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1. General introduction 

Nitrogen (N) is a crucial macronutrient whose speciation and accessibility are known 

to influence terrestrial, freshwater, and marine environments (Vitousek et al., 2013). 

Before the Industrial Revolution, the conversion of nitrogen gas (non-reactive nitrogen 

form) to reactive forms – directly or indirectly supporting biological growth – was mainly 

accomplished by biological nitrogen fixation mediated by bacteria and archaea 

(Galloway et al., 2004; Gruber and Galloway, 2008; Galloway et al., 2014). While 

human metabolism processes are responsible for approximately 5% of the global 

reactive nitrogen pool, a large fraction of metabolized nitrogen is associated with the 

discharge to sensitive water reservoirs and coastal waters (Larsen et al., 2007; Larsen, 

2015).  

Local accumulations of reactive nitrogen species have been linked to water pollution 

issues, including eutrophication and algal blooms, which can lead directly to hypoxia 

and aquatic fauna death (Gruber and Galloway, 2008). Wastewater treatment  

(i.e., biological nutrient removal) before discharge to these water bodies remains an 

effective strategy for directly removing the reactive nitrogen fractions associated with 

human metabolism. The following text addresses nitrogen removal's importance as 

related to wastewater treatment and discusses existing and developing activated 

sludge model concepts where novel processes for nitrogen removal are implemented.  
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1.1. Nitrogen cycle in nature  

Nitrogen content is approximately 80% of the atmosphere (N2 gas) and, in parallel, is 

an essential component of organics, e.g., proteins’ structure that are integral materials 

for living organisms. However, the gaseous N form is generally unavailable for most 

organisms to support their growth. Nitrogen gas can be converted to ammonia by 

nitrogenase enzymes in N2-fixing bacteria, by photochemical reactions, and through 

industrial processes, as Galloway et al. (2004) described. In contrast to nitrogen gas, 

ammonia N consists of ammonium ions and free ammonia and is readily available for 

supporting growth since it does not need to be reduced to form organic compounds 

containing nitrogen. Upon cell death and lysis, organic N can be released and re-

converted to ammonia in the ammonification process.  

In addition to being incorporated into biomass, NH4-N oxidation can also be used as 

an electron donor. In the autotrophic nitrification process, the energy generated from 

the ammonia oxidation can be used to fix the CO2 from the environment to synthesize 

ammonia oxidizers and nitrite oxidizers (Liu and Wang, 2012). In the nitrification 

process, NH4-N is oxidized by aerobic ammonia oxidizing bacteria (aerobic AOB) or 

archaea (aerobic AOA) to nitrite (+III). Nitrite oxidizing bacteria (NOB) can then convert 

nitrite to nitrate (+V) also under aerobic conditions. Both nitrite N and nitrate N can be 

used as electron acceptors during the denitrification process. Further during 

denitrification, nitrite and/or nitrate are sequentially converted to N2 gas, mainly by 

heterotrophic bacteria. These heterotrophs use organic carbon compounds for 

biomass synthesis. Anaerobic ammonia oxidation (anammox) is another major 

process in the nitrogen cycle, which enables the conversion of ammonia and nitrite to 

N2 gas and nitrate by autotrophic organisms. Figure 1.1 presents an overview of the 

major pathways of the conventional nitrogen cycle.  
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Figure 1.1. Key pathways in the conventional nitrogen cycle 
(from Klotz and Stein, 2008). 

 

Since there are five outermost electrons in the nitrogen atom, therefore it is possible 

to form different oxidation states from -III to +V. In wastewater, ammonium (NH4
+), 

nitrite (NO2
-), and nitrate (NO3

-) are the three common stable soluble N forms among 

many other nitrogen compounds. Nitrogen is being changed from one form to another 

continuously by microbial activity. In the biological wastewater treatment processes, 

organic N and ammonia are considered as the influent nitrogen source and enter the 

nitrogen removal cycle, while ammonia is considered the main component of dissolved 

inorganic N in the influent. In some cases, other nitrogen forms (e.g. nitrite and nitrate) 

may also be present in the influent.  

Excessive amounts of inorganic nitrogen and phosphorus provide nutrient sources for 

algae blooms and eutrophication in receiving waters (Anderson et al., 2002). Algae 

can cause taste and odor problems in any water body. Because algae cover the 

surface of the water body and hinder oxygen transfer into the water from the air, the 

dissolved oxygen (DO) concentration may become low, resulting in the death of fish 

and other aquatic organisms. Additionally, a high concentration of ammonia is toxic to 

many aquatic species, even killing fish and aquatic organisms in the receiving stream. 

Nitrate can act as a nutrient material in receiving streams and poses a health risk by 

contaminating drinking water supplies when they are beyond a certain level.  

If the water with high nitrate concentration was supplied for drinking purposes, this 

problem could be significant and harmful to human health. The study of Fan (2011)  
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has shown that when water contains elevated levels of nitrate (> 20 mg/L), an illness 

known as methemoglobinemia, hypertension and stomach cancer can occur, 

according to the World Health Organization (WHO). Methemoglobinemia, known also 

as “blue baby” syndrome, is caused by high nitrite concentrations in the bloodstream 

(Fan, 2011; Ward et al., 2018). 

For all the above reasons and factors, controlling nitrogenous compounds and 

removing excess nitrogen in water bodies became mandatory over 50 years ago 

(Stensel et al., 1973; Stensel and Shell, 1974).  

 

1.2. Nitrogen cycle in wastewater treatment plants 

Nitrification is a commonly known key process of nitrogen removal in municipal 

wastewater treatment plants (WWTPs), consisting usually of two steps: ammonia 

oxidation to nitrite (nitritation) followed by nitrite oxidation to nitrate (nitratation). While 

nitrification has been known since the end of the 19th century, the process insights 

have changed considerably in the last 30 years. The idea that the oxidation of ammonia 

to nitrate is, in fact, a biological process was first given by Louis Pasteur in 1862 

(Pasteur, 1862). The evolution of nitrification understanding was reflected by several 

expanding descriptions in engineering manuals and academic books (e.g., the well-

known series of Metcalf and Eddy's authoritative book on wastewater engineering, 

1991 - 2014). The improved understanding of the microbial processes of nitrification 

resulted in growing attention to nitrite as a key nutrient component in novel autotrophic 

N removal processes, e.g. deammonification referred to as a shortcut nitrogen removal 

process via nitrite (“nitrite shunt”), where various steps of traditional 

nitrification/denitrification N removal process are bypassed or eliminated. Therefore, 

the role of nitrite-oxidizing bacteria (NOB) has received growing attention; however, 

due to limited knowledge of their metabolism, the NOB group remains a “big unknown 

of the nitrogen cycle” (Daims et al., 2016). Particularly, the latest discovery of complete 

ammonia oxidation (comammox) by a single Nitrospira microorganism (Daims et al., 

2015; van Kessel et al., 2015) has overturned “a century-old dogma of nitrification 

research”. However, the actual role of comammox Nitrospira in full-scale WWTPs is 

unclear (Koch et al., 2019; H. Chen et al., 2023).  
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Biological wastewater treatment 

The activated sludge treatment process was originally developed as an alternative to 

the anaerobic treatment process for removing bulk organic carbon from wastewater. 

During the early years of the process development, researchers found that extended 

aeration of sewage transformed ammonium to nitrate as described by Ardern and 

Lockett (1914). However, apart from delivering a ground-breaking aerobic process of 

wastewater treatment, the process of nitrification was mostly unexplored until the 

middle of the 20th century when nitrogen and phosphorus species from wastewater 

were linked with the cause of eutrophication (Henze et al., 2008; Rahimi et al., 2020).  

At this point, research into the biological N removal focused on the combined process 

of nitrification-denitrification to convert reactive nitrogen (primarily ammonia, nitrite and 

nitrate) to nitrogen gas.  

Further research by several pioneers led to the development of a two-step nitrogen 

removal process that combined nitrification and denitrification (Sawyer and Bradney, 

1945; Ludzack and Ettinger, 1962; Wuhrmann, 1964; Downing and Hopwood, 1964; 

Johnson, 1966; Young and McCarty, 1969). These findings were further developed by 

Balakrishnan and Eckenfelder (1970) and Barnard (1975) to create multi-stage 

processes (e.g. modified Balakrishnan and Eckenfelder, modified Ludzak & Ettinger, 

Bardenpho) that utilized varying redox conditions to enable carbon and nutrient 

removal from the mainstream flow (i.e. different configurations of aerobic, anoxic and 

anaerobic processes).  

Sidestream N removal has extensively been implemented in both pilot- and full-scale 

installations. These flows can account for 5 to 30% of the total nitrogen load to the 

mainstream process (Khunjar et al., 2014; Mehta et al., 2015). Removal of this  

side-stream nitrogen using biological processes can help facilities meet strict effluent 

discharge limits. The side-stream treatment systems can utilize conventional 

nitrification/denitrification, shortcut N removal (nitrite shunt) or deammonification.  
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Nitrogen removal in wastewater treatment plants  

Mainstream N removal in WWTPs has traditionally relied on nitrification and 

denitrification processes (Figure 1.2). In this strategy, ammonia is oxidized to nitrate 

which is then denitrified to N2 gas. Complete nitrification requires 4.57g O2/g NH4-N 

and 7.14 g alkalinity/g NH4-N, while denitrification requires approximately 4 to 6 g 

COD/g NO4-N. When coupled in a multi-stage process, such as the Modified Ludzak 

& Ettinger (MLE) process, denitrification can recover 2.86 g O2/g NO3-N denitrified and 

3.6 g alkalinity/g NO3-N denitrified.  

 

 

Figure 1.2. Conventional nitrification and denitrification overview 
(adapted from Khunjar et al., 2014). 

 

Today, “engineered” nitrification is considered a two-step aerobic process. The first 

step, nitritation, is catalyzed by aerobic ammonia oxidizing bacteria (AOB) or ammonia 

oxidizing archaea (AOA). The second step (nitratation) is catalyzed by the nitrite 

oxidizing bacteria (NOB) group. These organisms primarily display 

chemolithoautotrophic metabolism, deriving their energy from inorganic chemical 

sources (lithotrophy) and utilize CO2 as their primary carbon source (autotrophy). 

Because of the need to fix CO2, nitrifiers' growth rates and biomass yields are low 

compared to chemoorganoheterotrophic organisms. Equation 1.1 shows the combined 

processes of ammonia and nitrite oxidation.  

 

NH4
+ + 1.9O2 + 0.069CO2 + 0.017HCO3

- → 0.017C5H7O2N + 0.98NO2
- + 0.97H2O + 1.8H+      

(1.1) 
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Downing and Hopwood (1964) demonstrated that nitrification is limited by the 

maximum specific growth rate of the nitrifiers and that this rate is highly liable to 

environmental conditions, such as changes in temperature, dissolved oxygen (DO) 

concentration, and inhibition by toxicants. A consequence of the low growth rate and 

biomass yield is the need to provide sufficient aerobic solids retention time (SRT) for 

nitrifiers to ensure the biomass washout does not occur.  

The aerobic SRT requirements vary with temperature, but typical values range from 

10 to 20 d at 10°C and 4 to 7 d at 20°C (Tchobanoglous and Burton, 1991). Expending 

upon this work, Nowak et al. (1995), Chandran and Smets, (2000, 2005) and Chandran 

et al. (2008) developed two-step approaches for mathematically describing the process 

of nitrification that considered the growth dynamics of aerobic AOB and NOB 

separately and allowed for a more realistic representation of the nitrifier microbial 

groups.  

Denitrification is the reduction of nitrogen oxides to N2 gas. Heterotrophic organisms 

(HET) catalyze these reactions in the absence of oxygen. During the reactions, 

nitrogen oxides are utilized as electron acceptors, and the reduced organic carbon 

compounds in wastewater are used as electron donors. If needed the wastewater's 

reduced carbon content can be supplemented with such compounds as methanol, 

glycerol and fermentation products to achieve low effluent nitrogen concentrations  

(<5 mg N/L). Equation 1.2 describes denitrification, assuming that the organic carbon 

present in wastewater (generalized as C10H19O2N) is used as the electron donor.  

 

C10H19O2N + 10NO3
- → 5N2 + 10CO2 + 3H2O + NH3 + 10OH-    (1.2) 

 

1.3. Novel nitrogen removal processes in wastewater treatment plants 

Shortcut nitrogen removal is another option that can be used to remove nitrogen from 

wastewater. In this process, ammonia is oxidized to nitrite (nitritation), which is then 

denitrified to N2 gas (denitritation), as presented in Figure 1.3. Nitritation requires 3.43 

gO2/g NH4-N and 7.14 g alkalinity/g NH4-N, while denitritation requires approximately 

3 to 4 gCOD/g NO4-N. By avoiding the conversion of nitrite to nitrate, this process can 

theoretically result in 25% oxygen savings and 40% electron donor savings compared 
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to the nitrification/denitrification (Hellinga et al., 1998; Makinia et al., 2011; Torresi et 

al., 2017).  

The promotion of nitrite accumulation to provide operational savings contrasts with the 

historical (conventional) approaches in which nitrite accumulation was viewed as an 

indicator of poor nitrification performance and a source of operating problems, such as 

bulking sludge or excessive chlorine demand during effluent disinfection (Khunjar et 

al., 2014).  

 

 

nitritation   NH4 + 1.5 O2   NO2 + H2O + 2H 

full nitrification  NH4 + 2 O2    NO3 + H2O + 2H 

     

25% energy saved 

 

denitritation  6 NO2 + 3 CH3OH  + 3 CO2   3 N2 + 6 HCO3 + 3 H2O  

full denitrification 6 NO3 + 5 CH3OH  + CO2    3 N2 + 6 HCO3 + 7 H2O  

 

 40% carbon source saved  

 

Figure 1.3. Shortcut nitrogen removal overview. 

 

Nitrite shunt    

One of the first examples of recognizing the potential for savings by utilizing the 

shortcut approach were researchers at TU Delft and Water Board ZHEW together with 

the City of Utrecht and Rotterdam, the Netherlands (Hellinga et al., 1998). They have 

tested pilot and full-scale nitritation/denitritation processes for treating side-stream 

flows with high nitrogen loads. This process, known as Single reactor system for High 

activity Ammonium Removal Over Nitrite (SHARON®) has been implemented in 

various configurations at nearly one hundred full-scale treatment facilities worldwide 

(Lackner et al., 2014). In this process, NOB repression is achieved using a combination 

of free ammonia (FA), DO, and short aerobic SRT, which enable washout of the NOBs. 
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Following this process, a supplemental carbon source, such as methanol, is usually 

added to drive denitrification (van Dongen et al., 2001; Choi et al., 2019).  

Nowadays, extensive research is carried out on using mainstream 

nitritation/denitritation processes for nitrogen removal. In these systems, low ammonia 

concentrations and low temperatures limit the ability to use FA and low aerobic SRT 

to control NOB growth. Recent studies (Regmi et al., 2013; Roots et al., 2020; Duan 

et al., 2022) have shown that successful NOB repression in the mainstream flow will 

require a combination of the factors that include DO concentrations, a rapid transition 

from aerobic to anoxic conditions and a tight control of SRT.  

 

Deammonification (partial nitritation and anammox) 

Another recent approach for removing nitrogen is the deammonification process that 

consists of partial nitritation and anammox (PN/A), where approximately 50% of the 

influent ammonia is converted into nitrite (Wett, 2007; Lackner et al., 2014; Cao et al., 

2017). Nitrite and ammonia nitrogen are then consumed through anaerobic ammonia 

oxidation (anammox) to produce N2 gas (Equation 1.3) and a small amount of nitrate. 

Compared to conventional nitrification/denitrification, this process can theoretically 

save 62.5% of the oxygen and all the electron donors (Figure 1.4).  

 

NH4
+ + 1.32NO2

- + 0.066HCO3
- + 0.13H+ → 0.26NO3

- + 1.02N2 + 0.066CH2O0.5N0.15 + 2.03H2O  

            (1.3)  

 

Initially, the deammonification process was developed as a two-step side-stream 

process (treatment of anaerobically digested sludge liquor) in which nitritation was 

performed in a separate reactor (e.g. SHARON®) (Loosdrecht and Salem, 2006).  

The partially nitrified wastewater was later combined with non-nitrified digested liquor 

(ammonia source) to enable the nitrogen removal process. Since then, single reactor 

approaches have been developed in which, partial nitrification and anammox process 

can be carried out in a compact footprint (Sliekers, 2002; Christensson et al., 2013; 

Cao et al., 2017).  
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Deammonification has been used for the treatment of side-stream flows containing 

high nutrient loads, e.g. ANAMMOX/CANON (Sliekers, 2002); DEMON (Wett, 2007); 

AnitaMOX (Christensson et al., 2013); CLEARGREEN (Khunjar et al., 2013). In these 

approaches, control of nitrite oxidation is accomplished by controlling a combination of 

several factors, including FA concentration, free nitrous acid (FNA) concentration, 

temperature, pH, DO and aerobic SRT (Gabarró et al., 2012; Zhao et al., 2023). Many 

process setups, such as a sequencing batch reactor (SBR), granular up-flow reactors 

and moving bed biofilm reactor (MBBR), have been used for this purpose.  

 

Figure 1.4. PNA process overview 
(Khunjar et al., 2014). 

 

Additional extensive research has been performed to determine the procedure for 

performing deammonification in the mainstream flow (Wett et al., 2013, 2015). In order 

to achieve the nitrite diversion pathway in mainstream systems, NOB repression 

depends on maintaining residual ammonia concentrations, occasionally high DO 

concentrations, rapid transition to anoxic conditions and tight SRT control (Regmi et 

al., 2013; Izadi et al., 2021). However, mainstream deammonification requires 

maximum retention of the anammox biomass besides suppressing the NOB activity. 

This can be achieved using fixed film media and SRT decoupling devices such as 

settlers or hydrocyclones (Wett et al., 2013; Podmirseg et al., 2022).  

 

Partial denitrification-anammox (PdN/A) 

One of the alternatives to the mainstream deammonification process explored widely 

is partial denitrification-anammox (PdN/A). Stable operation of the PdN/A process 

relies on the interaction and competition between anammox bacteria and denitrifiers. 

However, the mechanism of metabolic between the functional bacteria in the PdN/A 
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system remains unclear, especially in the treatment of high-strength wastewater  

(G. Chen et al., 2023). 

In the PdN/A process, a part of the influent NH4-N is aerobically oxidized to NO3-N. 

Next, the nitrate N is reduced to nitrite N by heterotrophic activity (denitratation), and 

the resulting mix of remaining ammonia and nitrite acts as a substrate source for the 

anammox process (Le et al., 2019; Lu et al., 2021; Al-Hazmi et al., 2022), as presented 

in Figure 1.5. This process does not involve NOB washout and requires a carbon donor 

to achieve partial denitrification (M. Zhang et al., 2019). Compared to the PN/A path, 

the PdN/A process consumes slightly more resources (energy for aeration and 

carbon). However, the nitrite-generating pathway is better documented than the NOB 

washout pathway (e.g. You et al., 2020; Izadi et al., 2021).  

 

Figure 1.5. Deammonification pathways PN/A and PdN/A process  
including nitrous oxide emission pathways  

(adapted from Kirim et al., 2022). 

 

Theoretically, 50% of aeration demand and 80% of carbon demand can be saved, and 

sludge production can be decreased by 60% compared to conventional N removal 

process (Z. Zhang et al., 2019; McCullough et al., 2022). Recent research attempts to 

focus on reducing the external carbon need (M. Zhang et al., 2019; Justin et al., 2022) 

and aim to take advantage of alternative solutions, e.g. slowly biodegradable organics 

in wastewater or production of soluble microbial products through fermentation 

(Ladipo-Obasa et al., 2022).  
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1.4. Problem definition and research objectives  

Activated sludge modelling aims to understand and control the biological processes 

and interactions in activated sludge systems. This requires a dynamic process model 

that describes the physiology of the individual microorganisms and the ecological 

interactions in activated sludge processes. Improved process knowledge should, 

finally, result in the development of more efficient wastewater treatment processes.  

