L] 

pH 

[a.u] 

 In Out In Out In Out Out Out In Out In Out Out Out 

Aug-23 to Feb-24 872 1050 1420 271 1250 110 91 7.9 221 117 21 16 794 7.7 

Scenario 0 1155 225 1550 220 1400 107 74 11 316 155 24 22 865 7.7 

Scenario 1 585 505 1400 425 1300 230 31 12 225 155 12 

 

7.1 1300 7.8 

Scenario 2 580 570 1200 147 1150 67 53 7.9 225 125 15 15 770 7.6 

Scenario 3 n/a 635 1250 120 1100 64 37 10 255 150 23 11 805 7.7 

Scenario 4 350 610 1300 205 1150 120 39 7.4 305 130 21 19 1140 7.8 

Average value 

from the five 

scenarios  

670 510 1340 220 1220 120 47 9.7 265 143 19 15 976 7.7 
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Table 4 shows values within the regular range, as the most critical parameters are the nitrogen 

compounds being reduced in the process. However, as seen in Table 4, the suspended solids 

(SS) have some outline values where the supernatant reject some weeks has a lower SS than 

the outlet; see scenario 4. The recommended limit is 500 mg/L as SS in the discharged reject, 

but only scenario 0 was the SS was below 500 mg/L. However, elevated SS has been a major 

problem since the end of 2023. The uneven and different values can result from operating 

problems with the centrifuges.  

Table 5 compiles the reject composition in the supernatant and treated reject with the profile 

measurement results. The data is divided into inlets and outlets from the respective reactors.  

The table shows a reduction in nitrogen compounds, a stable pH in and out, and the conductivity 

decreases in the process, correlating with the reduced ammonium concentration. The oxygen 

concentration is high in the supernatant, which can result from the fact that reject has been 

directly taken from the centrifuges, generating oxygen into the reject. The outlet concentration 

of 0 mg/L was expected since no air and high oxygen consumption were added to the outlet 

flow. 
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Table 5. Summarize the reject's in– and outlet parameters from the profile measurement. The values are averages from each scenario (n=4-6) 

 NH4-N 

[mg/L] 

NO2-N  

[mg/L] 

pH 

[a.u] 

Conductivity 

[mS/cm] 

DO 

[mg/L] 

 In Out 

R1       R2 

In Out 

R1          R2 

In Out 

R1          R2 

In Out 

R1        R2 

In Out 

R1        R2 

Scenario 0 n/a n/a n/a n/a 3.92 3.76 7.75 7.51 7.56 10.1 2.43 2.34 2.50 0 0 

Scenario 1 n/a 202 152 n/a 7.38 5.45 7.68 7.76 7.70 9.81 3.17 2.91 4.90 0 0.11 

Scenario 2 1038 30 20 n/a 4.57 3.11 7.76 7.55 7.49 8.41 2.07 1.81 5.77 0 0 

Scenario 3 1152 84 70 n/a 3.44 3.89 7.71 7.60 7.59 8.31 2.10 2.01 4.69 0 0 

Scenario 4 1137 204 90 n/a 4.24 4.47 7.76 7.80 7.67 8.81 3.17 2.57 5.91 0 0 

Avarage value 

from the 

scenarios 

1664 130 83 n/a 4.71 4.14 7.73 7.64 7.59 9.10 2.59 2.33 4.75 0 0.02 
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Table 6 shows the removal rate presented in percentages. The rates are based on the values 

from Table 9. Since the processes aim to remove nitrogen and, most importantly, NH4-N, this 

is the highest removal rate, with a removal rate for NH4-N of 82% or higher. However, only 

one case has a removal rate lower than 90%, scenario 1 with intermittent aeration; the other 

scenarios operate in a bow with a removal rate of 90% or higher, which the ANITA™Mox 

process should deliver. As aligned, scenario 1 has the lower N-tot removal rate of 70 %, below 

75%, as the process should provide a minimum removal rate at normal operation conditions. 