This work is intended to develop a complete biokinetic model that could describe the 

dynamics of the two-step nitrification, especially in bioreactors fed with high  

ammonia-concentrated influent. The thesis presents research results in an SBR-type 

process operated at elevated temperatures and limited DO concentrations. Special 

attention was given to substrate limitation mechanisms, the inhibition processes, the 

biomass adaptive properties and biomass washout during the start-up phase.  

The mechanism of two-step partial nitrification and competition between AOB and 

NOB microorganisms at elevated ammonia nitrogen concentrations was studied. The 

model calibration and validation were performed with experimental data from 

laboratory batch tests and long-term bench scale operations, using biomass and 

sludge digester liquor from the Municipal Wastewater Treatment Plant “Wschod” in 

Gdansk, Poland.  

This research aims to identify the bottlenecks in modelling full-scale wastewater 

treatment technologies focused on new processes, such as nitrite shunt and 

comammox. One of the major known bottlenecks is kinetic parametrisation and model 

calibration. Several approaches have been proposed, which rely on a kinetic-based 

AOB and NOB competition mechanism, where AOB and other microorganisms (i.e. 

comammox Nitrospira) compete for substrates. The background of controlling the 

nitrogen removal process towards outcompeting of NOB included (1) low DO 

operation, (2) high DO operation, and (3) control of the aerobic SRT. This research 

extends the assessment of a conventional two-step nitrification model, where the 

model will be used to simulate a series of lab-scale experiments. 
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Besides the main goal of this research, several objectives were identified and studied, 

including theoretical aspects of the partial nitrification process and its practical control 

strategies. These key objectives are: 

a. influence of nitrite on two-step nitrification process kinetics concerning high and 

low initial nitrite concentration. 

b. study of two-step nitrification process kinetics under variable aerobic conditions 

(oxygen as an inhibiting factor) at a high initial concentration of nitrites. 

c. determination of the most critical biokinetic model parameters for calibration and 

validation of the partial nitrification process. 

d. application of the biokinetic model to simulate nitritation and nitratation in side 

stream activated sludge treatment systems of sludge digester liquors. 

e. use of the biokinetic model of two-step nitrification to simulate and evaluate the 

impact of specific process control strategies to achieve nitrite shunt via NOB out-

selection. 

f. extension of the established two-step nitrification model with comammox type 

bacterial activity performing complete oxidation of ammonia to nitrate.  
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2.1. Nitrification background  

Nitrification is the oxidation of reduced forms of nitrogen to nitrite and nitrate.  

The process is an essential link in the nitrogen cycle of natural, industrial, and 

agricultural systems. In wastewater treatment, nitrification is a key step in nitrogen 

removal, linked to denitrification and fixed nitrogen loss (Ward et al., 2010).  

Understanding the critical environmental factors that influence the nitrifying activity of 

autotrophic microorganisms leading to the nitrification process is discussed below.   

The most influential factors are: 

- Temperature, 

- pH & alkalinity, 

- nitrogen substrate concentration, 

- dissolved oxygen (DO). 

It is important to note that the oxidation of ammonia is usually the rate-limiting step in 

the overall nitrification process. This means that nitrite accumulation will only appear 

in large amounts when the considered process is non-stationary, e.g. due to varying 

loads, start-up of the treatment process and washout of biomass, or other operational 

problems in the treatment unit (Henze et al., 2001). Many other factors, such as metals 

can inhibit the nitrification process in activated sludge treatment systems. As 

conventional nitrifying treatment plants are designed to allow the nitrification process 

to occur at the design temperature, even a limited inhibition could cause the nitrification 

to stop completely. However, this will not take place instantaneously but after several 

weeks (e.g. over a washout period). Such a stop in nitrification is, therefore, not a result 

of the nitrifying population being completely inhibited by a toxic substance or 

environmental factor concerned, but it is a result of the washing out of the nitrifying 

biomass (Henze et al., 2001; Tchobanoglous et al., 2003; Carrera et al., 2004).  

 

Temperature  

The influence of temperature on wastewater treatment efficiency is commonly known. 

Temperature is an important factor influencing nitrifying biomass activity, which is 

crucial to maintaining effective biological wastewater treatment and good-quality 

effluent. It also affects other physiochemical properties, such as DO concentration. The 
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exact influence of temperature on biological wastewater treatment remains difficult to 

determine because of its interaction with mass transfer, chemical equilibria, and growth 

rates. 

Recent studies (Gustavsson et al., 2020; Liu et al., 2021; Regmi et al., 2014) focus on 

temperature effect on the competition between AOB and NOB groups (difference in 

growth rates) and substrate (free ammonia) availability. The growth and decay rates 

are temperature dependent, and thus, a change in temperature can result in treatment 

process performance variations. Temperature rise results in two opposite effects, 

including increased free ammonia inhibition and increased activity of microorganisms 

according to the general Arrhenius relationship (Equation 2.1.). This change in 

microbial activity is maintained only up to a specific critical temperature, above which 

biological activity decreases again (not described by this equation).  

 

𝑑(ln 𝑘)

𝑑𝑇
=

𝐸𝑎

𝑅∙𝑇2
          (2.1)  

   

where 

k – reaction rate (or equilibrium) constant, T-1  

Ea – activation energy, J/mol 

T – temperature, K (273.15 + C°) 

R – ideal gas constant, 8.314 J(mol·K) 

 

Equation 2.1. may be integrated between the temperature limits (T and T0), yielding: 

 

𝑙𝑛
𝑘𝑇

𝑘𝑇0
=
𝐸𝑎(𝑇−𝑇0)

𝑅∙𝑇∙𝑇0
           (2.2) 

 

Because most of the activated sludge systems are operated in a relatively narrow 

temperature range, the term Ea/(R·T·T0) may be constant, and thus: 

 

𝑘𝑇 = 𝑘𝑇0𝑒
𝐶𝑇(𝑇−𝑇0)          (2.3) 
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The term 𝑒𝐶𝑇 in Equation 2.3 is expressed as temperature coefficient (temperature 

correction factor or Arrhenius coefficient), θ, which gives:  

 

𝑘𝑇 = 𝑘𝑇0𝜃
(𝑇−𝑇0)          (2.4) 

 

The accuracy of kT is strongly dependent on the accuracy of the Arrhenius coefficient 

θ. To avoid an error in kT above 10%, the temperature must be accurate to within 1°C 

to 1.5°C for values of θ between 1.07 and 1.10 (Argaman and Adams, 1977). A list of 

θ values for various biochemical reactions in the activated sludge process is presented 

in Table 2.1.  

 

Table 2.1. Selected values of temperature correction factor θ for various kinetic coefficients. 

Parameter 
Dold et al. 

(1980) 
Grady et al. 

(1999)  
Salem et al. 

(2003) 

Hwang and 
Oleszkiewicz 

(2007) 

Guo et al. 
(2010) 

Mannucci 
et al. 

(2015) 

μAOB 1.123 
1.098 – 
1.118 

1.088 1.116 1.051 1.062 

μNOB  
1.068 – 
1.112 

- - - - 

KNH,AOB 1.029 1.125 - - - - 

KNO2,NOB  1.157 - - - - 

 

Some authors reported that the modified Arrhenius equation (2.4) is not accurate when 

applied to evaluate temperature effects on treating domestic wastewater in a 

completely stirred tank reactor (CSTR) activated sludge process in the range of  

4 – 31 °C (Sayigh and Malina, 1978; Painter and Loveless, 1983). These authors found 

and confirmed that the coefficient θ depends on variability in substrate characteristics 

and biomass adaptation (including shifts in the biomass population and the acclimation 

of specific bacterial groups). However, many other studies revealed that the 

biochemical reactions in mixed microbial cultures, e.g. activated sludge, would follow 

the modified Arrhenius relationship in the temperature range from 5 °C to 25 °C, with 

gradual temperature variation of 0.1 °C·d-1 (Guo et al., 2010; Mannucci et al., 2015).  
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Like any other bacteria, nitrifying microorganisms are especially sensitive to sudden 

variations in temperature. The maximum specific growth rate (µmax) of AOB often 

exceeds that of NOB at higher temperatures (Dongen et al., 2001; Van Hulle et al., 

2010). When the temperature rise is fast (measured in hours), the increase in the 

growth rate is lower than expected. In contrast, a sudden temperature drop gives a 

much higher activity decline than expected. Investigations conducted in the 

temperature range between 35 and 45°C (Van Hulle et al., 2007; Wett et al., 2010) 

showed an optimal range for partial nitrification for short-term effects. The long-term 

exposure of nitrifying cultures to temperatures above 40°C is expected to inhibit and 

finally disable the nitritation process (Hellinga et al., 1999). Moreover, nitrification 

cannot take place at thermophilic temperatures (50 - 60°C) (Henze et al., 2008). 

Application and operation of the SHARON process (Hellinga et al., 1998) is based on 

the conclusion that temperatures above 25°C lead to the increased specific growth rate 

of AOB.  

The traditional nitrification theory states that the rate of nitrification is controlled by the 

conversion of ammonia to nitrite by Nitrosomonas species (Ward et al., 2010).  

It is widely accepted that the oxidation of nitrite to nitrate by Nitrobacter species 

commonly occurs much more rapidly, and consequently, nitrite concentration typically 

remains very low (< 1 mg N/L). This postulate has been repeatedly confirmed by 

investigations within the typical range of nitrification process temperatures 15° to 25°C 

in WWTPs and has been accepted as a fundamental principle (Tomlinson et al., 1966; 

Henze et al., 2001; Guo et al., 2010).  

 

pH & alkalinity 

Literature shows a wide disagreement in the reported optimum range and pH effects 

on nitrification in general. Still, in overall agreement the optimum pH for both AOB and 

NOB is between 7 and 8. A very first explanation is the actual influence on the NH4/NH3 

and HNO2/NO2 balance:  
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𝑁𝐻4
+ + 𝑂𝐻− ↔ 𝑁𝐻3 + 𝐻2𝑂  

𝑁𝑂2
− + 𝑂𝐻− ↔ 𝐻𝑁𝑂2 

 

The preference of AOB for slightly alkaline environments possibly explains the fact that 

these organisms can use NH3 as substrate (Suzuki, I. et al., 1974), while at certain pH 

values, ammonia and nitrous acid can explain the inhibitory effects. Besides the 

influence of pH on chemical equilibrium where substrate/inhibitors are involved, other 

studies show the direct pH effects on the nitrifiers' activity (Van Hulle et al., 2007). The 

first studies on the nitritation process (Hellinga et al., 1998) showed a decrease in the 

growth rate of the NOB population at pH = 7 compared with pH = 8, while changes in 

the growth rate of AOB at these pH values were insignificant. A drop in the pH value 

below 7 results in a nitrification rate decrease since a carbon limitation due to CO2 

stripping occurs (Wett and Rauch, 2003; Guisasola et al., 2007). Nevertheless, high 

nitrification rates at low pH were detected in reactors with a buffer system, e.g.,  

a fluidized bed reactor with chalk as a biofilm carrier (Tarre and Green, 2004). Figure 

2.1 presents an example of the pH effect on Nitrobacter specific growth rate at 32°C 

(W. C. Hiatt and Grady, 2008). 

 

 

Figure 2.1. Effect of pH on the Nitrobacter growth rate  
(Hiatt and Grady, 2008). 
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Nitrogen substrate concentration  

Free ammonia (FA) and free nitrous acid (FNA) concentrations have a significant 

influence on the nitrification process as these uncharged nitrogen forms are the actual 

substrate/inhibitor for AOB and NOB instead of ammonium and nitrite (Suzuki, I. et al., 

1974; Anthonisen et al., 1976). This was confirmed for AOB active in the SHARON 

process application (Van Hulle et al., 2005, 2007). Based on the standard total 

ammonium nitrogen (TNH4) and total nitrite nitrogen (TNO2) analysis, which gives the 

sum of ionized and unionized compounds, the free ammonia and nitrous acid 

concentration can be calculated incorporating pH and temperature according to 

Anthonisen et al. (1976): 

 

[𝐹𝐴] =
[𝑇𝑁𝐻4]10

𝑝𝐻

𝑒6344/(𝑇+273)+10𝑝𝐻
           (2.1) 

 

[𝐹𝑁𝐴] =
[𝑇𝑁𝑂2]10

−𝑝𝐻

𝑒−2300/(𝑇+273)+10−𝑝𝐻
         (2.2) 

 

The ratio between the ionized (NH4
+ and NO2

-) and the unionized forms (NH3 and 

HNO2) of the substrate is determined by the pH and temperature values in the reactor 

and can be calculated based on acid-base equilibrium. The amount of FA increases 

with increasing pH, while the amount of HNO2 decreases. This causes the promotion 

of ammonium oxidizers but suppresses nitrite oxidizers. Thus, NOB can be 

outcompeted in a weak alkaline environment (7.5–8) to produce a nitrite-rich 

(Anammox-suited) effluent in the nitritation reactor (Van Hulle et al., 2005, 2007, 2010). 

However, the potential of using this engineering approach seems somewhat limited 

since the adaptation of the NOB to increased FA concentrations has also been 

reported (Turk and Mavinic, 1989; Joss et al., 2009). Therefore, it was stated that 

stable partial nitritation only occurs when factors other than FA and FNA are regulated 

(Peng and Zhu, 2006; Ma et al., 2016).  

Regarding inhibition, it can be concluded that free ammonia is the main inhibitor of 

nitrification at high pH (above 8), whereas HNO2 is the main inhibitor at low pH (below 

7.5). In literature, different threshold values were proposed for nitrification inhibition,  
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but these are very sensitive to microorganism adaptation (Prakasam and Loehr, 1972; 

Anthonisen et al., 1976) and require an individual approach.  

Anthonisen et al. (1976) stated that AOB are inhibited at NH3 concentrations of  

8–120 mgN/L and HNO2 concentrations of 0.2–2.8 mgN/L, while inhibition of nitrite 

oxidation is observed at an NH3 concentration of 0.08–0.82 mgN/L and HNO2 

concentration of 0.06–0.83 mgN/L. Further studies have confirmed that free ammonia 

only partially affects the inhibition of nitrite oxidation (Hawkins et al., 2010; Joss et al., 

2011; Cao et al., 2017). They found that pH variations had a greater influence on the 

NOB activity than AOB activity.  

 

Dissolved oxygen (DO) 

The requirement, tolerance or sensitivity to molecular oxygen varies widely among 

microorganisms. Aerobes use oxygen and may need it (or require it), can function in 

its absence (facultative requirement) or require it in low levels (microaerophilic). 

Anaerobes do not use oxygen but may tolerate it (aerotolerant) or not (obligate). During 

the nitrification process, the DO concentration is highly important for both AOB and 

NOB populations (Philips et al., 2002; Park and Noguera, 2004). AOB are more robust 

against low DO concentration than NOB. Accumulation of nitrite at low DO 

concentrations is usually explained by the difference in the DO half saturation constant 

(KO) for AOB and NOB (Hanaki et al., 1990; Park and Noguera, 2004; Liu et al., 2020). 

In other words, oxygen deficiency due to low DO concentration influences the activity 

of NOB more significantly compared to AOB (Hanaki et al., 1990; Laanbroek and 

Gerards, 1993; Park and Noguera, 2004). This difference could be explained by the 

higher energy released per amount of oxygen consumed by AOB compared to NOB. 

However, values reported for the half-saturation constant for activated sludge systems 

vary in the range of 0.25 – 0.5 mgO2/L for AOB and0.34 – 2.5 mgO2/L for NOB (Van 

Hulle et al., 2010; Kits et al., 2017). The selection of values of the KO parameter for 

AOB and NOB found in the literature are presented in Table 2.2.  
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Table 2.2. Oxygen affinity constant (KO) values for AOB and NOB 
(adapted in part from Sin et al., 2008) 

Type of wastewater → SSW SSW WW WW SSW SSW WW SSW 

Reference → Hellinga 
et al., 
1999 

(35°C) 

Volcke, 
2006 
 
(35°C)  

Moussa 
et. al., 
2005 
(30°C) 

Kampschreur 
et al.,  
2008 

(20°C) 

Wett 
&Rauch, 

2003 
(26°C) 

Jones  
et al., 
 2007 
(35°C) 

Sin et 
al.,  

2008 
(15°C) 

Mehrani 
et al, 
2021 

(20°C) 
Parameter Definition 

KO,AOB 

AOB 
affinity for 
oxygen  
(mgO2/L) 

1.45 0.9 1.0 0.5 0.4 0.25 0.1 0.3 

KO,NOB 

NOB 
affinity for 
oxygen  
(mgO2/L) 

1.1 1.1 1.0 1.0 1.0 0.5 0.3 0.2 

SSW – sidestream wastewater; WW – mainstream wastewater 

 

This variation may be due to the reactors' different oxygen mass transfer efficiencies. 

The oxygen concentration inside a sludge floc or biofilm does not necessarily equal 

that of the water phase. The half saturation constant is, therefore, dependent on the 

biomass density, the floc size, the mixing intensity, and the rate of oxygen diffusion in 

the floc (Blackburne et al., 2008; Lackner et al., 2014).  

Significant oxygen-limiting conditions can be considered another way to outcompete 

NOB. Nevertheless, it is also suggested that free hydroxylamine inhibition of NOB 

rather than a difference in oxygen affinity constants causes nitrite build-up in nitrifying 

systems at low DO concentrations (Yang and Alleman, 1992; Jianlong and Ning, 

2004). Table 2.3. presents a summary of the effects of DO concentration on nitrification 

in activated sludge systems with a focus on nitrite accumulation.  

 

Table 2.3. Effects of DO concentration on nitrification in activated sludge systems 
(adapted in part from Paredes et al., 2007) 

DO [mg/L] Effect  Reference 

<0.5 nitrite and ammonium accumulation (Ruiz et al., 2003; Ciudad et al., 2005) 

 0.7 
nitrite accumulation up to 67%  

of the applied NH4
+ 

(Ruiz et al., 2003; Ciudad et al., 2005) 

 1.0 80% oxidation of NH4
+, 80% as NO2

-  (Ciudad et al., 2005) 

 1.4 99% oxidation of NH4
+, 70% as NO2

-  (Ciudad et al., 2005) 

>1.7 full nitrification  (Ruiz et al., 2003) 

 2.4 
99% oxidation of the applied NH4

+,  

10% as NO2
- 

(Ciudad et al., 2005) 
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2.2. Nitrification in mainstream systems 

Biological nitrogen removal (BNR) in most modern wastewater treatment plants 

(WWTP), usually present in the form of ammonium or organic nitrogen, is carried out 

by conventional nitrification/denitrification processes in various configurations (Figure 

2.2). This conventional nitrogen removal approach is an energy-demanding and 

resource-intensive process. Nitrification requires oxygen and alkalinity, and 

denitrification requires carbon sources as either influent or supplemental carbon (Fu et 

al., 2022; Kirim et al., 2022). The benefits of the conventional process are the high 

potential removal efficiency, high process stability and reliability, relatively easy 

process control, low area requirement and moderate cost (Tchobanoglous et al., 

2003). The overall disadvantage of the conventional activated sludge BNR processes 

is a requirement for significant tank volumes with associated capital costs, particularly 

in cold climates where the reliability of nitrification is a concern in terms of system 

sludge age (Hu et al., 2012). Other limitations of the activated sludge BNR process 

include filamentous sludge bulking, complex aeration and mixing setups, and more 

complicated process design and operation (Tchobanoglous et al., 2013). Generally, 

the conventional biological nitrogen removal process is applied in the treatment of  

low-strength wastewater (low nitrogen concentrations with total nitrogen concentration 

less than 100 mg N/L).  