No minimum removal rate for the TOC (total organic compound) for these parameters is given 

since the process is not aimed at reducing that parameter primarily. Still, this compound is 

reduced by approximately half. However, scenario 1 had a lower removal rate of 31%. As seen 

in Table 6, the intermittent aeration lowers the presented compounds' removal rate, which is a 

drawback. 

Table 6. The removal rate presented in percentage from the different scenarios based on the external lab data from Table 9 

 

 

 

 

 

 

Due to the varying SS values, a collective sample was set up to investigate the sampling method 

for the reject treatment process to examine if the result differed from the grab sample. However, 

due to logistic and instrument problems, the collective sample sent to the external lab lasted 

1.5 hours and 10-minute sampling intervals. This was performed at the end of scenario 4 and 

only once. However, the plan was to collect the discharged reject within 24 hours,  with a 

sample interval of 30 minutes. The results from this sample are shown in Table 7 and compared 

to the grab sample taken the same day presented in the same table.  

Table 7. Results from the external lab analysis of the collective sample and the grab sample from the discharged reject. The 

collective sample was taken over 1.5 hours, every 10 minutes between 8:30 and 10:00 on April 24. The grab sample was 

taken somewhere between 9:00 and 11:00 on April 24 during scenario 4 

 

  

 

 

 

 

 

 N-tot removal rate 

[%] 

NH4-N removal rate 

[%] 

TOC removal rate 

[%] 

Aug-23 to Feb-24 81 91 47 

Scenario 0 86 92 51 

Scenario 1 70 82 31 

Scenario 2 88 94 44 

Scenario 3 90 94 41 

Scenario 4 84 90 57 

Parameter Collective sample  Grab sample 

Suspended solids [mg/L] 490 430 
N-tot [mg/L] 240 250 

NH4-N [mg/L] 160 160 

NO2-N [mg/L] 7.2 7.4 

NO3-N [mg/L] 30 46 

Alkalinity [mg/L] 1300 1300 

pH [a.u] 7.9 7.9 

TOC [mg/L] 160 140 

P-tot [mg/L] 18 19 
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Table 7 shows no significant difference in the results between the collective and grab samples. 

The collective sample has slightly higher SS and TOC, while the grab sample has slightly 

higher nitrate. However, all parameters, except for SS, are within the range for typical values 

and do not stand out as too high or too low. As for the SS, it is high, but it does not exceed 500 

mg/L. Based on the results from Table 7, evaluating the sampling method for the reject 

treatment process is difficult since the results are similar and the collective sample was only 

performed once. For a more comprehensive evaluation, the collective sampling should be 

repeated, and samples should be taken over 24 hours, since the retention time of the process is 

approximately one day, to compare with the grab sample. 

4.4 Correlations plots 

In this section, relevant and interesting correlation plots will be presented. The last graphs 

present the percentage of removed NH4-N converted to N2O-N emissions correlated to the mass 

NH4-N removed per m2 carrier per day. All the plots show values for R1 and R2 due to the 

different bio carriers with varying surface areas and the various scenarios operated in the two 

reactors. The values from R2 are marked with a black circle around the dot.  

4.4.1 Nitrite correlation plots 

Figure 21 shows the correlation between the nitrite concentration from the profile measurement 

and the percentage of incoming N-tot converted to N2O-N, i.e., N2O emissions. The nitrite 

concentration is the average concentration in each reactor during each scenario. Figure 21 

shows a positive linear correlation; hence, if the nitrite concentration increases, the N2O 

emissions increase. This is aligned with the presented theory by Chen et al. (2020), Kemmou 

& Amanatidou (2023), and Thakur & Medhi (2019) with elevated nitrite concentration 

positively correlating with elevated N2O emissions due to inhibition of involved enzymes and 

this the pathway of producing N2O is favored. The correlation is relatively weak, with an R2 

value of 0.26. However, a linear trend is shown in the figure. This correlation plot is the overall 

nitrite concentration over the whole experimental period. Overall, R2 has the lowest nitrite 

concentration and hence has the lowest N2O emissions. The lower nitrite concentration in R2 

is the leakage of already treated reject water from R1. The higher nitrite concentration appears 

in R1. Scenarios 2 and 3, with DO concentration and ammonium load, generated the lowest 

nitrite concentration in the respective reactor and, thus, low N2O emissions.    
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Figure 22 presents the nitrite concentration and the correlation with the ammonium load per 

day into the process. As can be seen, low ammonium load results in low nitrite concentration 

and, as shown before, low N2O emissions. When the load increases, the nitrite concentration 

increases; however, as can be seen, the entire concentration reaches a maximum; thus, the 

nitrite concentration decreases while the load increases. The correlation is relatively weak, with 

an R2 of 0.3. The lower load appears in R2, with the most significant difference in scenario 4; 

approximately 90 % of the reject flows into R1. Scenario 0, marked with yellow, shows that 

low nitrite concentration, low NH4-N load, and higher load increase the nitrite concentration. 

Scenario 1, marked with red, has a relatively low load but high nitrite concentration, which can 

result from high N2O emissions and high ammonium concentration. In scenario 2, the aim was 

to have a higher DO concentration in R2; however, this does not influence the nitrite 

concentration, and a lower load results in lower nitrite concentration. Scenario 3 was the load 

changed, with a lower load in R1; however, according to the plot and the data that the plot is 

based on, R1 still has a higher load, but R2 has increases in load. Hence, the same pattern as 

for the other scenario can be visualized.  

y = -3E-05x2 + 0.025x + 0.9444

R² = 0.2981

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

0 100 200 300 400 500 600 700

C
o
n
ce

n
tr

at
io

n
 N

O
2
-N

 [
m

g
/L

]

kg NH4-N load/day
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4.4.2 DO correlation plot 

Figure 23 presents the correlation between the N2O emissions shown as the percentage of 

incoming N-tot converted to N2O-N and the DO concentration. The DO concentration is the 

average value from the profile measurement and is divided into each reactor, with the values 

from R2 marked with a black circle. According to the theory presented by Thakur & Medhi 

(2019), Westling (2011), and Lee et al. (2022), increased emissions are consented to too low 

DO, and too high DO results in elevated emissions. The curve fitting in Figure 23 shows this 

pattern and is relatively strong (R2 is 0.46). As can be seen, lower DO concentration results in 

higher emissions, as when the DO increases, the N2O emissions decrease, and the emissions 

start to increase when the DO continuously increases. Adding extreme DO concentrations (both 

high and low) could improve the presented correlation. However, other parameters in 

combination with high or low oxygen can influence the emissions.  

Scenario 0, marked with a yellow dot relative to the middle of the plot, with lower DO resulting 

in lower emissions. Scenario 1 had a high DO concentration due to the intermittent aeration 

and high N2O emissions, marked as the red dots. Scenario 2, controlling DO in the process, has 

the trend, with higher DO in R2, resulting in higher emissions; see the green dots. Scenario 3, 

marked with orange, shows that the emissions are relatively the same but with different DO 

concentrations. Scenario 4, the blue dots, has a lower DO but still generates high N2O 

emissions.  

4.4.3 N2O emissions and ammonium load correlation plots 

Figure 24 presents the percentage NH4-N load converted to N2O-N, representing the N2O 

emission correlation with the mass NH4-N load/m2 carrier, day, i.e., a measure of how much 

of the NH4-N load per area of biofilm carrier the process can handle. The carrier operates to 

Figure 20. Correlation plot of the percentage incoming N-tot converted to N2O-N against the DO concentration from the 

profile measurement with linear plot fitting. The dots with black circles are the values from R2 
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remove the ammonium in the reject water, so it is interesting to see the load that the carrier can 

handle each day and how much emissions it will result in.  

Overall, the different scenarios show different trendlines and patterns. The trendlines are shown 

in Figure 24; however, the R2 value, the equation, and the type of trendline are summarized in 

Table 8. The fitting is based on the trendline having the highest R2 value.    