Fundamentally, all aerobic biological treatment systems operate with the same 

principles, i.e., trickling filters, aerated lagoons, contact-stabilization, extended 

aeration, etc. They only vary in the conditions under which the biological reactions are 

limited to run. A typical activated sludge system comprises the flow regime in the 

reactor, its size and shape, the number and configuration of the reactors, recycle flows, 

influent flow and other features combined either intentionally or present in the 

treatment system unintentionally or unavoidably (Henze et al., 2008). Although the 

reaction of the nitrifying microorganisms follows their nature, i.e. biological process 

behaviour, the response of the system is controlled by a combination of the 

microorganisms' performance and physical characteristics of the treatment system, i.e. 

environmental conditions or system limitations under which the biological processes 

are constrained to operate (e.g. mixing regime, sludge retention time, hydraulic 

retention time, etc.) (Henze et al., 2001, 2008).  
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It can be concluded that nitrogen removal is important for large mainstream treatment 

systems not only for fulfilling legal regulations and standards for effluent but also as a 

key factor for the design and extension of WWTP, as the reaction volume design is 

based on biological nitrogen elimination process rates (Rosenwinkel et al., 2009). 

 

  

 

 

Figure 2.2. Schematic diagram of four basic biological nitrogen removal process configurations 

(a) preanoxic, (b) postanoxic, (c) two-sludge nitrification-denitrification, and (d) Bardenpho process 

(Tchobanoglous et al., 2013). 
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2.3. Nitrification in side-stream systems 

Compared with municipal wastewater, some wastewater streams, such as anaerobic 

digester effluents, landfill leachate and industrial wastewater, contain high nitrogen 

concentrations. Side streams originating from sludge and biosolids processing are 

generally treated in the mainstream plant. A typical solution is that the side streams 

are returned to the WWTP inlet, the inlet of primary sedimentation tanks or directly to 

the secondary treatment process (e.g. channels carrying primary effluent or return 

sludge to the activated sludge reactors). These high-strength effluents return points 

are dependent on the nutrient, BOD and suspended solids loadings associated with 

particular side-stream together with WWTP’s physical limitations, such as the plant 

piping configuration and the location of the dewatering process relative to the main 

treatment process (Henze et al., 2001; Tchobanoglous et al., 2003).  

The conventional BNR process, as mentioned previously, is carried out by nitrification 

and denitrification processes in a controlled environment. While these are effective 

treatment technologies, both steps produce nitrous oxide (greenhouse gas), besides 

nitrification being an energy-intensive process and denitrification being potentially 

costly in operation where organic carbon is required for wastewater with a low COD/N 

ratio. However, the nitritation process coupled with denitritation or anaerobic 

ammonium oxidation was identified as a promising alternative by many research 

projects and applications (Van Hulle et al., 2010; Winkler and Straka, 2019; Liu et al., 

2020).  

 

Nitritation/denitritation  

Denitrifying microorganisms can use nitrite or nitrate as their electron acceptor, and 

while full nitrification requires 4.57 mgO2/mgN, nitritation only requires 3.43 

mgO2/mgN. Therefore, suppressing nitratation can save approximately 25% of 

aeration costs (Peng and Zhu, 2006; Joss et al., 2009). Furthermore, denitritation rates 

appear 1.5 to 2 times more rapid than denitrification, organic carbon requirement is up 

to 40% smaller (decrease in total COD), and sludge production is theoretically reduced 

by approximately 33% for nitrification and 55% for denitrification (Regmi et al., 2013). 

Different strategies have been established and implemented to control NOB activity 

and washout while enriching AOB activity. These include alternating anoxic and oxic 
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conditions, SRT control, step feeding, and intermittent aeration (Blackburne et al., 

2008; Liu et al., 2020). 

 

Partial nitritation-anammox (PN/A) 

Extended energy-saving improvement to the nitritation/denitritation process is 

connecting partial nitritation with anaerobic ammonia oxidation (Anammox) (PN/A). In 

existing applications, approximately 50% of the ammonia is oxidized by AOB to nitrite, 

and the remaining 50% is anaerobically oxidized by Anammox. Key advantages of 

PN/A process over the conventional BNR process are: 1) no organic carbon required 

(fully autotrophic process), 2) about 60% smaller energy demand for aeration, 3) about 

75% less sludge production, and 4) decreased emission of CO2 and potentially N2O 

since both gases are not produced in Anammox metabolism (Lackner et al., 2014; Ma 

et al., 2016; Cao et al., 2017). However, it is important to note that the AOB activity is 

reported to yield more nitrous oxide under DO limited conditions (Massara et al., 2017). 

 

Complete ammonia oxidation (comammox) 

NOB catalysing the second step of nitrification (nitrite oxidation to nitrate) were recently 

identified as nitrifying microorganisms capable of ammonia oxidation directly to nitrate 

(complete ammonia oxidation; comammox) (Daims et al., 2015).  

This finding of NOB genus Nitrospira already has broad implications for present and 

future research on nitrification and the nitrogen cycle, where comammox links two 

steps of a known process into one rather than representing a novel link in the nitrogen 

cycle (Costa et al., 2006). Comammox organisms show an extremely high affinity for 

ammonia (Kits et al., 2017), therefore, their presence may be challenging in PN/A 

systems if comammox bacteria can produce nitrate. However, early results indicate 

that comammox Nitrospira is not very effective at nitrite oxidation and may function as 

an ammonia oxidizer (Daims et al., 2016; Kits et al., 2017; Lawson and Lücker, 2018). 

Furthermore, it has been suggested by Kits et al. (2017) that comammox Nitrospira 

can perform dissimilatory nitrate reduction to nitrite, which could be beneficial to 

Anammox systems, but so far, it is the theoretical approach. Since their first discovery, 

comammox Nitrospira has been identified in several engineered systems, including 

aquaculture biofiltration units, drinking water treatment and distribution systems, and 

wastewater treatment plants (Lawson and Lücker, 2018). 
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2.4. Factors affecting shortcut nitrification process 

The key step for controlling partial nitrification is to obtain a nitrifying reactor with a 

stable nitrite accumulation. The main parameters reported to allow nitrite accumulation 

are oxygen limitation (Garrido et al., 1997; Pollice, 2002), temperature effect (Hellinga 

et al., 1998), and free ammonia and nitrite inhibition (Anthonisen et al., 1976; Surmacz-

Gorska et al., 1997; Yoo et al., 1999). One of the examples that follow the” nitrite path” 

is a single stirred bioreactor with no biomass retention (i.e. chemostat type) that has 

been proposed for treating nitrogen-rich wastewater via partial nitrification: the 

SHARON® technology (Hellinga et al., 1998; van Dongen et al., 2001). 

An advantage of this system is that the hydraulic retention time controls the sludge 

retention time. Therefore, in a system stabilized at 35°C and with a hydraulic retention 

time of about 1 day, it is possible to maintain only ammonia-oxidizing bacteria (AOB) 

in the reactor (Hellinga et al., 1998; Fux et al., 2002). As the chemostat reactor is 

operated at a given hydraulic retention time, the designed volume of this process 

depends only on the wastewater flow. In contrast, in a system with biomass retention, 

like the sequencing batch reactor (SBR), the maximum volumetric load depends mainly 

on the maximum oxygen transfer capacities. 

Partial nitrification can be carried out with different types of reactors, such as attached-

growth or suspended-growth processes, SBR, or CSTR (Hellinga et al., 1998; 

Pambrun et al., 2006). Regardless of the configuration, maintaining a long-term stable 

nitrite accumulation is one of the most stringent issues. 

 

DO concentration  

Adjusting DO concentration in a biological reactor is one of the possible ways to 

enhance nitrite accumulation (see Table 2.3). It is based on the differences between 

the oxygen saturation coefficients of the Monod kinetics for ammonium oxidation and 

nitrite oxidation (Arnaldos et al., 2015). A possible mechanism for inhibiting NOB 

activity (and nitrite oxidation) by lower DO concentrations is based on the accumulation 

of hydroxylamine, an intermediate product of ammonia oxidation. Under low DO 

conditions and high ammonia concentration, hydroxylamine accumulates and causes 

an inhibitory effect for NOB at values as low as 0.2 mg (Jofra et al., 2020). 

Hydroxylamine concentrations above 2000 mg/L were also reported to inhibit the AOB 

activity (Jofra et al., 2020; Yang and Alleman, 1992). However, in wastewater 

treatment engineering, hydroxylamine presence is typically ignored in nitrification 
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processes due to an indirect hypothesis that it will be available at significant levels 

(Zhao et al., 2022).  

For suspended growth biomass systems (i.e. activated sludge) under limited DO 

supply, complete and stable conversion of ammonia into nitrite was obtained, 

independent of the solids retention time (SRT). However, when there was no DO 

limitation, the SRT became the critical parameter for partial nitrification. Yang and 

Allemann (1992) concluded that a combination of free ammonia inhibition, low DO 

concentration and hydroxylamine accumulation were the main factors of nitrite build-

up within an enriched nitrifying culture under batch conditions.  

 

pH 

Interpreting the optimum pH range for nitrification (see section 2.1 pH & alkalinity), 

three different effects of pH on the nitrifying microorganisms have been identified and 

reported: activation and deactivation of nitrifying biomass (reversible process); 

nutritional effects associated with the alkalinity and the species of inorganic carbon 

available, and inhibition through free ammonia and free nitrous acid (Antoniou et al., 

1990). Activation-deactivation of nitrifying bacteria is linked to binding H+ or OH– ions 

to the weak basic groups of the enzymes (Grunditz and Dalhammar, 2001). Nutritional 

effects are mainly associated with the availability of the mineral carbon, which is 

required as a carbon source for the nitrifying autotrophic microorganisms. The CO2 

species can be easily removed from water by stripping associated with the reactor’s 

aeration at low pH. A high pH value favours mineral carbon presence in the form of 

carbonate species, which is barely assimilated in most cases (Paredes et al., 2007). 

At higher pH values, free ammonia increases, while nitrous acid concentration 

increases at low pH.  

 

Substrate inhibition 

Both AOB and NOB can inhibited by either free ammonia or nitrous acid, but NOB are 

more sensitive than AOB to free ammonia (Anthonisen et al., 1976). However, the 

threshold concentration above 150 mg/L of free ammonia, at which the nitrite oxidation 

is inhibited, increases with time. Wong-Chong and Loehr (1975) observed that pure 

cultures of Nitrobacter adapted to free ammonia could tolerate concentrations above 
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40 mg N/L, while a concentration of 3.5 mg N/L could inhibit non-adapted NOB. Further 

studies on biofilm and suspended biomass treatment systems showed that NOB can 

be adapted to higher free ammonia concentrations (Villaverde, 2000), and after a long 

exposure time (i.e. 6 to 12 months), the nitrite accumulation decreases in the system 

and the nitrate concentration increases (Fux et al., 2004), making it difficult to maintain 

long-term partial nitrification in a nitrifying reactor.  
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2.5. Nitrification microbiology 

Microorganisms known to be involved in the nitrification process include autotrophic 

ammonia-oxidizing bacteria (AOB), heterotrophic ammonia-oxidizing bacteria (HAOB), 

ammonia-oxidizing archaea (AOA), nitrite-oxidizing bacteria (NOB), and complete 

ammonia oxidizers (Comammox). The following section describes the three most 

important groups, AOB, NOB, and Comammox, with a general overview of 

heterotrophic activity during nitrification.  

 

Autotrophic ammonia oxidizing bacteria 

There are three identified species of autotrophic ammonia-oxidizing bacteria (Ward et 

al., 2010): two Betaproteobacteria (Nitrosomonas and Nitrosospira) and 

Gammaproteobacteria (Nitrosococcus). Ammonia oxidation by autotrophic AOB 

involves two main enzymes: ammonia monooxygenase (AMO) and hydroxylamine 

dehydrogenase (HAO). AMO from autotrophic ammonia oxidizing bacteria catalyses 

the oxidation pathway's first step by oxidizing ammonia to hydroxylamine (reaction 

2.1). Next, HAO catalyses the oxidation of hydroxylamine to nitrite (reaction 2.2): 

 

O2 + NH3 + 2e–      NH2OH + H2O       (2.1) 

NH2OH + H2O    HNO2 + 4H+ + 4e–       (2.2) 

 

In the first reaction, the actual substrate (Suzuki, I. et al., 1974), ammonia (NH3) rather 

than ammonium (NH4
+) is oxidized to hydroxylamine (NH2OH) via catalysis by 

ammonia monooxygenase (AMO). In the second step, NH2OH is oxidized to NO2
– via 

hydroxylamine oxidoreductase (HAO) catalysis.  

AOB was reported to be present not only in most natural aerobic environments, 

including soils, freshwater, and marine ecosystems but also in some low-oxygen 

environments like brackish waters and subsurface sediments (Holmes et al., 2018). 

AOB are also dominant in many ammonium-rich environments that have been 

impacted by anthropomorphic nitrogen sources such as fertilizers, wastewater, and 

industrial by-products (Ward et al., 2010).  

AMO 

HAO 
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Heterotrophic ammonia oxidizing bacteria 

Several differences must be understood to distinguish between chemolithoautotrophic 

ammonia-oxidizing and heterotrophic ammonia-oxidizing prokaryotes. Most 

importantly, heterotrophic ammonia oxidation does not generate energy (Stein, 2011). 

Consequently, many heterotrophic nitrifiers couple ammonia oxidation to aerobic 

denitrification to dispose of surplus reducing power generated during ammonia 

oxidation (Richardson et al., 1998; Ward et al., 2010). The heterotrophic nitrification 

rate is considerably lower than the autotrophic rate. However, large heterotrophic 

populations in various ecosystems allow them to make major contributions to the global 

nitrogen cycle. A wide diversity of bacteria from various phyla are capable of 

heterotrophic ammonia oxidation, and they can make substantial contributions to 

nitrogen cycling in such wastewater treatment systems as activated sludge (Stein, 

2011), landfill leachate treatment systems (Chen et al., 2012) and ammonium-rich 

industrial wastewater treatment system (Yang et al., 2011).  

The ammonia oxidation pathway utilized by heterotrophic nitrifiers is not clear, but it 

has been proposed that ammonia oxidation occurs like autotrophic nitrification. First, 

ammonia is oxidized by AMO to hydroxylamine, which is then oxidized to nitrite 

(Holmes et al., 2018). 

 

Autotrophic nitrite oxidizing bacteria  

Chemolithoautotrophic nitrite-oxidizing bacteria (NOB) include the second group of 

microorganisms involved in nitrification. NOB obtain energy from the oxidation process 

of nitrite to nitrate according to the following reaction (2.3): 

 

NO2
– + H2O    NO3

– + 2H+ + e–       (2.3) 

2H+ + 2e– + 0.5 O2    H2O 

Nitrite-oxidizing microorganisms are abundant in a wide range of terrestrial, marine 

and freshwater ecosystems and play a major role in nitrogen cycling (Ward et al., 2010; 

Holmes et al., 2018). In fact, it has been estimated that NOB contributes to the 

formation of approximately 88% of all nitrate in the oceans (Gruber, 2004). Nitrate 
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formation is also essential for most life on the planet, as it is the only form of inorganic 

nitrogen that many primary producers (i.e. plants) can assimilate into biomass (Gruber 

and Galloway, 2008). Furthermore, NOB activity is a critical mechanism of nitrogen 

removal treatment processes in many wastewater treatment systems. NOB is 

generally considered metabolically restricted and dependent on ammonia oxidizers. 

Koch et al. (2015) reported that the key NOB of many ecosystems (Nitrospira) convert 

urea, an essential ammonia source in nature, to NH3 and carbon dioxide. Therefore, 

Nitrospira delivers urease-negative AOB with ammonia and receives nitrite produced 

by ammonia oxidation in return, leading to a reciprocal feeding interaction of nitrifiers. 

Previously, Nitrobacter was regarded as the most important NOB. Recently, Nitrospira 

was a more influential and specialized NOB in most WWTPs (Ge et al., 2015) and 

drinking water systems (Ward et al., 2010; Dumont et al., 2016). Fukushima et al. 

(2013) found that Nitrospira was dominant at high inorganic carbon conditions, while 

Nitrobacter was in a low inorganic carbon environment. Moreover, Nitrospira was 

regarded as K-strategists (with high substrate affinities and low maximum activity) for 

nitrite and DO. At the same time, Nitrobacter represented r-strategists under limited 

substrate conditions and could utilize organic energy sources as a part of facultative 

autotrophs and anaerobes (Schmidt et al., 2003; Huang et al., 2010).  

 

Complete ammonia oxidizing bacteria (comammox)  

Until recently aerobic microbial ammonia oxidation to nitrate was regarded as a 

process catalysed by two different groups of microorganisms that both take care of a 

separate part of the process: ammonia oxidizing bacteria (or archaea) oxidize 

ammonia to nitrite, and nitrite oxidizing bacteria oxidize nitrite to nitrate. Both 

conversions were considered aerobic conversions (Henze et al., 2001). 

The basis why this pathway is segregated in two different types of microorganisms has 

been intensively questioned and discussed, but so far no convincing assumption has 

been suggested to justify the advantage of pathway segregation. It has been proposed 

that longer catabolic pathways of nitrifying microorganisms provide a competitive 

advantage over short pathways in case of severe substrate limitation (e.g. ammonia 

and nitrite), because it allows for boosting of the amount of energy that can be gained 

per unit of the substrate (Kleerebezem and Lücker, 2021). This approach for biomass 
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yield maximum values search was suggested to support the development of 

comammox microorganisms in the case of slow growing substrate-limited systems 

such as attached biofilm wastewater treatment reactors (Costa et al., 2006). 

Recently, convincing proof was presented that specific Nitrospira species have the 

capability to oxidize ammonia to nitrate (Daims et al., 2015; van Kessel et al., 2015), 

and that ammonia oxidation to nitrate is not necessarily catalysed by AOB and NOB 

alone. Nitrospira are primarily known as aerobic chemolithoautotrophic nitrite oxidizing 

bacteria, with the capacity to conduct a number of other functions such as respiration 

of simple organic carbon molecules or hydrogen (Kits et al., 2017).  

The first described Nitrospira species was Nitrospira marina, isolated and named in 

late 1980’s (Watson et al., 1986) from water collected in the Gulf of Maine (USA). 

Meanwhile, a great variety of members of the genus Nitrospira have been found such 

environments as freshwaters, soils, groundwaters, geothermal springs, and WWTPs 

(Daims and Wagner, 2018). 

Nitrospira uses the enzyme nitrite oxidoreductase for nitrite oxidation, and the 

comammox Nitrospira members use ammonia monooxygenase (AMO) and 

hydroxylamine dehydrogenase (HAO) for oxidation of ammonia via hydroxylamine to 

nitrite. Carbon dioxide is fixed by the reductive citric acid cycle. One of the features of 

Nitrospira is adaptation to oligotrophic conditions, and therefore ability to successfully 

compete with canonical nitrifiers. The very high affinity for ammonia of comammox 

strain Nitrospira inopinata exceeds that of many other AOB (Daims et al., 2016; Kits et 

al., 2017; Daims and Wagner, 2018; Roots et al., 2019).  
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2.6. Modelling nitrogen removal in wastewater treatment plants 

 

2.6.1. Historical background  

The well-known series of activated sludge models (ASMs): ASM1, ASM2, ASM2d, 

ASM3 recognized the most important processes in activated sludge environment, but 

all of the traditional models are built to model single-step nitrification and denitrification 

processes (Henze et al., 2001). Recent developments in modelling activated sludge 

treatment systems tend to focus on expansion of nitrification-denitrification via nitrite. 