Table 8. Accosiate data to Figure 23 presenting the equation for each trendline, the R2, and the type of graph fitting 

 

 

 

 

Scenario 0, representing the yellow line, has a strong negative linear dependence. Hence, when 

the mass load/m2 carrier, day increases, the emissions will decrease. This scenario represents 

when the process operates at standard conditions. Scenario 1, representing the red line, has a 

quadric polynomial dependence and is relatively weak. This scenario involves intermittent 

aeration, which is the focus of the investigation. This scenario suggests that the emissions are 

low. Low and high mass loads of NH4-N per surface area and day generate lower emissions.  

Scenario 2, representing the green line, has a strong positive linear dependence. However, 

compared to scenario 0, where the emissions decrease with increased mass load per surface 

area of the carrier, this scenario shows the opposite. With a higher load, the carrier has a higher 

demand for treating the reject, which can result in higher ammonium concentration and, thus, 

higher emissions of N2O. However, other parameters can be influenced in combination with 

this for the high emissions. This scenario was characterized by DO control, hence higher DO 

concentration in both reactors than regular operation. Therefore, the high DO concentration 

Scenario Equation R2 Trendline 

Scenario 0 -0.23x+0.99 0.82 Linear  

Scenario 1 -0.044x2+0.17x+0.030 0.46 Quadric polynomial 

Scenario 2 0.56x-0.98 0.72 Linear 

Scenario 3 0.30e0.22x 0.14 Exponential 

Scenario 4 2.55e-0.83x 0.98 Exponential  
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Figure 21. Correlation plot between percentage NH4-N load converted to N2O-N against g NH4-N load/m2 carrier, day 
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compared with the high ammonium load in the basins for the carrier to treat can be the reason 

for the strong linear dependency.  

The two last scenarios, 3 and 4, have an exponential dependency. Scenario 3, testing to change 

the ammonium load in the reactors, has a weak dependency on the emission increasing 

exponentially with increased mass load NH4-N per surface area carrier per day. Scenario 4 has 

a strong exponential dependency; however, this has the reverse pattern, with high emissions at 

low mass load per surface area carrier per day. In this scenario, the reject water treatment 

process was operated in a series configuration. A vital notification is that N2O production is 

complex; hence, other parameters, in combination with ammonium load, will affect it.  

Figure 25 presents the percentage of NH4-N load converted to N2O-N against the mass NH4-N 

load per surface area daily over the period August 2023 to February 2024, i.e., the period before 

the experimental period and the start when the N2O online instrument was installed at Bromma 

WWTP. The values are an average for each month. The points' distribution is smaller than the 

distribution of the measurement point in Figure 24, showing the same plot but during the 

experimental period. Hence, the process is stable during this period. A higher load overall is 

treated in R2 but generates both low and high levels of N2O emissions. However, the span of 

N2O emissions during the period presented in Figure 25 is smaller than the experimental period 

presented in Figure 23, with a broader distribution. Both tendencies of higher load result in 

higher emissions, and lower load has lower emissions. The same statement applies here: other 

factors and parameters can significantly influence the emission and not only the mass rate of 

NH4-N load.  

 

Figure 22. A correlation plot shows the percentage of NH4-N load converted to N2O-N and the g NH4-N load/m2 carrier per 

day from August 2023 to February 2024. The dots with a black circle represent the values in R2. The values are average 

from each month 
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4.5 Comparison of the scenarios 

The past sub-chapters have individually described the different scenarios. However, this sub-

chapter will summarize and compare the scenarios. Overall, the scenario that generates the 

lowest N2O emissions should be presented as the best and the suggested scenario. However, 

other parameters and process optimations were essential since the experiment was conducted 

in a full-scale process. As for scenario 1 with intermittent aeration, many operating problems 

occurred, with elevated ammonium concentration leading to reject water bypassing the reject 

water treatment and the lowest removal of N-tot and NH4-N. Also, the pause and high aeration 

rate can harm the bacteria. The highest emissions of N2O for scenario 1 was the scenario with 

60 minutes of aeration and 7.5 minutes pause, with 1.46 % of the incoming N-tot load ending 

up as N2O-N. However, during this period, the ammonium concentration in the basin was high, 

which could have impacted the emissions. The lowest was from the scenario with 60 minutes 

of aeration and 15 minutes of pause, with 0.44% of the incoming N-tot load ending up as N2O-

N. However, the average ammonium concentration was high in the basin during this period. 

Intermittent aeration is not recommended at BrommaWWTP during regular operation, 

primarily because of the many operational problems discussed. Intermittent aeration is, 

however, recommended during periods with low load or low inflow of reject, i.e., during the 

exception of regular operation. 

In scenario 2, the process was controlled with oxygen concentration, not pH. This was a 

challenge to control the process. As mentioned in both the sub-chapter about scenario 2 (4.1.3 

Scenario 2 – Dissolved oxygen control) and the DO profile, the airflow was higher than the 

online instrument shows, hence the problem with too low ammonium concentration in the 

process, favoring full filled nitrification and harmful for the anammox process. This scenario 

was interesting because it showed the interval at which the oxygen concentration should be to 

mitigate the N2O emissions. If the concentration successively increases to 0.61 mg/L and 

higher, a tendency of increased N2O emissions was observed. For a lower level, it is difficult 

to find an absolute value. However, it was observed that a DO concentration of 0.17 mg/L had 

lower emission (0.11%) than a DO of 0.064 mg/L, with an emission of 0.34%. Moreover, the 

DO should not be as low as  0.064 mg/L or lower since the bacteria requires oxygen. Control 

of the process with oxygen concentration is not recommended due to operating problems with 

the declining ammonium concentration and difficulties with the DO online instrument.  

Scenario 3 went well overall. No bigger operational problem occurred during this scenario 

compared to scenarios 1 and 2. The ammonium load was tested, with a 1.5 times higher 

ammonium load into R2 than R1.  Overall, there was no significant difference when changing 

the load in the reactors. R1, with the lower load, resulted in N2O-N emissions between 0.40% 

and 0.90%, and in R2, the emissions were between 0.42% and 0.82%. Compare this to scenario 

0, at regular operation, when the load is 0.86 higher in R2. The emissions were higher, between 

0.98% and 0.99%. Hence, this scenario can be an alternative due to the smooth operation of 

the process. 

In scenario 4, the series configuration was tested. At first, this scenario went well. However, 

the discharged ammonium in both reactors increased to over 200 mg/L, hence the big problems 
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with reject alternating inflow in both reactors. Over time, this can lead to no reject water 

entering the process due to the automatic system. The average N2O emissions were between 

1.16% and 1.47% when the process operated in series. However, when the series configuration 

was broken, and inflow in both reactors but only outflow in R2, the N2O emission was 0.90% 

of the removed N-tot converted to N2O-N. This is higher emissions compared to scenario 0. 

Since this scenario also has problems with elevated ammonium concentration, the automatic 

system and relatively high emissions, this will not be recommended.  

Comparing the key figure from this experiment with key figures from similar processes 

presented in section 4.5 N2O emission factor, it can be seen that all of the scenarios, including 

scenario 0, have lower N2O-N emissions to the incoming N-tot load than IPCC had 

recommended, as below 1.6%. However, compared with the similar process at Växjö WWTP 

with emissions in the range of 0.2-0.8% of the incoming N-tot load, scenario 0 had slightly 

higher emissions varying from 0.98% to 0.99%. Scenario 1 had values ranging from 0.44% to 

1.46%, which was its highest. Scenario 2 was the scenario that resulted in the same range as 

Växjö WWTP, with the emission of N2O-N of the incoming N-tot load between 0.074% and 

0.80%. Scenario 3 was in the same range for both ammonium loads, with a lower load resulting 

in emissions of 0.40 – 0.90% and a higher load of 0.42% to 0.82%, both in the range of Växjö 

WWTP. Scenario 4 and scenario 1 resulted in the highest emissions; when the process operated 

in a series configuration, the emission of N2O-N of incoming N-tot load was 0.90-1.47%. The 

emissions are overall low; however, since the process is going on full scale, even small 

emissions from the process will result in a high total emission over a year. The average ratio 

of N2O-N/Incoming N-tot load from the nitrogen removal in the activated sludge process and 

the reject water treatment was 2023 0.69% (0.61% in 2022). However, this is based on the total 

N2O emissions over the Bromma WWTP. In the current situation, it is not possible to compare 

the mainstream production of N2O emissions with the reject water treatment, which would be 

interesting.  