This approach promotes reduction in the oxygen demand for nitrification and organic 

carbon demand for denitrification. In this way, it is possible to save 25% of the oxygen 

uptakes for nitrification and 40% of the carbon needs for denitrification (particularly 

interesting for low COD/N ratio effluents), as described in Chapter 1.2.  

Figure 2.3 presents most important nitrogen conversions compared to ASM1, the  

two-step nitrification model concept, and multi-step nitrification model concept. It is 

important to note that most of the studies found in literature consider nitrite as a model 

state variable and describe nitrite by assuming two-step nitrification and two-step 

denitrification. 

 

A possible way of model optimization is to carry out partial nitrification, involving 

blocking of ammonia oxidation at the stage of nitrite, and to treat nitrite by 

denitrification. Consequently, this technique can either be combined with a traditional 

denitrification of nitrite or with an anoxic conversion of ammonia and nitrite by 

anammoxidans bacteria found in Anammox systems (Jetten et al., 2001; Fux et al., 

2002).  
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(a) 

 

 

 

(b) 

 

 

 

 

 

(c) 

 

 

 

 

 

 

 

Figure 2.3. Schematic illustration of nitrogen transformations as readily biodegradable substrate (Ss)  

according to the ASM1/ASM3 principle (a), two-step nitrification model concept (b), and multi-step 

nitrification model concept (c).  
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Several attempts have been made in the past to model the accumulation of these 

intermediate products (Schulthess and Gujer, 1996). Also, the two-step nitrification has 

been modelled previously (Volcke et al. 2006), but several aspects governing the 

ammonia and nitrite degradation, still remained unclear. First, the mechanisms and 

biokinetic models for NH3 and HNO2 inhibition need to be clarified. Secondly, the 

discussion on true substrates of AOB and NOB is ongoing.  

 

However, nitric oxide (NO) and nitrous oxide (N2O) were not integrated into the most 

common ASMs for several reasons. First, these products do not contribute significantly 

to the total nitrogen mass-balance in the system and activated sludge model series 

has not been used to predict NO/N2O in the treatment plants so far. Moreover, 

municipal treatment systems do not consider nitrite accumulation as a significant 

process. The partial nitrification (nitritation) process in municipal WWTPs is usually not 

recognized due to the lack of NO2 measurements in standard effluent tests or 

combined NO2+NO3 measurements (NOx tests).  

 

According to (Sin et al., 2008a), nitrite can play an important role in some specific 

situations, e.g. unstable operation of WWTP due to insufficient DO concentration, 

operation of the plant at high temperatures, sidestream processes and industrial 

wastewater treatment plants (e.g. food processing facilities). These cases present 

clearly that a single-step process assumption is no longer applicable and, 

consequently, nitrite needs to be included in the modelling process. The guidelines 

given by Schulthess and Gujer (1996) stated that modelling the intermediate nitrite 

production and consumption would be relatively easy in the context of nitrification. 

However, nitrite is also produced and consumed in the denitrification process, and thus 

considering nitrite as a state variable in the nitrification model (but neglecting in the 

denitrification model) would be inconsistent. Such an approach would generate false 

model predictions. Some of the state variables used in different activated sludge 

models are presented in Table 2.4. An example of the stoichiometric matrix for growth 

of AOB and NOB in the two-step nitrification process is presented in Table 2.5.  
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Table 2.4. Selection of state variables and their notation used in different biokinetic models  
(from Pambrun et al., 2006; Hiatt and Grady, 2008) 

Description ASM 1 ASM2d ASM3 
Two-step 

model 

Dissolved oxygen SO SO2 SO2 SO 

Ammonia nitrogen SNH SNH4 SNH4 SNH 

Free ammonia nitrogen - - - SFA 

Total nitrite + nitrate nitrogen SNO SNO3 SNOX -  

Nitrite nitrogen - - - SNO2 

Nitrate nitrogen  - -  - SNO3 

Nitrogen gas - -  SN2 - 

Ammonia oxidizing bacteria (AOB) XB,A XAUT XA XAOB 

Nitrite oxidizing bacteria (NOB) -  - - XNOB 

  

Table 2.5. Stoichiometric matrix and process rate equations for growth  
of AOB and NOB in two-step nitrification process 

(modified from Iacopozzi et al., 2006, Hiatt and Grady, 2008) 

Process SO SNH SNO2 SNO3 XAOB XNOB SALK 

 gO2/m
3 gN/m3 gN/m3 gN/m3 gCOD/m3 gCOD/m3 mole/m3 

Growth of 

XAOB 

( )

AOB

AOB

Y

Y−
−

43.3
 

BMN

AOB

i
Y

,

1
−−  

AOBY

1  
 1   

Growth of 

XNOB 

( )

NOB

NOB

Y

Y−
−

14.1
 

BMNi ,−  
NOBY

1
−  

NOBY

1  
 1  

where: iN,BM – mass fraction of nitrogen in active biomass gN/gCOD 

 

It must be noted that a misunderstanding occurs when considering the real substrate 

for AOB (ammonium or free ammonia) and NOB (nitrite or free nitrous acid).  

The assumption behind use of ionized or non-ionized forms of nitrogen still undergoes 

investigations when it is considered for industrial wastewaters i.e. ammonia-rich 

effluents. Studies concluded by several authors (e.g. Painter and Loveless, 1983; 

Antoniou et al., 1990) estimated – at different pH values – a unique value of half-

saturation constant for free ammonia (NH3) but not for free nitrous acid (HNO2) (Ward 

et al., 2010). Hence, the authors concluded that ammonia and nitrite should be 

considered as the true substrate of nitritation and nitratation, respectively.  

Nitritation and denitritation naturally occur in all WWTPs, if only to a limited extent and 

it takes special process conditions to turn them into dominant nitrogen pathway.  

147

1 ,BMN

AOB

i

Y
−−
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Although the extensive research and rich literature on the nitrite shortcut modelling can 

be found (Al-Omari et al., 2015; Mehrani et al., 2022b; Park and Bae, 2009; Pérez et 

al., 2014; Sharif Shourjeh et al., 2021a; Volcke, 2006; Yu et al., 2020), the complexity 

of the processes and conditions leading to nitrite accumulation has not yet been fully 

agreed (Giusti et al., 2011). In fact, the operating conditions favouring the nitrite 

shortcut induce radical changes in the microbial community, which normally reflect in 

a change of the kinetic parameters. Although a few examples exist where the specific 

saturation constants were estimated with ad hoc experiments (Chandran and Smets, 

2000; Giusti et al, 2011; Pérez et al., 2014), the problem of approximating the 

coefficients of the nitritation kinetics is still open (Cao et al., 2017). The two-step 

nitrification model concept presented further in this work considers the approach 

proposed by several studies on the subject of nitrite-pathway modelling (Chandran and 

Smets, 2000; Mehrani et al., 2021; Wu et al., 2014).  

 

One-step nitrification models 

The conversion of ammonia to nitrate is a multi-step, biologically mediated process 

with several intermediates (where nitrite is the most important). However, from the 

perspective of the oxygen demand and alkalinity consumption, the first models 

considered nitrification as a one-step aerobic process in which ammonia was oxidized 

to nitrate mediated by autotrophic nitrifying organisms. This simplification provided a 

more manageable mathematical structure and, in typical activated sludge systems 

where the SRT was above a critical value, the results obtained were almost identical 

(Dold et al., 1980; Vanhaandel et al. 1981). The maximum specific growth rate 

(typically assumed to be 0.9 d-1), the decay rate (0.17 d-1) and temperature sensitivity 

in the range of 12 to 26°C (double every 10°C; Arrhenius coefficient = 1.072) are the 

key design parameters. If the aerobic SRT falls below the critical SRT for nitrification, 

the nitrifying microorganisms activity stops and may lead to wash out of the system, 

and finally nitrification stops (Dold et al., 1980).  

Based on Marais and Ekama’s steady-state model (Marais and Ekama, 1976), other 

pioneers published a dynamic model which included all the elements of the Marais-

Ekama model, extended by heterotrophic organisms denitrification (Dold et al., 1980; 

Vanhaandel et al., 1981), one-step nitrification, and alkalinity use and production 

calculations. One of the new elements was the separation of influent biodegradable 
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substrate into readily (S) and slowly (X) biodegradable substrate, both being used 

directly but with different kinetics (dual substrate model). In 1982, IWA (at that time 

IAWPRC) formed a Task Group which in 1987 published a modified, simplified and 

updated form of the Dold/van Haandel model converted to single substrate use known 

as Activated Sludge Model No. 1 (Henze et al., 1987). 

While the original models consisted of only a few equations, ASM1 (applied to a 

complex nitrifying/denitrifying plant configuration) consists of numerous lines of 

calculations and dynamically changing input parameters. Other models and their 

extensions are often many times larger than ASM1. In order to use in practice these 

models, they have to accept parameters that can be measured in practice and produce 

relevant results quickly (Ekama and Takacs, 2014).  

In the past decade, nitrification pathways specifically and N pathways in general have 

been investigated in detail, and two-, four- and five-step nitrification and autotrophic 

denitrification models have been proposed to describe the relationships between total 

ammonia (NH3 and NH4
+), nitrite (NO2

-), nitrate (NO3
-), hydroxylamine (NH2OH), nitric 

oxide (NO) and nitrous oxide (N2O) (Chandran et al., 2011).  

 

Two-step nitrification models 

A detailed review of available two-step model structures was given in detail by several 

authors (e.g. Sin et al., 2008; Makinia and Zaborowska, 2020) with respect to main and 

side-stream processes. These models are based on and similar to the ASM1 structure. 

The most common aspect in all these models is that the growth rate is assumed as the 

rate-limiting step and used to describe the rate of other substrate conversions via 

stoichiometric yields — similar to the ASM1 convention. Overall, it becomes clear from 

Table 2.6 and 2.7 that some diversity exists in the mathematical structures developed 

so far. This diversity originates from differences either (a) in the underlying 

assumptions or (b) in the choice of the kinetics of substrate limitation and inhibition. 

 

Table 2.6 summarizes AOB model structure for main- and sidestream treatment 

processes (Sin et al., 2008a). The following most significant differences for the 

ammonia oxidation models were observed: 
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1. Ammonium versus ammonia as the substrate: Except for Hellinga et al. (1999), 

Volcke (2006) and Van Hulle et al. (2007), the other models assumed ammonium 

to be the substrate type for the growth of AOB. Notice that ammonia as substrate 

source was mainly considered for the models intended for the side-stream 

processes. Results of Anthonisen et al. (1976) support the claim that ammonia is 

the true substrate source as well as molecular simulation studies (Yang et al. 

2007). In either case, the Monod equation is used to describe the substrate 

limitation on growth (Equation 2.4).  

 

𝑟𝑁,𝐴𝑂𝐵 = 𝜇𝑁𝐻𝑋𝑁𝐻 ∙
𝑆𝑂

𝐾𝑂,𝑁𝐻+𝑆𝑂
∙

𝑆𝑁𝐻3

𝐾𝑁𝐻3,𝑁𝐻+𝑆𝑁𝐻4
∙

𝐾𝐼𝐻𝑁𝑂2,𝑁𝐻

𝐾𝐼𝐻𝑁𝑂2,𝑁𝐻+𝑆𝐻𝑁𝑂2
    (2.4) 

(growth rate of AOB in side-stream wastewater treatment process, Hellinga et al., 1999) 

 

2. Ammonia inhibition: It was considered by Wett & Rauch (2003) and Van Hulle et 

al. (2007) using a simple switch function and included in the model of Pambrun et 

al. (2006) using Haldane kinetics (Equation 2.5). Notice that the respective 

inhibition coefficients were set high, which means that ammonia will probably not 

be inhibitory in the model in practice, except maybe for some side-stream 

treatment processes (Sin et al., 2008a).  

 

𝑟𝑁,𝐴𝑂𝐵 = 𝜇𝑁𝐻𝑋𝑁𝐻 ∙
𝑆𝑂

𝐾𝑂,𝑁𝐻+𝑆𝑂
∙

𝑆𝑁𝐻3

𝐾𝑁𝐻3,𝑁𝐻+𝑆𝑁𝐻3+
𝑆𝑁𝐻3
2

𝐾𝐼𝑁𝐻3,𝑁𝐻

∙
𝐾𝐼𝐻𝑁𝑂2,𝑁𝐻

𝐾𝐼𝐻𝑁𝑂2,𝑁𝐻+𝑆𝐻𝑁𝑂2
   (2.5) 

(growth rate of AOB in side-stream wastewater treatment process, Pambrun et al., 2006) 

 

3. Nitrous acid inhibition: It was considered only in the models developed for the side-

stream processes using a switching function (Hellinga et al. 1999; Pambrun et al. 

2006; Volcke 2006; Van Hulle et al. 2007). This is probably because nitrite is not 

present in high levels in the main-stream processes, and hence the nitrous acid 

concentration remains at low levels justifying its exclusion. 

 

4. pH effect on the growth rate: The main-stream process models ignore the pH effect 

on the growth rate since typically pH remains constant in municipal WWTPs. In the 

side-stream, three approaches are employed to describe the pH effect: (a) direct 

approach considering a Gaussian like inhibition function of pH (Van Hulle et al. 
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2007), (b) indirect approach in which the pH effect is represented by considering 

pH dependent equilibrium of weak acid/base reactions (Hellinga et al. 1999; Wett 

& Rauch 2003), and (iii) combination of both approaches (Jones et al., 2007). 

 

5. Inorganic carbon limitation: This term has been considered in the main-stream 

models in the form of bicarbonate alkalinity using a Monod approach (Sin & 

Vanrolleghem 2006), which is inspired by the ASMs. Notice that in the main-stream 

process models influent alkalinity is assumed to be sufficiently high, which 

practically means hardly any limitation. It could be limiting, however, in crystalline 

regions (geologically speaking) with low alkalinity water or in deep aeration tanks 

with high oxygen uptake efficiency (creating CO2 profile along depth). Concerning 

sidestream models, it was included in the model of Wett & Rauch (2003) using an 

exponential term. Some experimental studies (Tijhuis et al. 1995; Guisasola et al. 

2007; Vadivelu et al. 2007) also confirmed the importance of inorganic carbon 

limitation on the growth of nitrifiers. In practice, therefore, this becomes important 

to model especially when the wastewater is relatively low in bicarbonate. 

 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Theoretical background 

___________________________________________________________________ 

Page 57 of 146 

Table 2.6. Mathematical model structure for the growth rate of AOB 
(adapted from Sin G. et al., 2008) 

Process type → 
SSW SSW; 

WW 

SSW SSW SSW WW WW 

Reference → 

H
e

lli
n
g

a
 e

t 
a

l.
 

(1
9

9
9

) 
a

n
d

 V
o

lc
k
e

 

(2
0

0
6

) 

H
a

o
 e

t 
a
l.
 (

2
0

0
2

);
 

K
a

m
p

s
c
h

re
u

r 
e
t 

a
l.
 (

2
0

0
7

, 
2

0
0
8

) 

W
e

tt
 a

n
d

 R
a

u
c
h

 

(2
0

0
3

) 

V
a

n
 H

u
lle

 e
t 
a

l.
 

(2
0

0
7

) 

P
a

m
b

ru
n

 e
t 
a

l.
 

(2
0

0
6

) 

S
in

 a
n
d

 

V
a

n
ro

lle
g

h
e

m
 

(2
0

0
6

) 

K
a

e
lin

 e
t 
a

l.
 

(2
0

0
8

) 

Mathematical form ↓ 

𝜇𝑁𝐻𝑋𝑁𝐻 1 1 1 1 1 1 1 
𝑆𝑂

𝐾𝑂,𝑁𝐻 + 𝑆𝑂
 1 1 1 1 1 1 1 

𝑆𝑁𝐻4
𝐾𝑁𝐻4,𝑁𝐻 + 𝑆𝑁𝐻4

  1 1   1 1 

𝑆𝑁𝐻3
𝐾𝑁𝐻3,𝑁𝐻 + 𝑆𝑁𝐻3

 1   1    

𝑆𝐼𝑁𝐻3
𝐾𝐼𝑁𝐻3,𝑁𝐻 + 𝑆𝑁𝐻3

   1 1    

𝑆𝑁𝐻3

𝐾𝑁𝐻3,𝑁𝐻 + 𝑆𝑁𝐻3 +
𝑆𝑁𝐻3
2

𝐾𝐼𝑁𝐻3,𝑁𝐻

 
    1   

𝑆𝐼𝐻𝑁𝑂2,𝑁𝐻
𝐾𝐼𝐻𝑁𝑂2,𝑁𝐻 + 𝑆𝐻𝑁𝑂2

 1  1 1 1   

𝑆𝑃𝐻
𝐾𝑃𝐻 − 1 + 10

𝑝𝐻𝑜𝑝−𝑝𝐻
    1    

𝑆𝐴𝐿𝐾
𝐾𝑁,𝐴𝐿𝐾 + 𝑆𝐴𝐿𝐾

      1 1 

SSW – side-stream wastewater; WW – main-stream wastewater.  

 

Table 2.7 summarizes the NOB model structure for main- and side-stream treatment 

processes (Sin et al., 2008a). The following most significant differences for the nitrite 

oxidation models were observed: 

 

1. Nitrite versus nitrous acid as substrate source: Hellinga et al. (1999), Pambrun 

et al. (2006) and Volcke (2006) considered the nitrous acid as the substrate 

source and used different kinetic terms to describe it. Others assumed the nitrite 

as substrate source and described the substrate limitation using the Monod 

equation (Equation 2.5). 

 

𝑟𝑁,𝑁𝑂𝐵 = 𝜇𝑁𝑂𝑋𝑁𝑂 ∙
𝑆𝑂

𝐾𝑂,𝑁𝑂+𝑆𝑂
∙

𝑆𝐻𝑁𝑂2

𝐾𝐻𝑁𝑂2,𝑁𝑂+𝑆𝐻𝑁𝑂2
      (2.5) 

(growth rate of NOB in side-stream wastewater treatment process, Volcke et al., 2006) 
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2. Nitrous acid inhibition: Mostly the reasoning to include this term (Equation 2.6) 

depends on the extent of nitrite concentration that prevails in the system being 

modelled. From that it appears that it is deemed necessary by the following 

studies: Hellinga et al. (1999), Wett and Rauch (2003) and Pambrun et al. 

(2006). The experimental results from early works, such as Boon & Laudeloot 

(1962) and Anthonisen et al. (1976), also demonstrate a clear inhibition by 

nitrous acid. Each study, on the other hand, assumed a different inhibition 

kinetics ranging from a simple switch function to Haldane, non-competitive 

inhibition versus mixed inhibition kinetics. It is desirable to statistically compare 

these kinetics on experimental observations and reach a consensus. 

 

𝑟𝑁,𝑁𝑂𝐵 = 𝜇𝑁𝑂𝑋𝑁𝑂 ∙
𝑆𝑂

𝐾𝑂,𝑁𝑂+𝑆𝑂
∙

𝑆𝑁𝑂2

𝐾𝑁𝑂2,𝑁𝑂+𝑆𝑁𝑂2
+

𝐾𝐼𝐻𝑁𝑂2,𝑁𝑂

𝐾𝐼𝐻𝑁𝑂2,𝑁𝑂+𝑆𝐻𝑁𝑂2
    (2.6) 

(growth rate of NOB in side-stream wastewater treatment process, Wett and Rauch, 2003) 

 

3. Ammonia inhibition: This term was considered by Wett and Rauch (2003) and 

Pambrun et al. (2006) using a simple switch function, while not considered by 

the rest of the models (Equation 2.7). It should be noted that the respective 

inhibition coefficients were much lower compared to the coefficients reported for 

ammonia inhibition of the AOB, meaning that the ammonia inhibition is 

considered more severe on NOB. Especially at low SRTs when biomass is not 

adapted to high ammonia operation levels ammonia inhibition is one of the 

driving factors to outcompete NOBs. 