Table 9 presents an overview of each scenario, with the average highest and lowest emissions 

from each case and some significant advantages and disadvantages that highlight and 

characterize each scenario. The last row presents the average yearly emission values from 

Bromma WWTP from 2022 and 2023.  
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Table 9. Summarize all the scenarios with minimum and maximum average emissions. Advantages and disadvantages are presented for each scenario. The last row presents the overall average 

emissions of N2O (ratio N2O-N/Influent N-tot) from Bromma WWTP from 2022 and 2023 

Scenario Minimum average  
incoming load  N-tot 

converted to N2O-N [%] 

Maximum average  

incoming N-tot load 

converted to N2O-N [%] 

Advantages Disadvantages 

Scenario 0 0.98 0.99 • Stable process during these two weeks, 

showing the overall regular operation of 

the reject treatment process 

- 

Scenario 1 0.44 

60 minutes aeration/15 

minutes pause (r=4) 

1.47 

60 minutes aeration/7.5 

minutes pause (r=8) 

- • High ammonium concentration in 

the process, exceeding 200 mg/L  

• Lowest removal rate for NH4-N 

and N-tot 

Scenario 2 0.074 

0.34 mg/L DO 

concentration 

0.80 

0.77 mg/L DO concntration 
• Finding that it is of the highest relevance to 

regular maintenance of the oxygen 

instruments 

• Even if the ammonium concentration was 

low, was there no indication of complete 

nitrification in the process since the nitrate 

was within normal levels 

• Finding relevant intervals of DO levels of 

an optimum process with lower N2O 

emissions 

• The scenario with the overall lowest 

emissions 

• Low ammonium concentration in 

the process 

• Too high airflow to ensure the 

desired oxygen concentration  

Scenario 3 Low ammonium load: 0.40 

High ammonium load: 0.42 

Low ammonium load: 0.90 

High ammonium load: 0.82 
• Overall, there is no problem with the 

process; it is running as normal 

• Lower emissions compared to the 

reference scenario (scenario 0)  

- 

Scenario 4  0.90 1.47 • Before the series configuration was broken, 

the process was operated without any 

further problems 

• Exceeding 200 mg/L in ammonium 

concentration 

• Problem with inflow in both 

reactors but only outflow in R2 

Overall avarge emissions from Bromma WWTP as  influent N-tot load converted to N2O-N [%]: 2022: 0.61 2023:0.69 
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Figure 26 is a compilation of the N2O emissions with data from aCurve. The figure presents 

the emissions in ppm (blue line) and the N2O mass flow in kg/h (orange line). An interesting 

finding is scenario 1, showing relatively low emissions according to the data from aCurve 

compared to the period before the experiment started and the other scenarios. However, as 

discussed, the intermittent aeration had other operational problems, resulting in a non-optional 

operating scenario. Scenario 2 also shows low emissions. However, as for scenario 1, scenario 

2 had operational issues; hence, there was no option to control the process as in those scenarios. 

Scenarios 3 and 4 show varied emissions variations, with higher overall emissions than 

scenarios 1 and 2. As for scenario 3, the adjustment had a low impact on other parameters in 

the process; hence, it could be an option since the key figure was a bit lower compared to 

scenario 0.  
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Figure 23. Summarize the N2O emission from data directly taken from aCurve. The blue line represents the emissions in 

ppm, and the orange line represents the emissions as a mass flow (kg/h) a) period August 2023 to February 2024 b) scenario 

1, March 3, 2024, to March 15, 2024 c) Scenario 2 March 18, 2024, to March 27, 2024, d) Scenario 3 March 28, 2024, to 

April 12, 2024, e) Scenario 4 April 12, 2024, to April 26, 2024 
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5. Conclusions 
This chapter will highlight and summarize the thesis’ conclusion, offer suggestions for 

further improving the work and process, and discuss future research. 