 

𝑟𝑁,𝑁𝑂𝐵 = 𝜇𝑁𝑂𝑋𝑁𝑂 ∙
𝑆𝑂

𝐾𝑂,𝑁𝑂+𝑆𝑂
∙

𝑆𝑁𝑂2
𝐾𝑁𝑂2,𝑁𝑂+𝑆𝑁𝑂2

+
𝑆𝑁𝑂2

𝐾𝑁𝑂2,𝑁𝑂

(

 
 
1+

𝑆𝑁𝐻3

𝐾𝐼𝑁𝐻3,𝑁𝑂
𝐼

1+
𝑆𝑁𝐻3

𝐾𝐼𝑁𝐻3,𝑁𝑂
𝑖

)

 
 

+
𝐾𝐼𝑁𝐻3,𝑁𝑂

𝐾𝐼𝑁𝐻3,𝑁𝑂+𝑆𝑁𝐻3
  (2.7) 

(growth rate of NOB in side-stream wastewater treatment process, Pambrun et al., 2006)  

 

4. pH effect on the growth rate: It was considered implicitly by some of the models 

through weak/acid base equilibrium reactions between nitrite-nitrous acid and 

ammonium–ammonia. However, the model of Jones et al. (2007) considered it 

both implicitly and explicitly. From a microbiological point of view, Boon and 

Laudeloot (1962) argued that while the acid region of the pH-activity curve can 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Theoretical background 

___________________________________________________________________ 

Page 59 of 146 

be explained by nitrous acid inhibition (see point 2), the alkaline inhibition of pH 

can be explained by OH− ion activity. The latter was described by competitive 

inhibition kinetics. Such results may indeed support the assumption to adopt 

direct inhibition of the growth rate by pH - particularly for the alkaline pH 

spectrum.  

 

5. Inorganic carbon limitation: This term has been considered in the main-stream 

models in the form of bicarbonate alkalinity using a Monod approach (Sin et al. 

2008), which results from the ASMs that only consider the low pH inhibition and 

not alkaline situations. As the alkalinity is assumed to be high in the main-stream 

models, inorganic carbon is practically not growth-limiting in these models. On 

the other hand, only Wett and Rauch (2003) considered it growth-limiting in the 

side-stream models using an exponential term. Their results indicated that 

inorganic carbon could become an important limiting factor especially in  

high-rate nitrification systems with low influent bicarbonate to ammonium ratio.  
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Table 2.7. Mathematical model structure for the growth rate of NOB 
(adapted from Sin G. et al., 2008) 

Type → 
SSW  SSW; 

WW 

SSW SSW SSW WW WW 

Reference → 

H
e

lli
n
g

a
 e

t 
a

l.
 

(1
9

9
9

) 
 

V
o

lc
k
e

 (
2
0

0
6

) 

H
a

o
 e

t 
a
l.
 (

2
0

0
2

);
 

K
a

m
p

s
c
h

re
u

r 
e
t 

a
l.
 (

2
0

0
7

, 
2

0
0
8

) 

W
e

tt
 a

n
d

 R
a

u
c
h

 

(2
0

0
3

) 

P
a

m
b

ru
n

 e
t 
a

l.
 

(2
0

0
6

) 

J
o

n
e
s
 e

t 
a

l.
 (

2
0

0
7

) 

S
in

 e
t 
a

l.
 (

2
0

0
8

) 

K
a

e
lin

 e
t 
a

l.
 

(2
0

0
8

) 

Mathematical form ↓ 

𝜇𝑁𝑂𝑋𝑁𝑂 1 1 1 1 1 1 1 1 
𝑆𝑂

𝐾𝑂,𝑁𝑂 + 𝑆𝑂
 1 1 1 1 1 1 1 1 

𝑆𝐻𝑁𝑂2
𝐾𝐻𝑁𝑂2,𝑁𝑂 + 𝑆𝐻𝑁𝑂2

  1       

𝑆𝑁𝑂2
𝐾𝑁𝑂2,𝑁𝑂 + 𝑆𝑁𝑂2

   1 1  1 1 1 

𝑆𝐼𝐻𝑁𝑂2,𝑁𝑂
𝐾𝐼𝐻𝑁𝑂2,𝑁𝑂 + 𝑆𝐻𝑁𝑂2

    1  1   

𝑆𝐻𝑁𝑂2

𝐾𝐻𝑁𝑂2,𝑁𝑂 + 𝑆𝐻𝑁𝑂2 +
𝑆𝐻𝑁𝑂2
2

𝐾𝐼𝐻𝑁𝑂2,𝑁𝑂

 
1        

𝑆𝑁𝑂2

𝐾𝑁𝑂2,𝑁𝑂

(

 
1 +

𝑆𝑁𝐻3
𝐾𝐼𝑁𝐻3,𝑁𝑂
𝐼

1 +
𝑆𝑁𝐻3

𝐾𝐼𝑁𝐻3,𝑁𝑂
𝑖

)

 + 𝑆𝑁𝑂2

 

    1 
(similar 

nitrite 

preference) 
  

𝐾𝐼𝑁𝐻3,𝑁𝑂
𝐾𝐼𝑁𝐻3,𝑁𝑂 + 𝑆𝑁𝐻3

    1 1 
1  

(nutrient) 
  

𝑒((𝑆𝐻𝐶𝑂3−𝐾𝐻𝐶𝑂3)/𝑎)

𝑒((𝑆𝐻𝐶𝑂3−𝐾𝐻𝐶𝑂3)/𝑎) + 1
    1  1   

𝑆𝐴𝐿𝐾
𝐾𝑁,𝐴𝐿𝐾 + 𝑆𝐴𝐿𝐾

       1 1 

SSW – side-stream wastewater; WW – main-stream wastewater.  

 

2.6.2. Model parameter estimation methodology  

Model calibration is known as the estimation of the model parameters to fit a selected 

data obtained from the full-scale WWTP being studied. The requirements for a model 

calibration depend on the model use. In the case of model use for education (e.g. to 

increase basic understanding of the treatment processes), for assessment of design 

alternatives of newly engineered municipal WWTPs or in other situations where 

qualitative comparisons are sufficient, default parameter values can be applied 

(Petersen et al., 2002).  

Parameter estimation is an important step in the development of mathematical process 

models. ASMs contain parameters with physical significance that may vary drastically 
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from plant to plant. In order to develop process models that can be used for predictive 

purposes, it is important to estimate the unknown process parameters using measured 

process data (Henze, 1992). Applying literature values for the unknown parameters 

will often result in a model that is not very useful for predicting actual plant behaviour 

(Jeppsson et al., 2013). 

Modelling of the shortcut nitrification processes requires application of robust 

calibration methodologies and model developments to find the optimal range of 

influential model parameters (e.g. Mehrani et al., 2021). Process models for shortcut 

nitrogen removal found in literature are usually applied to a specific case scenario 

analysis and assessment of treatment process performance under variable conditions 

(Mehrani et al., 2021; Mozumder et al., 2014; Pérez et al., 2014).  

The information needed for the description of stoichiometric and kinetic parameters in 

biokinetic models can fundamentally be gathered from three sources (Petersen et al., 

2002): 

- Default values found in literature. 

- Full-scale WWTP data, e.g. average or dynamic data from grab or time/flow 

proportional samples, mass balances of the full-scale data, online data collection, 

and measurements in reactors to characterise process dynamics. 

- Data sets from different lab-scale experiments with wastewater and biomass from 

the WWTP under study.  

 

Manual calibration 

Simple curve fitting is a manual calibration method where parameters are adjusted by 

trial and error to achieve the best fit between model predictions and observed data (Sin 

et al., 2008b). This method relies heavily on the expertise and judgment of the engineer 

(model user) and can be divided into three steps: 

 

1. Selection of Parameters: identification of critical parameters that significantly 

influence model outputs. Typical parameters include kinetic rates (e.g., maximum 

specific growth rate μmax) and stoichiometric coefficients (e.g., yield coefficient Y) 

(Henze et al., 2000). 
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2. Data visualization: plotting observed data against model predictions. This 

visualization helps in understanding the trends and inconsistencies. 

3. Manual adjustment: iterative adjustment of parameters and comparing the model 

outputs with observed data until a satisfactory fit is achieved (Rittmann and McCarty, 

2020). 

 

The advantage of simple curve fitting is its intuitive approach, allowing user to apply 

their experience to make learned modifications. However, it can be time-consuming 

and may not always yield the most accurate results due to the potential for subjective 

parameter preference during the manual calibration. In most applications, no attempts 

are made to estimate all parameters simultaneously from the data collected from a 

single system (Brun et al., 2002). Most parameters remain fixed at the default values 

and only small subsets of parameters are adjusted, either by “ad hoc” tuning or a 

parameter estimation algorithm (Mehrani et al., 2022a). It was demonstrated by a 

number of authors (Brdjanovic, 2000; Meijer et al., 2001; Gernaey et al., 2004; 

Trojanowicz et al., 2017; Lu et al., 2018)  that even complex biokinetic models can be 

calibrated with small sets of parameters.  

 

Automated parameter estimation 

The Nelder-Mead (NM) method (Nelder and Mead, 1965; Olsson and Nelson, 1975) is 

a widely used optimization algorithm for automated parameter estimation in complex 

environmental models like ASM series. The method is a simplex-based optimization 

technique that does not require the calculation of gradients, making it advantageous 

for calibrating ASMs where the objective function landscape may be irregular (Lagarias 

et al., 1998). The NM method is particularly effective for ASM calibration due to its 

robustness in handling irregular objective functions. In ASM calibration, the method 

iteratively adjusts parameters such as biomass yield, decay rates, and substrate 

affinity constants to minimize the difference between observed data (e.g., effluent 

concentrations) and model predictions (Makinia and Zaborowska, 2020; Szeląg et al., 

2022). 

The approach presented by Pryce et al. (2022) concluded that parameter estimation 

by the NM algorithm identified only minor adjustments were required to influential 
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parameters for the model to predict actual system outputs with sufficient accuracy. 

Finally, parameter uncertainty was observed to be minimal for the BOD and TSS 

models, however, the TN model demonstrated greater uncertainty that may warrant 

further work to support the drawn conclusions.  

Computer simulation software GPS-x by Hydromantis includes the optimizer module, 

where a computational optimization can be performed to estimate the kinetic and 

stoichiometric parameters of greatest influence using the maximum likelihood function. 

Further details of the maximum likelihood function utilized can be found in the GPS-x 

Technical Reference Guide (Hydromantis, 2017).  

 

2.6.3. Modelling AOB and NOB competition  

It was emphasized in Section 2.3 that nitrite is no longer viewed as a toxic and 

undesirable intermediate product in WWTPs, but it has been receiving growing 

attention as the critical component in a variety of new shortcut nitrogen removal 

processes. It was stated by Cao et al. (2017) that the activated sludge nitrification 

models should be revised to accurately reflect the competition between AOB and NOB 

in order to understand factors influencing the competition between autotrophic nitrifying 

microorganisms. Furthermore, the approach of modelling nitrification as a one-step 

conversion is not usually acceptable for ammonia-rich wastewaters, elevated 

temperatures or inhibiting conditions (Hiatt and Grady, 2008b). Representative 

examples of such conditions include anaerobic digester supernatant effluents, food 

processing industry, and industrial facilities that manufacture fertilizers, chemicals, 

pharmaceuticals, and other nutrient-rich products (Hiatt and Grady, 2008; Van Hulle et 

al., 2010).  

Based on the kinetic differences, the nitrifiers were classified into two categories:  

‘‘r-strategists” and ‘‘K-strategists” (Schramm et al., 1999). The r-strategists nitrifiers 

growth is rapid at high substrate concentration. The Monod-type equation used for 

describing nitrifying r-strategists growth is identified by high maximum specific growth 

rate (µmax, d-1) and high value of substrate half-saturation (KS, mg/L). In contrast, the 

values of µmax and KS for nitrifying K-strategists are low. K-strategists nitrifiers grow 

slowly but can develop a competitive behaviour under low substrate concentration due 

to their high substrate affinities (Yuan and Blackall, 2002; Vannecke and Volcke, 2015).  
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Nitrosomonas (AOB) and Nitrobacter (NOB) were usually assumed to be  

r-strategists (r-AOB and r-NOB), while the Nitrosospira (AOB) and Nitrospira (NOB) 

were classified as K-strategists (K-AOB and K-NOB). NOB suppression is critical for  

successful application and operation of the recently developed autotrophic nitrogen 

removal (Pérez et al., 2014; Mehrani et al., 2021). However, the ongoing discussion 

on the competitions among different species of nitrifiers, i.e. r/K AOB and NOB will 

affect the r/K NOB suppression is still unresolved (Sharif Shourjeh et al., 2021b; 

Mehrani et al., 2022b). The selection of r-AOB and r-NOB cannot be explained by the 

measured nitrifier kinetic parameters alone (Yu et al., 2020), as their measurements 

are complex and controlled by several factors, e.g. nitrifier species, floc morphology, 

and substrate feeding condition, which increases complexity and uncertainty in using 

the kinetic selection of r/K AOB and NOB.  

Functional differences between the species of NOB population were confirmed by Cao 

et al. (2017). The half-saturation constants for Nitrospira (KNO2 of 0.16-1.2 mgN/L) were 

lower in comparison with those for Nitrobacter (KNO2 of 1.7-13 mgN/L), which suggests 

that these bacteria could indeed be regarded as typical K-strategists and  

r-strategists, respectively. This difference may also explain why Nitrobacter is  

a well-functioning competitor in sidestream treatment systems (high substrate 

concentration), while Nitrospira can grow in mainstream systems under conditions of 

substrate shortage.  

The Monod equation (Monod, 1949), used as the basis of ASM (Henze et al., 2000) 

for modelling of the majority of biological wastewater treatment processes,  

is a fundamental mathematical model that describes the growth rate of the nitrifying 

microorganisms as a function of substrate concentration. While increasing number of 

studies are being published presenting and discussing measured and calibrated values 

of KS, it has become obvious that these values have a high degree of inconsistency 

(the values found are not always consistent between publications) (Arnaldos et al., 

2015). A good example of these inconsistencies is the case of the partial nitrification 

process, where AOB must outperform NOB. The overall process understanding is that 

AOB have higher DO “affinities” (lower KO values) than NOB (Ward et al., 2010), and 

therefore low DO conditions can be used consistently as a one of methods to washout 

NOB from the process. Table 2.8 summarizes different KO values reported for AOB 

and NOB for a selected number of studies. 
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It can be observed that the values reported for KO,AOB and KO,NOB change significantly 

from one study to the other (0.03 - 1.16 mgO2/L for AOB and 0.13 - 3 mgO2/L for NOB). 

Furthermore, some studies have reported lower values of half-saturation constants for 

NOB than AOB, denying fundamental process understanding (Regmi et al., 2014). 

Using this basic knowledge it was stated that applying a low DO concentration to 

washout NOB biomass cannot be comprehensive, and the actual performance of 

nitritation has to be assessed in a case-to-case basis (Arnaldos et al., 2015).  

Table 2.8. Selection of affinity constants for oxygen (KO) of AOB and NOB 
(adapted in part from Arnaldos et al, 2015) 

KO,AOB 

(mgO2/L) 

KO,NOB 

(mgO2/L) 

Biological process / system setup Reference 

0.03 0.43 Suspended growth / lab scale Blackburne et al., 2008 

1.16 0.16 Suspended growth / pilot scale  Regmi et al., 2014 

1.45 1.1 Suspended growth / full-scale  Hellinga et al., 1999 

0.28 0.39 Suspended growth / lab scale  Yu et al., 2020 

0.3 0.2 Suspended growth / lab scale Mehrani et al., 2021 

0.29 0.09 Suspended growth / lab scale Wang et al., 2021 

0.17 0.13 Suspended growth / lab scale Mehrani et al., 2023 

 

The “r/K strategist” explanation is generally used for the AOB and NOB substrate 

competition to account for the inconsistencies found in published data. Some modelling 

studies (e.g. Volcke et al., 2008) have connected the unexpected lower KO values for 

NOB (as compared to AOB) to the fact that low DO conditions might benefit NOB 

species that are K-strategists (Nitrospira sp.), as compared to the more commonly 

encountered Nitrobacter sp. (identified as r-strategists) (Dytczak et al., 2008). Hence, 

NOB are outcompeted by AOB group (Regmi et al., 2014; Al-Omari et al., 2015).  

 

2.6.4. Estimation of half-saturation constants 

The Monod-type equations are commonly used to present the nitrifying activity of AOB 

and NOB (Henze et al., 2008). However, these equations are used based on the 

measured ammonia utilization rate (AUR) and nitrite utilization rate (NiUR), under the 

unlimited NO2-N conditions, as follows:  
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rAOB = rmax,AOB
SO

SO+KO,AOB
         (2.8) 

 

rAOB = rmax,AOB
SO

SO+KO,AOB
         (2.9) 

 

where rAOB and rNOB are the observed specific process rates for AOB (AUR) and NOB 

(NiUR) (mg N/(g VSS·h), rmax,AOB and rmax,NOB are the maximum specific process rates 

for AOB and NOB (mgN/(gMLVSS·h), KO,AOB and KO,NOB are DO affinity constants for 

AOB and NOB (mgO2/L), respectively, and SO is the DO concentration (mgO2/L). 

 

Three linearized forms of Equations (2.8 and 2.9) can be used for the estimation of rmax 

and KO, based on the following three linearization methods: 

 

Lineweaver-Burk 

SO

r
=

1

rmax
SO +

KO

rmax
         (2.10) 

Hanes 

1

r
=

KO

rmax

1

SO
+

1

rmax
         (2.11) 

Hofstee 

r = rmax − K𝑂
r

S𝑂
         (2.12) 

 

In addition to the linearized forms of the Monod equation, the least-square method is 

also used for parameter estimation. The Least-Squares method is widely used to 

estimate the numerical values of the parameters by fitting a function to a set of 

measured data.  
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3.1. Biomass origin 

Samples of mixed liquor’s suspended solids (inoculum biomass) were collected for 

each batch test trial and long-term washout experiments from a recycled sludge stream 

at the municipal WWTP “Wschod” in Gdansk, Poland (Figure 3.1). The “Wschod” 

WWTP is the largest treatment facility in the Northern Poland region and one of the 

largest facilities located on the Baltic Sea coast, serving a population of Gdansk and 

neighbouring smaller towns (total population approx. 570,000).  

The treated effluent is directly discharged to the Bay of Gdansk, which is directly 

connected to the Baltic Sea. The total pollutant load of the treatment plant corresponds 

to approximately 700,000 PE, where industrial (non-domestic) and hospital 

(undisinfected) wastewater is approximately 10% and 0.2% of the daily average flow 

rate, respectively. The industrial inflow originates from the food processing industry, 

chemical industry, and shipyards. The WWTP “Wschod” suspended growth basic 

process configuration for biological nutrients removal is The Modified University of 

Cape Town (MUCT) setup designed for Qd,max= 96.000 m3/d. The treatment plant has 

operated since 1976 (mechanical treatment only). Later, from 1996 to 1999, the plant 

was modified for biological treatment process configuration. Finally, from 2009 to 2012, 

it was modified and extended for process configuration of full BNR process to meet 

stringent EU nutrients effluent standards. The effluent standards were set according to 

the EU Urban Wastewater Directive (91/21/EEC), i.e., total N (TN) = 10 mgN/L and 

total P (TP) = 1 mgP/L.  

 

Figure 3.1: WWTP “Wschod” in Gdansk, Poland. 
(Courtesy of GIWK, Gdansk. Photographed by aeromedia.pl)  
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3.2. Feed characterization 

The laboratory batch tests were carried out with the inoculum biomass (samples from 

recycled sludge tank) diluted with treated effluent from the WWTP “Wschod” to reach 

MLSS concentration of approximately 4000 mg/L. Each batch test was processed with 

two types of wastewater feed: diluted sludge digester liquor and a synthetic substrate 

(ammonia and nitrite).  

The sludge digester liquor was collected weekly from the sludge management facility 

at WTTP “Wschod” in Gdansk. Table 3.1 presents the characteristics of the decanter 

sludge liquor. Each batch test was operated with wastewater feed diluted with treated 

effluent from the WWTP and supplied directly to the reactors, where the initial ammonia 

concentration was controlled at approximately 45 mgN/L.  

 

Table 3.1. WWTP “Wschod” digester liquor characteristics. 

Parameter 
Symbol Unit Value 

Total nitrogen N
tot

 mg/L 975 ±50 

Ammonia nitrogen NH
4
-N mg/L 920 ±120 

Nitrate nitrogen NO
3
-N mg/L 1 ±0.50 

Nitrite nitrogen NO
2
-N mg/L 0.5 ±0.20 

COD COD mg/L 990 ±200 

Temperature T °C 15 ÷ 35 ±1 

 

The synthetic substrate was a liquid medium containing either an ammonium source 

(NH4Cl) or an ammonium and nitrite source (NaNO2). Since the experiments were 

focused on autotrophic nitrogen removal and competition between three groups of 

nitrifiers, the heterotrophic activity was ignored. Thus, supplemental inorganic carbon 

source was not included (Yu et al., 2020). In batch tests without adding a nitrite source, 

the initial concentration of ammonia substrate was approximately 45 mg N/L.  

In contrast, tests with additional nitrite substrate had a controlled initial concentration 

of NO2-N equal to 10 mg N/L.  
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3.3. Laboratory setups 

A series of batch tests was carried out to validate the model and evaluate experimental 

data regarding the predicted nitrogen concentrations. Each batch test included a mix 

of MLSS, digester liquor, and treated effluent (according to the description given in 

section 3.2). The mixture was placed in two parallel, fully automated plexiglass 

sequencing batch reactors (SBR1 and SBR2) with a working volume of 4 L each.  

A typical SBR is a fill-and-draw biological reactor system involving a single complete 

mix reactor where all steps of the activated sludge process occur (Tchobanoglous et 

al., 2003). The mixed liquor remains in the reactor during all cycles, eliminating the 

need for separate sedimentation tanks. However, for laboratory-scale short-term batch 

tests, SBRs were operated without sludge settling and retention, as the tests were 

focused on the single cycle of complete nitrification (ammonia reduction to a 

concentration equal to 0 mgN/L). The operational cycle of each reactor was limited to 

aeration and mixing. Each SBR was equipped with high-quality measurement 

electrodes and probes (WTW) for continuous monitoring of pH and temperature 

(SenTix 21), oxidation-reduction potential (SenTix ORP), and DO (CellOx 325). The 

SBR double wall construction acted as a water jacket to circulate a heat transfer media. 

The water jacket was coupled with a thermostatic water bath (F12-ME 

Refrigerated/Heating Circulator, Julabo), and this automated control system helped 

regulate and sustain the selected temperature parameters. Automated control for the 

aeration system was based on DO probe monitoring and air compressor operation. 

Mixing was applied by a mechanical stirrer (Hei-Torque 100, Heidolph Instruments), 

and the mixing intensity was set to approximately 180 rpm. 

 

Long-term washout experiments were carried out on a similar setup of two parallel fully 

automated SBRs with Va=10L each. The automatic pump setup supplied wastewater 

feed automatically at room temperature, connected to a 20L plastic container (diluted 

digester liquor) or a 5L glass container (synthetic medium).  D
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3.4. Reactor configuration and operation 

 

Batch tests 

Aerobic batch tests were carried out at three different DO setpoints equal to 0.5, 2.0, 

and 6.0 mgO2/L at two different temperatures of 20˚C and 25˚C with continuous 

aeration. Table 3.2 gives a detailed description of the batch tests’ parameters.  

 

Table 3.2. Operational parameters of batch tests. 

Batch 

series 
T (˚C) pH 

DO 

(mgO2/L) 

Initial MLSS/MLVSS 

average values and SD 

(mg/L) 

Nitrogen substrate 

1 20 7.5 ±0.2 2.0 ±0.1 
2800 ±94 / 2200 ±82 

NH
4
-N 

2 20 7.5 ±0.2 2.0 ±0.1 NH
4
-N + NO

2
-N 

3 25 7.5 ±0.2 0.5 ±0.1 

3500 ±190 / 2835 ±150 

NH
4
-N 

4 25 7.5 ±0.2 0.5 ±0.1 NH
4
-N + NO

2
-N 

5 25 7.5 ±0.2 6.0 ±0.1 NH
4
-N 

6 25 7.5 ±0.2 6.0 ±0.1 NH
4
-N + NO

2
-N 

 

The batch series 1 and 2 operational cycle included a 4h (240 min) aeration phase. 

During the test, MLSS samples were collected at intervals of 30 minutes and filtered 

before analytical measurements. Batch series 3 to 6 had an extended aeration phase 

to 5h (300 min). The concentration of suspended and volatile solids (MLSS and 

MLVSS) was measured at the beginning of each batch cycle. The final concentration 

of MLSS was calculated based on the solids concentration of inoculum biomass from 

the recycled stream (MLSS 5500 ÷ 7000 mg/L, SD 200 mg/L) to reach test values 

presented in Table 3.2.  

 

Long-term experiments  

The experimental lab-scale SBR operated two cycles a day. Each cycle consisted of 

three phases: aeration, mix and fill (0.5 h), aeration and mix (11 h), and aeration and 

discharge (0.5 h). The settling phase was excluded to create a chemostat environment 
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for easy SRT control. In this way, the resulting HRT (hydraulic retention time) was 

equal to SRT. The SRT setpoint was maintained by wasting a calculated volume of 

MLSS at the end of each cycle. Operational parameters and conditions in the reactor 

during the long-term washout experiments are presented in Table 3.3.  

 

Table 3.3. Operational parameters and conditions of long-term SBR experiments 

Experiment T (˚C) pH 
DO setpoint 

(mgO2/L) 

Initial MLSS / MLVSS  

(mg/L) 
Substrate source 

1 30 7.5 ±0.2 2.0 ±0.1 2260 ±200 / 1870 ±151 digester liquor  

2 30 7.5 ±0.2 0.5 ±0.1 2260 ±200 / 1870 ±151 digester liquor  

 

Initial biomass concentration and composition  

ASM setup for dynamic simulations requires setting the initial concentration of MLSS 

for each biomass component (Henze et al., 2008). Since autotrophic biomass was 

defined in ASM1 as XB,A was replaced in the two-step nitrification model by XAOB and 

XNOB notation and further extended with comammox biomass component XCMX (see 

Table 2.4 and Table S3.2), initial biomass calculations must include each nitrifying 

group of microorganisms (AOB, NOB, comammox). The calculations for this study 

followed a modified protocol proposed by (Mehrani et al., 2022c), who proposed mass 

balance calculations combined with the results of microbiological analyses. First, 

nitrifier concentrations were calculated using the mass balance equations 

(Tchobanoglous et al., 2003; Henze et al., 2008). For the long-term SBR experiments, 

the initial MLSS and MLVSS concentrations were approximately 2260 and 1870 mg/L, 

respectively (Table 3.3). Since the microbial analysis of inoculum biomass was not 

conducted to support this study, the overall nitrifying microorganisms’ concentrations 

were assumed based on the results of studies by Mehrani et al. (2021) and Kowal et 

al. (2022) for similar WWTPs in Poland. Seasonal changes in the nitrogen-transforming 

bacterial communities in activated sludge systems were considered, as described by 

Stratton et al. (2024).  The calculated initial concentrations of the individual microbial 

groups (AOB, NOB, comammox) are presented in Appendix A (Table S.4). For 

dynamic simulations, the averaged initial ratios of AOB:NOB:comammox bacteria were 

set at 3:9:1 for long-term experiments and batch tests. The total nitrifier abundance 
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and AOB:NOB proportions (including Nitrospira abundance as the representative of 

the nitrite-oxidizing microbial group and comammox group) were within the ranges 

reported in the literature for similar studies (Griffin and Wells, 2017; Roots et al., 2019; 

S. Shourjeh et al., 2020). 

 

3.5. Model development and implementation 

One of the key objectives of this study is the evaluation of ammonia and nitrite 

substrate influence on two-step nitrification process kinetics and the application of the 

developed biokinetic model to simulate nitritation and nitratation in the treatment of 

ammonia-rich wastewater streams. The model presented in this study (denoted by 

ASM1 structure) separates the autotrophic biomass into AOB and NOB, where 

ammonia N and nitrite N are oxidized by nitrifying autotrophic biomass (AOB and NOB) 

according to the concept of two-step and multi-step nitrification model presented on 

Figure 2.3 and AOB growth rate equations given in Table 2.5 (see: Chapter 2 

Theoretical background).  

 

3.5.1. Conceptual two-step model 

The aerobic growth rates of the individual nitrifying groups in the two-step model are: 

 

μ𝐴𝑂𝐵 ∙
SNH4

SNH4+KNH4
∙

SO

SO+KO,AOB
∙ X𝐴𝑂𝐵         3.1 

 

μ𝑁𝑂𝐵 ∙
S𝑁𝑂2

SNO2+K𝑁𝑂2
∙

SO

SO+KO,NOB
∙ X𝑁𝑂𝐵         3.2 

 

Modelling the two-step ammonia oxidation described by Equations 3.1 and 3.2 requires 

the introduction of two new variables (Henze et al., 2008; Sin et al., 2008a), 

representing the concentration of ammonia oxidizers (XAOB) and nitrite oxidizers (XNOB). 

Equation 3.1 describes the first step of ammonia N oxidation into nitrite N, where both 

ammonia (SNH4) and DO (SO2) are limiting factors. In Equation 3.2, DO (SO2) has the 

same function for further oxidation of nitrite N (SNO2) to nitrate N (SNO3).  
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3.5.2. Incorporation of comammox process in two-step nitrification model 

Extension of the above model concept with the activity of comammox Nitrospira (Kits 

et al., 2017; Koch et al., 2019) was presented and verified by Mehrani et al. (2021) with 

three conceptual models. Even though it was established that comammox is a two-

step process and comammox Nitrospira possesses key enzymes for both ammonia N 

and nitrite N oxidation, there is still no compromise in the source literature whether 

nitrite is released outside of the cells during the process or not (Roots et al., 2019; van 

Kessel et al., 2015). However, while some model studies focused on initial biomass 

concentrations and comammox (Mehrani et al., 2022b), extension of ASMs with 

potential nitrification pathways, including the comammox process (Mehrani et al., 

2022b; Mei et al., 2023), and introduction of comammox process together with two 

parallel pathways of nitrite oxidation to nitrate (Kowal et al., 2022) is considered 

acceptable, the model concept of simple modification and extension of ASM1 with one-

step ammonia N oxidation to nitrate N (comammox process) remains the most 

accurate and efficient under high ammonia concentrations and specific operational 

conditions (Mehrani et al., 2021). The newly introduced process aerobic growth rate of 

comammox (CMX) following ASM1 notation is: 

 

μ𝐶𝑀𝑋 ∙
SNH4

SNH4+KNH4
∙

SO

SO+KO,CMX
∙ X𝐶𝑀𝑋         3.3 

 

where XCMX  represents the concentration of CMX ammonia oxidizer, and KO,CMX is the CMX oxygen 

half-saturation constant.  

 

The present model study attempted to identify the possible activity of the comammox 

process during the treatment of ammonia-rich effluent and oxidation of ammonia N to 

nitrate N, under unlimited substrate conditions. Different two-step nitrification model 

concepts, including comammox, were considered for this study and are presented in 

Figure 3.2. A mathematical notation of these models, including their stoichiometric 

matrices and vectors of kinetic expressions, is presented in Table S2.2 and S3.2 in 

Appendix A.   
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Figure 3.2. ASM1-based conceptual model of two-step nitrification (Model “0”) and extended two-step 

nitrification with one-step comammox (Model CMX). 

 

The conceptual comammox model (Model CMX) includes the complete NH4–N 

oxidation via comammox, and is assumed to be a one-step process (NH4–N→NO3–N) 

without the release of extracellular NO2–N, i.e. comammox bacteria are unable to 

utilize extracellular NO2–N as electron donors. Next, model CMX was compared to 

Model “0” (two-step nitrification) and extension of CMX model, where heterotrophic 

(HET) denitrification was included to incorporate the reduction of nitrate N to nitrite N 

and reduction of nitrite N to nitrous oxide (N2O). See Table 3.4 for the summary of 

conceptual models’ processes. In this way, the traditional two-step nitrification model 

considers the potential two additional nitrogen oxidation processes (CMX and HET). 

However, due to very limited organic carbon source in the waster feed (C:N ratio ≥ 1), 

the HET activity was ignored in CMX model, where extensive biomass washout was 

estimated. The reasoning behind this generalisation is the fact that the main objective 

of the model study was to investigate the N removal by AOB and NOB and competition 

among the nitrifiers. Therefore, the CMXH Model was used for benchmarking purposes 

only (see Appendix A.).  

 

  

NH4-N

NO2-N

NO3-N

NH4-N

NO2-N

NO3-N

AOB 

NOB 

AOB 

NOB 

CMX 

Model „0” Model CMX 
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Table 3.4. Conceptual models and bacterial groups’ activities. 

Model 

concept 

Microbial activity 

HET** 

denitrification 

(NO3→NO2) 

HET** 

denitrification 

(NO2→N2O) 

AOB 

NH2OH 

oxidation 

AOB 

denitrification 

(NO2→N2O) 

AOB 

(NH4→NO2) 

NOB 

(NO2→NO3) 

CMX* 

(NH4→ NO3) 

Model „0” n/a n/a n/a n/a + + n/a 

Model 

CMX 
n/a n/a + + + + + 

Model 

CMXH** 
+ + + + + + + 

* one-step comammox activity without nitrite release; ** HET denitrification included only for benchmarking. 

 

3.5.3. Modelling of partial nitrification reactor start-up 

Modelling the start-up of a partial nitrification reactor is a complex process involving 

integrating biological kinetics, environmental factors, and engineering principles.  

The goal is to optimize the reactor conditions to achieve efficient ammonia oxidation 

to nitrite while suppressing the activity of NOB. Guidelines and remarks given by some 

authors include several aspects related to reactor start-up modelling, e.g., kinetic and 

stoichiometric considerations (Hellinga et al., 1998; Sliekers, 2002) and dynamic 

simulations setup (Joss et al., 2009; Giusti et al., 2011). The presented study combines 

the knowledge on competition and coexistence of AOB, NOB and Comammox 

microorganisms. It presents modelling of two-step nitrification biochemical processes 

(two-step N conversion) occurring in activated sludge system start-up. Special 

attention is given to the growth of microorganisms, biomass washout and nitrogen 

substrate accumulation. Configuration and limitations of the laboratory SBR indicated 

that the process is controlled by re-occurring 12-hour influent dynamics and active 

biomass loss (washout) while the activated sludge composition changes.  

It was proven that model kinetics become sensitive when a shift of the microbial 

population is induced by means of operational parameters (e.g., DO, and SRT) under 

start-up conditions, i.e., the “shock” effect of inoculum biomass. To evaluate the model 

kinetics during the start-up of the laboratory SBR, the system was evaluated in a 

simulation study. 
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3.5.4. Model stoichiometry and kinetics 

The stoichiometric matrix and kinetic equations of the evaluated Model “0” extension 

with comammox Nitrospira activity are presented in Table 3.5.  

 

Table 3.5. Stoichiometric matrix and kinetic equations of comammox activity 

 Stoichiometric matrix 
Kinetic equations 

XCMX XS XU Xnd SO SNH4 SNO2 SNO3 Salk 

Growth of 

comammox 

Nitrospira 

1    
4.57 − YCMX

YCMX
 

−
1

YCMX

− ixbn 

 
1

YCMX
 

−
1

7 ∙ YCMX

−
ixbn

14
 

μCMX ∙
SNH4

SNH4+KNH4
∙

SO

SO+KO,CMX
∙ XCMX  

Decay of 

comammox 

Nitrospira 

−1 1 − fu fu 
ixbn − fu

· ixun 
     bCMX ∙ XCMX   

 

3.5.5. Simulation software 

The GPS-x version 7.0 software (Hydromantis ESS, Inc.) was used for modelling, 

optimization, and simulations. The Carbon-Nitrogen-Industrial Component Library 

(CNIPLIB) was used for basic wastewater components and state variables. The ASM1 

suspended growth biological model with a one-step nitrification process was expanded 

with a two-step nitrification process and comammox.  

 

3.5.6. Model implementation 

The GPS-x built-in Model Developer (MD) module was used to create and edit new 

models. This model development uses the model matrix format for model specification, 

the standard format in the wastewater modelling literature (Henze et al., 2008). MD is 

an application that organizes model content into pages containing information on 

model structure, parameters, and GPS-X model variables (Hydromantis, 2017).  
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3.6. Data collection and evaluation 

 

3.6.1. Data collection for model calibration and validation 

MLSS samples were collected daily during weekdays at the start and end of the 

reaction phase (SBR cycle). Samples were filtered to separate particulates from the 

aqueous sample and analysed for the nitrogen forms of NH4-N, NO3−N, and NO2−N. 

Spectrophotometric cuvette tests were used to determine nitrogen concentrations. 

Mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids 

(MLVSS) concentrations were analysed at the start-up of the reactor operation.  

The analytical methods used were based on the gravimetric technique according to 

the Standard Methods for the Examination of Water and Wastewater (APHA, 2005).  

 

3.6.2. Initial simulations 

For this study, a series of dynamic simulations of the long-term washout experiments 

and batch test experiments were performed with default kinetic parameters to evaluate 

the model behaviour under limited and unlimited substrate concentrations and DO. 

Initial simulations were run with the literature-based set of model parameters. At this 

point, it was of primary interest to look at the simulation results of the models in terms 

of trends and to which extent these trends reflect observed data. At this stage, the 

focus was on trends only, and good calibration, exact fitting and accurate knowledge 

of parameter values was unnecessary. 

 

3.6.3. Evaluation of key parameters 

A simple manual calibration method was used to identify the key parameters 

influencing the model outputs. Maximum specific growth rates were determined for 

AOB (μmax,AOB) and NOB (μmax,NOB) in a trial-and-error manual adjustment of the 

parameters. Next, the simulation software build-in mathematical optimizer tool (NM 

method) was used to adjust μmax,AOB and μmax,NOB together with oxygen (KO,AOB and 

KO,NOB) and substrate half-saturation constants (KNH4,AOB and KNO2,NOB). In this way, the 

estimated set of kinetic parameters at DO concentrations of 0.5, 2.0 and 6.0 mg O2/L 

was determined for the two-step nitrification model (Model “0”). The same procedure 

was repeated in the extended model (Model “CMX”) to include CMX specific growth 
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rate (μmax,CMX) and oxygen half-saturation constant (KO,CMX). Ammonia half-saturation 

constant for CMX (KNH4,CMX) was adapted from literature. The extended model was 

used to evaluate the effect of different microbial groups (i.e. AOB, NOB and CMX) on 

the predicted nitrogen concentrations.   