To conclude, the reject water treatment at Bromma WWTP is a complex process, with many 

operational parameters that influence the production of N2O gas. Following observations, 

conditions and parameter influence have resulted from this thesis; 

• Stable operational parameters result in low N2O emissions. 

• N2O emissions are sensitive to shifts in aeration; when the aeration drastically increases, 

there is a peak in N2O emissions; hence, the peak rapidly decreases to reach lower and 

more stable values. This is clearly seen in intermittent aeration, where the peaks occur 

when the aeration shifts from non-aeration to aeration. 

• Intermittent aeration resulted in the lowest removal rates of N-tot and NH4-N, 82% and 

70%, respectively. The other scenarios had removal rate abow 90 % for NH4-N and 

75% for N-tot. 

• DO concentration is a crucial parameter in the process. The thesis’ results showed that 

when the DO successively increases to 0.61 mg/L and higher, a tendency toward 

increased N2O emissions is observed. Due to elevated emissions, a lower DO 

concentration than 0.064 mg/L should be avoided in combination with high ammonium 

load. 

• Changing the ammonium load and the distribution into the reactor did not significantly 

change or affect the N2O emissions. The higher ammonium load had no significant 

effect on the N2O emissions. However, the shift to the other distribution (57% in R1 

and 43% in R2) resulted in lower emissions compared to the normal distribution, with 

70% in R1 and 30% in R2. 

• The series configuration resulted in operational problems due to the control system's 

pre-installed program, which started when the discharged reject's ammonium 

concentration elevated by 200 mg/L. 

• Nitrite concentration has a relatively strong linear positive correlation to N2O 

emissions; an increased nitrite concentration will result in elevated N2O emissions. 

• The DO concentration and the N2O emissions resulted in a relatively strong corr, 

showing the trend: a too-low DO concentration resulted in elevated emissions, followed 

by lower emissions when the concentration increased, followed by increased emissions 

when the DO elevated, a quadric polynomial pattern.  

• The correlation between N2O emissions and g NH4-N load/m2 carrier, day showed 

different weak and strong correlation regressions for the various scenarios. Hence, it is 

hard to conclude how the mass load per surface area carrier per day correlates with the 

N2O emission. However, it can be concluded that several combined parameters 

influence the N2O emissions and the mass NH4-N the carrier can handle per day.  

• All the scenarios had a lower ratio of incoming N-tot load converted to N2O-N than 

IPCC recommends (less than 1.6%) 
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The thesis’ results recommend that scenario 3 adjust the distribution of rejects into the reactors. 

However, it can be concluded that comprehensive knowledge and understanding of what 

influences N2O production are essential for mitigating N2O emissions.  

The profile measurement can conclude the following; 

• When the process operates in parallel, there is significant reject leakage from R1 to R2. 

Hence, R2 has lower values of the measured parameters and a higher flow of discharged 

reject. However, this is not a problem for the process or the production of N2O. 

• The process is effective in the removal of nitrogen compounds.  

• Regular maintenance of the oxygen instrument will result in better oxygen detection in 

the basin. 

• DO is a complex parameter and a challenge to measure; hence, there is a significant 

difference between the profile measurement and the online instrument. This can be due 

to the location of the online instrument compared to the measurement points, and the 

electrode used for the profile measurement was light and complex to get in-depth due 

to the high turbulent flow compared to the permanently and robustly installed oxygen 

instrument. 

5.1 Future work and recommendations  

Much exciting research has been found for future work during the thesis project. It would be 

interesting to investigate the intermittent aeration further, especially the peaks of N2O produced 

in the transition from the non-aeration phase to the aeration phase. The peaks can result from 

the stripping of N2O in the aqueous phase to the gaseous phase. It would be interesting to 

investigate the amount of N2O (in mass) produced in the peaks compared to when the aeration 

or the non-aeration has been stabilized. It would also be interesting to examine how much of 

the N2O peaks are converted by the input of N-tot to N2O and how much is being pushed out 

of the reject water by the injected air. Further, measuring the N2O in the aqueous phase would 

be interesting. 