 

3.6.4. Mass balance 

Mass balance is fundamental in environmental engineering, especially in the activated 

sludge process used for wastewater treatment. In the context of two-step nitrification 

involving AOB, NOB, and comammox Nitrospira (CMX), maintaining an accurate mass 

balance is critical for several reasons, e.g. accurate prediction of biological processes 

and nutrient transformations. Prediction of biological processes includes microbial 

dynamics, where a mass balance is essential for accurately tracking the growth, decay, 

and interactions of AOB, NOB, and CMX. By accounting for these processes, the 

model can predict the rates of ammonia oxidation to nitrite (by AOB), nitrite oxidation 

to nitrate (by NOB), and complete oxidation of ammonia to nitrate (by comammox) 

(Daims et al., 2006).  
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3.7. Organization of the modelling study 

The following section describes a process of evaluating the examined model against 

the experimental data set, including model calibration and a procedure to determine 

values of the model parameters that allow for minimum differences between the model 

predictions and measured values from the studied activated sludge systems. Figure 

3.3 presents a general sequence diagram of the procedure with all steps, and a 

detailed procedure is given in the supplementary material S.1 (Appendix A.). 

 

3.7.1. Sensitivity analysis and correlation matrix 

A one-variable-at-a-time approach for the parameters' local sensitivity analysis (LSA) 

was applied to evaluate the model uncertainty. The LSA method determines the 

influence of one or more variables on results or quantities of importance in 

mathematical models (Hong et al., 2019; Makinia, 2010). The sensitivity was evaluated 

using the normalized sensitivity coefficient (Si,j), defined as the ratio of the percentage 

change in the j-th model parameter (xj) with ±10% uncertainty of the adjusted values 

(Lu et al., 2018; Mehrani et al., 2021): 

 

𝑆𝑖,𝑗 = |
∆𝑦𝑖,𝑗

𝑦𝑖
∙
𝑥𝑗

∆𝑥𝑗
|           (3.4) 

 

where the Si,j coefficient is defined as a ratio of the percentage change (∆yi,j/yi) in the i-th output variable 

(yi) to the percentage change (∆xj/xj) in the j-th model parameter (xj). 

 

The influence of each adjusted parameter on the specific model output was defined 

using the following classification (Cao et al., 2020; Lu et al., 2018): insignificantly 

influential (Si,j < 0.25), influential (0.25 ≤ Si,j < 1), very influential (1 ≤ Si,j < 2), and highly 

influential (Si,j ≥ 2). The analysis was carried out based on the results from the batch 

test series. Two trials, including AOB and NOB activity, and AOB, NOB and CMX 

activity, were conducted for the sensitivity analysis of ammonia N, nitrite N and nitrate 

N model performance.  
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1. Model implementation 

ASM1 
+ 
Two-step nitrification model:   AOB: NH4-N → NO2-N 
    NOB: NO2-N → NO3-N  

 
2. Kinetic parameters estimation  

Selection of model parameters 
Local sensitivity analysis  
Correlation matrix  

 
3. Dynamic calibration  

Long-term washout:  T=30˚C, SRT=2.5/2.0 d, DO=2.0 mgO2/L 
    T=30˚C, SRT=4 d, DO=0.5 mgO2/L 

 
4. Model performance evaluation 

 RMSE, MAE, R2     

 
5. Model extension  

ASM1 + Two-step nitrification     
+ 
Comammox   CMX: NH4-N → NO3-N 

 
6. Kinetic parameters estimation  

Selection of model parameters 
Local sensitivity analysis  
Correlation matrix  

 
7. Dynamic re-calibration  

Long-term washout:  T=30˚C, SRT=2.5/2.0 d, DO=2.0 mgO2/L 
    T=30˚C, SRT=4 d, DO=0.5 mgO2/L 

 
8. Model performance evaluation 

RMSE, MAE, R2    

 
Figure 3.3. Model implementation and calibration sequence diagram. 

 

3.7.2. Parameter correlation  

As a result of the sensitivity analysis, pairs of the most sensitive kinetic parameters 

were evaluated using the correlation matrix. If the correlation coefficient for any pair is 

high enough, the calibration procedure can be simplified by adjusting only one of these 

parameters. The correlation matrix (Cθ) was calculated from the Equation 3.5: 

 

(𝐶𝜃)𝑘,𝑙 =
(𝑉𝜃)𝑘,𝑙

√(𝑉𝜃)𝑙,𝑙(𝑉𝜃)𝑘,𝑘
          (3.5) 

where (Vθ) is the variance-covariance matrix of the individual parameter estimates (k,k) and (l,l), and the 

different parameter estimates (k,l).  
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The correlation matrix evaluates a linear relationship, strength, and direction (positive 

vs. negative) of the pairs of influential model parameters. If the determined correlation 

coefficient is high enough for any pair, the calibration process can be simplified by 

adjusting only one of the two parameters (Cao et al., 2020; Zhu et al., 2015). Standard 

classification for the correlation values of pair parameters is classified as strong 

(>0.68), moderate (0.36–0.68), and weak (<0.36), respectively. This classification was 

adopted in the present study. 

 

3.7.3. Parameter estimation  

The model kinetic parameters’ values were selected using three methods: data 

adapted from literature, manual calibration of the experimental data, and mathematical 

optimization (GPS-x Optimizer Module, NM method). Based on the local sensitivity 

analysis, values for the least influential parameters were adapted from literature. SBR 

long-term washout experiments were used for the estimation of specific growth rates 

of AOB (μmax,AOB) and NOB (μmax,NOB) in Model “0” and additionally CMX (μmax,CMX) in 

Model “CMX”. It was recommended by Henze et al. (2008) that the growth rates and 

saturation coefficients for autotrophic microorganisms can be estimated and adjusted 

using non-dynamic data. A combination of sensitivity analysis data and process 

knowledge was applied as appropriate method for the selection of parameters to be 

adjusted during the calibration step of the model implementation (Petersen et al., 2002; 

Makinia et al., 2005; Henze et al., 2008) to verify model’s sensitivity of the adjusted 

parameters.  
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3.8. Model performance measures 

 

Evaluation of the performance of environmental models like ASM should be completed 

using appropriate statistical measures to assess how well the model predictions match 

observed data. Three commonly used performance metrics in this context are Root 

Mean Square Error (RMSE), Mean Absolute Error (MAE), and the Coefficient of 

Determination (R2), often interpreted as the Nash-Sutcliffe Efficiency (NSE). Each 

metric provides different insights into model performance, and their combined use is 

recommended for a comprehensive evaluation. 

RMSE is a widely used measure to evaluate the differences between predicted and 

observed values. It is defined as: 

 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑂𝑖 − 𝑃𝑖)2
𝑛
𝑖=1          (3.6) 

 

where: 

Oi = the observed (measured) value 

Pi = the predicted (simulated) value 

n = number of data points 

i = the i-th observation 

 

RMSE offers a measure of the magnitude of prediction errors. Since it squares the 

differences between predicted and observed values, larger errors have a 

disproportionately higher impact, making RMSE sensitive to outliers. A lower RMSE 

indicates better model accuracy, and it is particularly valuable in models predicting 

concentrations of pollutants like ammonia and nitrite in wastewater treatment 

processes. In ASM applications and simulations, RMSE is useful for determining the 

overall error magnitude in predicting key parameters. However, RMSE does not 

differentiate between over- and under-predictions, which can be important in certain 

contexts. 
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MAE is the average of the absolute differences between predicted and observed 

values. It is calculated as: 

 

𝑀𝐴𝐸 =
1

𝑛
∑ |𝑂𝑖 − 𝑃𝑖|
𝑛
𝑖=1          (3.7) 

 

where: 

Oi = the observed (measured) value 

Pi = the predicted (simulated) value 

n = number of data points 

i = the i-th observation 

 

MAE provides a linear measure of average prediction error, meaning all errors are 

treated equally, without giving extra weight to larger errors. This makes MAE a robust 

indicator of model performance when extreme errors are less significant to the 

analysis. In multi-step nitrification simulations, MAE is particularly useful for 

understanding the typical prediction error, offering an intuitive measure of how close 

model predictions are to observed values on average. This metric is beneficial when 

modelling concerns the average deviation rather than the impact of extreme values. 

 

The Nash-Sutcliffe Efficiency (NSE), also known as the Coefficient of Determination 

(R2), is a normalized statistic that measures the relative magnitude of the residual 

variance ("noise") compared to the variance of the observed data ("signal"). It is 

defined as: 

 

𝑅2 = 1 −
∑ (𝑂𝑖−𝑃𝑖)

2𝑛
𝑖=1

∑ (𝑂𝑖−𝑂𝑚)
2𝑛

𝑖=1

         (3.8) 

 

where: 

Oi = the observed (measured) value 

Om = mean of the observed (measured) 
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Pi = the predicted (simulated) value 

n = number of data points 

i = the i-th observation 

 

R2 values range from - ∞ to 1. Coefficient value of 1 indicates a perfect match between 

model predictions and observations, while an R2 of 0 indicates that the model 

predictions are as accurate as the mean of the observed data. Negative R2 values 

suggest that the model predictions are worse than using the mean of the observed 

values as a predictor. NSE is widely used in environmental modelling, including ASM, 

to assess overall predictive power. However, R2 can be sensitive to extreme values 

and might not adequately represent model performance if outliers dominate the error 

structure.  

 

A comprehensive evaluation of ASM multi-step nitrification simulations employs all 

three metrics – RMSE, MAE, and R2 – to provide a robust assessment of the examined 

model's predictive accuracy, average error magnitude, and ability to capture the 

variability in observed data. When used together, these metrics will offer a detailed 

picture of the model's strengths and weaknesses, guiding improvements and ensuring 

reliable simulations in this study. 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Materials and methods 

___________________________________________________________________ 

Page 86 of 146 

3.9. Model application  

 

The practical applications of complex biokinetic models, as documented in the 

literature, can be broadly categorized into four main areas: optimizing the performance 

of existing plants, upgrading current facilities, designing new facilities, and developing 

innovative treatment concepts (Makinia and Zaborowska, 2020). Among these, 

optimizing existing facilities is considered the most beneficial for employing 

mathematical modeling approaches. This is primarily due to the ability of these models 

to be calibrated and validated using actual data from the facilities in question. 

According to the literature (Al-Omari et al., 2015; Zaborowska et al., 2016; Lu et al., 

2018; Maktabifard et al., 2022; Mehrani et al., 2022a), model-based optimization is 

defined as the evaluation of various scenarios involving alternative operational 

strategies. This includes adjustments, i.e., in wastewater or recycle flow rates, changes 

in pollutant loads, and modifications to the physical configuration of the plant.  

Model-based optimization also serves as a reliable tool for the energy optimization of 

WWTP operations in terms of power consumption for aeration, greenhouse gas 

emissions, and carbon footprint. Within this framework, mathematical modeling and 

computer simulation have primarily been employed as tools to achieve optimal process 

performance.  

In this study, the model was calibrated and validated to optimize process performance. 

The model was used to determine the maximum tank volume (Vmax) and the optimal 

DO concentration. The tank reactor under study was the first stage of the PN/A 

process, a nitritation tank reactor (1st stage of PN/A) that produces effluent with 

maximum NO2-N concentration for the subsequent anammox tank reactor (2nd stage 

of PN/A). Two scenarios were considered, including constant vs. variable influent  

NH4-N concentrations.  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


  

 

 

 

 

 

 

IV. Results 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Results 

___________________________________________________________________ 
 

 
Page 88 of 146 

4.1. Simulations results 

Long-term SBR simulation results are presented for experiments conducted at the two 

DO concentrations (0.5 and 2.0 mgO2/L). The initial and adjusted values of the most 

influential model parameters are provided and discussed in relation to the operational 

conditions and model concepts outlined in Chapter 3, “Materials and Methods”. This 

includes both the two-step nitrification model (Model “0”) and the two-step nitrification 

model with comammox (Model “CMX”). Validation results are presented separately for 

batch tests at different DO concentrations (i.e., DO=0.5, 2.0, and 6.0 mgO2/L) and with 

different initial substrate sources i.e., NH4-N vs. a mixture of NH4-N and NO2-N, as 

specified in Table 3.2. 

 

4.2. Basic two-step nitrification model  

4.2.1. Initial simulations  

The kinetic parameters for the evaluated two-step nitrification Model “0” at the DO 

concentrations of 0.5 and 2.0 mgO2/L are presented in Table 4.1. Initial simulations 

were conducted with AOB and NOB kinetic parameter values from the literature, and 

the model outputs were compared with the experimental data. Subsequently, the 

model was automatically calibrated using the GPS-x built-in Optimizer tool.  

An optimization algorithm (NM simplex method) with a maximum likelihood objective 

function was selected for parameter adjustment, as described in Section 3.6.3.  

The calibration process began with the  direct estimation of the specific growth rate of 

AOB (µAOB) and NOB (µNOB) was conducted. This was followed by approximations of 

the nitrite- and DO half-saturation constants for NOB (KNO2,NOB and KO,NOB, 

respectively). Finally, KNH4,AOB and KO,AOB were adjusted to better fit the model 

predictions to the long-term test data. 

 

4.2.2. Sensitivity analysis and correlation matrix 

Figure 4.1 presents calculated sensitivity coefficients (Si,j) for evaluated AOB and NOB 

kinetic parameters based on the long-term washout test data at DO = 2.0 mgO2/L.  

A total of 6 kinetic parameters were analyzed. The highly influential (1 ≤ Si,j ≤ 2) 

parameter was µAOB with respect to changes in nitrite N concentration (Si,j = 1.06), 

while the sensitivity of KNH4,AOB for NO2-N was moderate (Si,j = 0.75). For all three 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Results 

___________________________________________________________________ 
 

 
Page 89 of 146 

nitrogen compounds, the maximum specific growth rate of AOB (µAOB) was the 

dominant parameter for nitrite N.  

The sensitivity coefficient of 1.06 for µAOB indicates that the system's response to 

changes in that parameter is significant when considering NO2-N concentrations. This 

suggests that even small changes in μAOB can substantially impact NO2-N levels. 

Moreover, a previous study (Sepehri and Sarrafzadeh, 2019) has indicated that 

elevated nitrite N levels significantly influence AOB activity, potentially leading to the 

build-up of toxic intermediates like nitrous oxide. For example, Dytczak et al. (2008) 

found that elevated nitrite N concentrations can either enhance or inhibit ammonium 

utilization rate. This is crucial for processes like partial nitritation, where NO2-N levels 

are intentionally manipulated (Peng and Zhu, 2006; Fang et al., 2009; Cua and Stein, 

2011). Additionally, studies by Stein and Arp (1998) and Daims et al. (2011) showed 

that elevated nitrite levels can be toxic to AOB, as nitrite can penetrate bacterial cells 

and disrupt metabolic processes, reducing growth rates and potentially causing cell 

death.  

Moderately influential parameters for NO2-N were µNOB and KO,NOB.  

The sensitivity coefficient Si,j of 0.46 for μNOB indicates a reasonable sensitivity to 

changes in the maximum specific growth rate of NOB, impacting NO2-N levels.  

The DO half-saturation constant for NOB, KO,NOB, with a sensitivity coefficient of 0.39, 

also plays a critical role in influencing NO2-N concentrations. 

Apart from the moderately low sensitivity of NH4-N to µNOB (Si,j = 0.27), the sensitivity 

to ammonia N was generally low (Si,j ≤ 0.01) across other parameters and microbial 

groups. This suggests that NH4-N concentration changes do not drastically affect the 

microbial activities involved in nitrification, and relative stability of these processes 

concerning ammonia fluctuations (Peng and Zhu, 2006).  

A correlation matrix was developed from the initial simulation results to reduce the 

number of adjusted kinetic parameters during calibration. The overall correlation matrix 

for the six kinetic parameters evaluated is presented in Figure 4.2. The highest positive 

correlation (0.99) was between µNOB and KO,NOB. Other strongly correlated parameters 

(0.95) included KNH4,AOB and KO,AOB. The negative correlation between the growth rates 

of AOB and NOB (μAOB and μNOB, -0.34) suggests significant competition for resources. 

This is further supported by the negative correlation between μAOB and KO,NOB (- 0.34). 

These results indicate that as AOB growth increases, NOB growth is inhibited, likely 
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due to competition for shared resources, such as dissolved oxygen (S. Shourjeh et al., 

2020). The strong positive correlation between the growth rate and the half-saturation 

constant for DO within NOB (μNOB and KO,NOB, 0.99) suggests that the metabolic 

processes regulating growth and oxygen uptake are highly interdependent and closely 

linked within each nitrifying group (Martens-Habbena et al., 2009). 

 

Table 4.1. Model “0” long-term experiment estimated kinetic parameters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* dynamic calibration: DO=0.5 mgO2/L, T=30˚C, variable influent NH4-N concentration 
** dynamic calibration: DO=2.0 mgO2/L, T=30˚C, constant influent NH4-N concentration  
 

 

  

Figure 4.1. Heat map of the sensitivity coefficients for the Model “0” kinetic parameters. 

 

   

Figure 4.2. Correlation matrix of the adjusted kinetic parameters for Model “0”. 

AOB NH4 NO2 NO3
µAOB 0.27 1.06 0.12

KNH4,AOB 0.00 0.75 0.00

KO,AOB 0.01 0.01 0.00

NOB
µNOB 0.00 0.46 0.17

KNO2,NOB 0.00 0.01 0.00

KO,NOB 0.00 0.39 0.04

µAOB KNH4,AOB KO,AOB µNOB KNO2,NOB KO,NOB

µAOB 1

KNH4,AOB 0.10 1

KO,AOB -0.18 0.95 1

µNOB -0.34 0.60 0.60 1

KNO2,NOB -0.61 0.82 0.83 0.90 1

KO,NOB -0.34 0.60 0.60 0.99 0.90 1

Bacterial 

group 

Kinetic 

parameter 
Unit 

Initial 

value  

Model 0 

DO=0.5* 

mgO2/L 

Model 0 

DO=2** 

mgO2/L 

References 

AOB 

µAOB d-1 1.01 1.19 1.19 washout test 

KNH4,AOB mgN/L 0.67 0.99 0.99 washout test 

KO,AOB mgO2/L 0.30 0.61 0.61 washout test 

bAOB d-1 0.15 0.15 0.15 Yu et al. (2020) 

NOB 

µNOB d-1 0.31 0.64 0.64 washout test 

KNO2,NOB mgN/L 0.08 0.34 0.34 washout test 

KO,NOB mgO2/L 0.45 1.12 1.12 washout test 

bNOB d-1 0.05 0.05 0.05 Yu et al. (2020) 

KNH4 INH,NOB mgN/L 25 25 25 Sin et al. (2008) 

1

0.5

0

Si,j
1.2

0.5

0
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4.2.3. Model calibration with SBR long-term test data 

 

DO unlimited conditions 

The experimental reactor operating at DO=2.0 mgO2/L and SRT=2 d was fed with 

diluted sludge digester liquor solution with a stable NH4-N concentration at 282 ±10 

mgN/L. During the startup phase (0 ÷ 5d), an intense increase in the concentration of 

nitrate N was observed (197 mgN/L at t = 4.5 d), together with a partial NH4-N 

accumulation at 40÷60 mgN/L, and some amount of nitrite N (14 mgN/L). After 4.5 

days of operation (9 cycles), the SRT was reduced to 2 days, followed by an intense 

reactor response with an increasing accumulation of NO2-N and a decrease in NO3-N 

concentration. After 16 days of operation, ammonia and nitrate N concentrations 

stabilized at approximately 41 and 53 mgN/L, respectively. Nitrite N accumulation in 

the system increased throughout the operational period, reaching a concentration of 

212 mgN/L on day 31 (completed 63 cycles).   