Regarding the measurement method for the reject water treatment process, it would be 

interesting to compare a collective sample taken over 24 hours to the grab sample, which was 

taken over 1.5 hours. 

It would be interesting to further investigate the DO concentrations and their influence on N2O 

emissions by collecting more data, using a wider concentration interval to enhance more 

comprehensive results, and establishing an interval where the DO concentration should operate 

at Bromma WWTP to minimize the emissions of N2O. 

As this thesis suggests, the recommendation is to regularly maintain the online instruments, 

mainly the oxygen instruments, and gain knowledge of which parameters and correlations 

enhance and mitigate the N2O emissions. At Bromma WWTP, nitrite and DO concentration 

are relevant parameters to keep at the recommended level to mitigate N2O emissions. If the 

process operation should be adjusted more drastically, then the inflow into each reactor 

(scenario 3) is recommended. However, operating the process as it is done today is also 

recommended, but as mentioned, with the awareness of what influences N2O emissions.   
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Appendices 

Appendix A – Profile measurement  
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Figure 1A. Nitrite profile measurement during the five scenarios 
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pH profile 
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Figure 2A. pH profile measurement during the five scenarios 
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DO profile  
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Figure 3A. DO profile measurement during the five scenarios 
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Conductivity profile  
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Figure 4A. Conductivity profile measurement during the five scenarios 
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Appendix B – N2O data  

Table B1. Summarize key figures related to the % N-tot load converted to N2O-N from scenario 0 

Date Min [%] Mean [%] Max [%] Mass emission 

rate of N2O 

[kg/h] 

February 19 – February 25 0.22 0.99 2.53 0.62 

February 26 – March 3 0.20 0.99 2.42 0.55 

 

Table B2. Summarize key figures related to the % N-tot load  converted to N2O-N from scenario 1 

Intermittent aeration 

[aeration/pause ]  

Min [%] Mean [%] Max [%] Mass emission rate of 

N2O 

[kg/h] 

r=2     

  30 min/15 min  0.18 0.50 1.69 3.56 

  60 min/30 min 0.27 0.75 1.98 1.88 

r=4     

  60 min/15 min 0.21 0.44 0.83 1.37 

  30 min/7.5 min 0.29 1.27 8.03 7.20 

r=8     

  60 min/7.5 min 0.34 1.46 9.37 3.60 

 

Table B3. Summarize key figures related to the % N-tot load converted to N2O-N from scenario 2 

DO concentration 

[mg/L] 

Min [%] Mean [%] Max [%] Mass emission rate 

of N2O 

[kg/h] 

0.77 0.52 0.80 1.16 3.26 

0.61 0.58 0.64 1.82 0.12 

0.41 0.09 0.43 1.50 0.90 

0.40 0.096 0.17 0.33 1.62 

0.36 0.41 0.61 0.68 1.85 

0.34 0.025 0.074 0.20 0.82 

0.17 0.047 0.11 0.51 0.98 

0.065 0.22 0.34 0.41 2.72 
 

Table B4. Summarize key figures related to the % N-tot load converted to N2O-N from scenario 3 

Ammonium 

load  [kg 

NH4/m
3, day] 

Min [%] Mean [%] Max [%] Mass 

emission rate 

of N2O 

[kg/h] 

0.88 0.32 0.90 1.12 0.52 

0.88 0.12 0.63 1.55 25.3 

0.88 0.16 0.40 0.76 2.41 

1.32 0.041 0.42 0.82 3.94 

1.32 0.40 0.73 1.27 5.34 

1.32 0.39 0.82 2.40 7.00 
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Table B5. Summarize key figures related to the % purified N-tot converted to N2O-N from scenario 4 

Date Min [%] Mean [%] Max [%] Mass emission 

rate of N2O 

[kg/h] 

April 12 – 

April 19 

0.30 1.47 4.98 0.52 

April 19 – 

April 23 

0.00065 0.90 4.10 0.33 

April 23 – 
April 26 

0.22 1.16 9.57 0.34 
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