 

Figure 4.3 presents long-term SBR simulation results for NH4-N, NO2-N, and NO3-N 

with Model “0” adjusted parameters used at the DO concentration of 2.0 mgO2/L and 

initial SRT = 2.5d. The model predictions of NH4-N with the R2 value equal to 0.74 

suggest that the model adequately explains the variance in the observed data, 

indicating a strong predictive capability. However, comparing R2 values of NO2-N and 

NO3-N indicates that the model performs best in predicting NO2-N (R2=0.82), with a 

moderate model performance of NO3-N (R2=0.52) and explains a large portion of the 

variance in the observed NO3-N data. 

 

The Model “0” predicted concentrations of NH4-N have relatively low errors as indicated 

by the RMSE (3.99) and MAE (3.47) values. Still, the R2 value suggests that the model 

does not explain much of the variance in the observed data, indicating a limited fit 

despite low error metrics. The model estimates for NO2-N have higher error values 

(RMSE and MAE). A high MAE (734.42) shows potential extreme values or variability 

issues. Still, the high R2 value indicates a good fit to the observed data, meaning the 

model explains most of the variance despite the more significant errors compared to 

NH4-N predictions. Similar to NO2-N, the model predictions for nitrate N show high 
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values of RMSE and MAE (31.30 and 979.67, respectively). However, a relatively high 

R2 value indicates an average fit to the observed data, explaining a significant portion 

of the variance. After 20 days of simulation, it can be observed that Model “0” cannot 

predict the accumulation of NO3-N in the system. This indicates a need for further 

refinement or extension of the model to improve accuracy and data fit across all 

nitrogen species (see Table 4.2). 

 

Table 4.2. Model “0” performance metrics during long-term SBR operation. 

SBR operational 
conditions Variable RMSE MAE R2 

DO=0.5 mgO2/L 

SRT=4.0 d 

T=30˚C 

NH4-N 5.81 3.76 0.94 

NO2-N 43.33 1877.38 0.76 

NO3-N 38.00 1443.90 0.85 

DO=2.0 mgO2/L 

SRT=2.5/2.0 d 

T=30˚C 

NH4-N 3.99 3.47 0.74 

NO2-N 27.10 734.42 0.82 

NO3-N 31.30 979.67 0.52 
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Figure 4.3. Measured and predicted nitrogen concentrations in the long-term washout experiment. 

DO=2.0 mgO2/L; influent NH4-N concentration 282 mgN/L; initial SRT=2.5d. 
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DO limited conditions 

Long-term SBR washout experiment simulation results at the limited DO conditions are 

presented in Figure 4.4. The experimental reactor operating at DO=0.5 mgO2/L and 

SRT=4 d was fed with diluted sludge digester liquor solution, with variable NH4-N 

concentration 410÷550 ±10 mgN/L. The influent NH4-N concentration was controlled 

based on AUR and adjusted between SBR cycles. During the startup phase (0 ÷ 7d), 

the controlled ammonia concentration in the feed was 450 ÷ 550 mgN/. The observed 

concentration of nitrate N reached 430 mgN/L after 15 cycles (t = 7.5d), with a partial 

nitrite N accumulation at 28 mgN/L, and some residual NH4-N (5 mgN/L). After 28 days 

of operation, nitrate N concentration stabilised at approximately 104 mgN/L. Nitrite N 

accumulation in the system constantly increased throughout the experiment, reaching 

a concentration of 287 mgN/L on day 36 (completed 73 cycles). 

The model predictions for NH4-N have a relatively low RMSE (5.81), indicating that the 

model's predictions are close to the observed values. MAE is also low (3.76), showing 

that, on average, the predicted concentrations are only 3.76 away from the observed 

data. The R2 is very high (0.94), demonstrating that the model explains 94% of the 

variance in the actual NH4-N concentrations and implies that AOB activity is well 

predicted. It also indicates the model captures the effect of AOB behaviour on NH4-N 

concentrations effectively, even under high and variable influent conditions. In the case 

of nitrite and nitrate N, the R2 values are relatively high (0.76 and 0.85, respectively), 

suggesting that the model does not explain much of the variance in the observed data. 

The model predictions for NO2-N have a relatively high RMSE (43.33) and very high 

MAE (1877.38), indicating significant prediction errors and average accuracy. The 

model predictions for NO3-N have high RMSE (38.00), similar to NO2-N, indicating the 

model’s considerable deviations from the actual values. MAE for nitrite N is very high 

(1443.90) and shows that, on average, the predictions are off by a significant margin, 

indicating substantial prediction errors. 

  

The high error metrics (Table 4.2) and relatively high R2 values for NO2-N and NO3-N 

suggest that the model may not adequately account for inhibitory effects on NOB, 

resulting in less accurate predictions. While the performance for NO2-N and NO3-N is 

reasonable regarding R2, it needs improvement in reducing prediction errors, as 

indicated by the high RMSE and MAE values. 
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Figure 4.4. Measured and predicted nitrogen concentrations in the long-term washout experiment. 

DO=0.5 mgO2/L; influent NH4-N concentration 410÷550 mgN/L; SRT=4d. 
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4.2.4. Model validation with batch tests data  

Figure 4.5 presents a selection of batch tests measured and predicted nitrogen 

concentrations during the validation phase at DO concentrations 0.5, 2.0, and 6.0 

mgO2/L with various initial nitrite N concentrations. The overall correlation between 

each nitrogen component's observed and model-predicted data shows very good 

model performance with R2 > 0.8 (Table 4.3). The batch test at DO concentration of 

6.0 mgO2/L had the lowest R2 (0.76) when compared with ammonia and nitrate N 

compounds, but still reasonably high, and nitrite N compound has the lowest RMSE 

and MAE, suggesting that the model performs best in predicting NO2-N concentrations 

at DO concentration of 6.0 mgO2/L. However, its R² value is the lowest among the 

three nitrogen compounds but still indicates a good fit. 

 

Table 4.3. Model “0” performance metrics during validation phase. 

Batch reactor 
operational  
conditions 

Variable RMSE MAE R2 

DO=0.5 mgO2/L 

T=25˚C 

NH4-N 2.19 1.56 0.89 

NO2-N 0.76 0.58 0.95 

NO3-N 1.25 1.56 0.98 

DO=2.0 mgO2/L 

T=20˚C 

NH4-N 0.83 0.51 0.99 

NO2-N 2.02 4.08 0.97 

NO3-N 1.88 3.55 0.98 

DO=6.0 mgO2/L 

T=25˚C 

NH4-N 5.02 4.04 0.88 

NO2-N 1.90 3.60 0.76 

NO3-N 6.91 47.87 0.86 

 

 

 

 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Results 

___________________________________________________________________ 
 

 
Page 97 of 146 

 

a)   DO=0.5 mg2/L , T=25˚C   b)  DO=0.5 mg2/L, T=25˚C 
 

 

c)  DO=2 mgO2/L, T=20˚C   d)  DO=2 mgO2/L, T=20˚C 

 

e)  DO=6 mgO2/L, T=25˚C    f)  DO=6 mgO2/L, T=25˚C 

Figure 4.5. Measured and predicted nitrogen concentrations in batch tests experiments 

validation phase at various DO and initial NO2-N concentrations. 
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4.3. Model extension with Comammox 

Based on the long-term simulation results, where Model “0” had average quality 

performance metrics, the extended Model “CMX” with one-step comammox oxidation 

of ammonia nitrogen (NH4-N → NO3-N) was applied. Initial simulations were run with 

values of AOB, NOB, and comammox kinetic parameters adopted from the literature 

study, and model outputs were compared with the experimental data. Model calibration 

and validation procedure was the same as in the case of Model “0”, described in 

supplementary material S1 (Appendix A.). 

 

4.3.1. Sensitivity analysis and correlation matrix 

Local sensitivity analysis based on NH4-N, NO2-N, and NO3-N variations for the kinetic 

parameters of AOB, NOB and Comammox microorganisms is presented in  

Figure 4.6. The maximum specific growth rate is consistently the most sensitive 

parameter across all species, particularly for AOB influencing NO2-N and NO3-N 

concentrations. Nitrite N is highly sensitive to μAOB with Si,j coefficient of 1.95, indicating 

a very significant influence. Figure 4.7 presents changes in predicted NO2-N 

concentrations at the base value of μAOB, and ±10% model response. NO3-N also 

shows considerably high sensitivity to μAOB with Si,j coefficient equal to 1.10. However, 

the sensitivity of NH4-N to μAOB is moderate (Si,j = 0.31). NOB maximum specific growth 

rate (μNOB) with Si,j coefficient of 0.60 for NH4-N shows influential sensitivity, low 

sensitivity for NO2-N with Si,j of 0.21, and very low (insignificant) sensitivity to NO3-N 

(0.07). Nitrite N model output has noticeable sensitivity to oxygen half-saturation 

constant (KO,NOB) with a coefficient of 0.39. Comammox kinetic parameters show the 

lowest sensitivity for NH4-N of μCMX (Si,j = 0.07) compared to AOB and NOB and no 

sensitivity to KNH4,CMX and KO,CMX (0.00 each). NO2-N shows significant sensitivity to 

μCMX (Si,j = 0.74), though less than AOB, and low sensitivity for oxygen half-saturation 

constant KO,CMX with Si,j of 0.19. Within the low range of moderate sensitivity was μCMX 

(Si,j = 0.31) for NO3-N. Overall analysis shows that AOB exhibits the highest overall 

sensitivity, particularly to its maximum specific growth rate (μAOB), which remains 

critical for controlling NO2-N and NO3-N concentrations. NOB kinetic parameters have 

reasonably high sensitivity, with the most impact seen in NH4-N concentrations. CMX 

kinetic parameters show average sensitivity, particularly affecting NO2-N but generally 

less influential than AOB.  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Results 

___________________________________________________________________ 
 

 
Page 99 of 146 

Consequently, a correlation matrix was developed based on the initial simulation 

results of the extended model to reduce the number of adjusted kinetic parameters 

during the calibration phase, focusing on Comammox kinetics. The correlation matrix 

for the most sensitive kinetic parameters evaluated is presented in Figure 4.8. The 

highest positive correlation (0.99) was between µNOB and KO,NOB. A very strong positive 

correlation shows that the growth rate of NOB is closely tied to its oxygen affinity. As 

the oxygen half-saturation constant increases, so does the growth rate of NOB. This 

indicates that NOB requires higher oxygen levels to maintain its growth, which is crucial 

for converting nitrite to nitrate in the conventional nitrification process but not in the 

partial nitrification systems. This finding highlights the importance of maintaining 

adequate oxygen levels to support NOB activity, particularly in systems where NOB is 

vital in completing the nitrification. Another highest positive correlation was between 

µCMX and KO,CMX (0.99), which indicates oxygen availability is crucial for CMX, directly 

affecting its ability to perform complete nitrification. As oxygen availability increases, 

CMX becomes more efficient in converting NH4-N to NO3-N, making it a key player in 

environments where oxygen is plentiful. Comammox strong dependence on oxygen 

mirrors that of NOB, but because CMX is capable of bypassing the nitrite stage, it might 

compete directly with NOB under high oxygen conditions, potentially reducing the need 

for NOB in the system. This confirms that the metabolic processes regulating growth 

and oxygen uptake are closely linked within each nitrifying microorganism (Martens-

Habbena et al., 2009) and highly interdependent. Then again, the very weak 

correlation between the oxygen affinities of AOB and CMX (-0.10) implies that these 

groups can coexist without significantly competing for oxygen. This allows for 

simultaneous operation in partial nitrification systems without compromising efficiency 

(Sharif Shourjeh et al., 2021b).  

 

Next, the model was automatically calibrated with the GPS-x built-in Optimizer Tool.  

First, a direct estimation of the specific growth rate of AOB (µAOB), NOB (µNOB), and 

Comammox (µCMX) was conducted, followed by an approximation of the nitrite- and DO 

half-saturation constants for NOB (KNO2,NOB and KO,NOB, respectively). Next, the oxygen 

half-saturation constant for Comammox (KO,CMX) was estimated. Finally, KNH4,AOB and 

KO,AOB were estimated to fit the predicted long-term test data better. The Model “CMX” 

estimated kinetic parameters for AOB, NOB, and Comammox at unlimited DO 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Results 

___________________________________________________________________ 
 

 
Page 100 of 146 

conditions (DO=2.0 mgO2/L) and limited DO conditions (DO=0.5 mgO2/L) are 

presented in Table 4.4.  

 

Table 4.4. Model “CMX” long-term experiment estimated kinetic parameters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

* dynamic calibration: DO=0.5 mgO2/L, T=30˚C, variable influent NH4-N concentration 
** dynamic calibration: DO=2.0 mgO2/L, T=30˚C, constant influent NH4-N concentration  

 

Calibrated AOB oxygen half-saturation constant (KO,AOB) remains constant at 0.24 

mgO2/L across both DO conditions. This suggests that AOBs have a stable, moderate 

oxygen efficiency, and their activity does not significantly vary with changes in oxygen 

levels. This aligns with findings by Blackburne et al. (2007) that show AOBs can sustain 

activity in low-oxygen environments by enhancing their enzyme activity. Estimated 

KO,NOB remains steady at 0.1 mgO2/L in both scenarios, indicating that NOBs are 

efficient oxygen users with high oxygen affinity. However, their overall performance is 

limited by their strict dependence on oxygen for nitrite oxidation, and their overall 

sensitivity to oxygen limitation reduces their competitive advantage in low-oxygen 

environments (Koch et al., 2019). Comammox bacteria exhibit a slightly higher KO,CMX 

under low DO (0.51 mgO2/L) than high DO (0.61 mgO2/L). This slight change suggests 

that comammox bacteria are adaptable, maintaining high efficiency in oxygen 

utilization across different conditions (Koch et al., 2019). The finding aligns with studies 

by Mei et al. (2023), who found that oxygen half-saturation constant changes when 

ammonia-oxidizers and nitrite-oxidizers are cultured at low (0.5 mgO2/L) and high (4.0 

mgO2/L) DO concentrations. The phenomenon was also observed by Wang et al. 

Bacterial 

group 

Kinetic 

parameter 
Unit 

Initial 

value  

Model CMX 

DO=0.5* 

mgO2/L 

Model CMX 

DO=2** 

mgO2/L 

References 

AOB 

µAOB d-1 1.01 0.94 0.94 washout test 

KNH4,AOB mgN/l 0.67 0.71 0.71 washout test 

KO,AOB mgO2/l 0.30 0.24 0.24 washout test 

bAOB d-1 0.15 0.15 0.15 Yu et al. (2020) 

NOB 

µNOB d-1 0.31 0.26 0.26 washout test 

KNO2,NOB mgN/l 0.08 0.06 0.06 washout test 

KO,NOB mgO2/l 0.45 0.1 0.1 washout test 

bNOB d-1 0.05 0.05 0.05 Yu et al. (2020) 

KNH4 INH,NOB mgN/l 25 25 25 Sin et al. (2008) 

CMX 

µCMX d-1 0.20 0.82 0.82 washout test 

KNH4,CMX mgN/l 0.01 0.01 0.01 Koch et al. (2019) 

KO,CMX mgO2/l 0.30 0.51 0.61 washout test 

bCMX d-1 0.05 0.05 0.05 Yu et al. (2020) 
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(2021), who found that KO decreased when DO concentration decreased and showed 

that the adaptation of NOB to low oxygen conditions was much stronger than that of 

AOB. Summarizing the calibration results, both AOB and NOB show stable oxygen 

utilization across different DO levels. Still, comammox bacteria demonstrate higher 

adaptability, which may give them an advantage in fluctuating oxygen environments. 

 

  

Figure 4.6. Heat map of the sensitivity coefficients for the Model “CMX” kinetic parameters. 

 

 

Figure 4.7. AOB growth rate (µAOB) sensitivity response and changes in predicted NO2-N 
concentration. 

 

AOB NH4 NO2 NO3
µAOB 0.31 1.95 1.10
KNH4,AOB 0.00 0.01 0.00
KO,AOB 0.00 0.04 0.02

NOB
µNOB 0.60 0.21 0.07
KNO2,NOB 0.00 0.01 0.00
KO,NOB 0.00 0.39 0.02

CMX
µCMX 0.07 0.74 0.31
KNH4,CMX 0.00 0.00 0.00
KO,CMX 0.00 0.19 0.02
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Figure 4.8. Correlation matrix of the adjusted kinetic parameters for Model “CMX”. 

  

µAOB KO,AOB µNOB KO,NOB µCMX KO,CMX

µAOB 1
KO,AOB -0.99 1
µNOB 0.67 -0.67 1
KO,NOB 0.67 -0.67 0.99 1
µCMX 0.21 -0.22 -0.30 -0.30 1
KO,CMX -0.97 -0.10 -0.39 -0.39 0.99 1

1
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4.3.2. Model calibration with SBR long-term test data 

 

DO unlimited conditions 

Figure 4.9 presents long-term SBR simulation results with Model CMX estimated 

parameters. Table 4.5 summarizes the Model CMX efficiency (RMSE, MAE, R2) during 

the simulations using the extended model with estimated AOB, NOB, and CMX 

parameters. The extended Model “CMX” consistently outperforms the base model 

(Model “0”) across all metrics and variables. It demonstrates lower RMSE and MAE 

values, indicating higher accuracy and fewer average prediction errors.  

The significant improvements in these metrics suggest that Model “CMX” is a more 

efficient and reliable model for predicting the concentrations of all three nitrogen 

species. Given the substantial improvements shown by Model “CMX”, it is a more 

reliable tool for predicting concentrations of nitrogen compounds in the studied system. 

 

Table 4.5. Model “CMX” performance metrics during long-term SBR operation. 

SBR operational 
conditions Variable RMSE MAE R2 

DO=0.5 mgO2/L 

SRT=4.0 d 

T=30˚C 

NH4-N 11.23 6.58 0.78 

NO2-N 24.03 577.68 0.92 

NO3-N 33.06 1092.65 0.92 

DO=2.0 mgO2/L 

SRT=2.5/2.0 d 

T=30˚C 

NH4-N 2.65 2.07 0.89 

NO2-N 15.49 240.01 0.93 

NO3-N 12.25 150.07 0.94 

 

The performance metrics suggest that the extended model better predicts nitrogen 

species concentrations in the SBR under higher DO levels (2.0 mgO2/L) and shorter 

SRT. Both RMSE and MAE values are lower under these conditions, while the R2 

values are higher, indicating more accurate and reliable predictions. 
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Figure 4.9. Measured and predicted nitrogen concentrations in the long-term washout experiment 

DO=2.0 mgO2/L; influent NH4-N concentration 282 mgN/L; initial SRT=2.5d. 
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DO limited conditions  

Figure 4.10 presents Model CMX predicted nitrogen concentrations at limited DO 

conditions (0.5 mgO2/L) during a long-term SBR washout experiment. The coefficient 

of determination (R2) values for Model “CMX” are higher in all cases, except NH4-N at 

DO concentration 0.5 mgO2/L (R2 = 0.78), showing that the extended model better 

captures the variability in the data at higher DO concentrations compared to the base 

model. Initial fluctuations of NH4-N concentrations and the sharp increase reflect 

changes in influent nitrogen loading and indicate a phase where AOB activity is primed, 

leading to a subsequent decrease in NH4-N as AOB converts it to NO2-N.  

The eventual stabilization in NH4-N (4 – 26 days of reactor operation) suggests that 

most of the available ammonium is processed by AOB and Comammox bacteria.  

The delayed but steady increase in NO2-N concentration reflects AOB activity reaching 

a point where significant amounts of nitrite are produced and retained in the system. 

This rise in NO2-N is closely followed by an increase in NO3-N, indicating that NOB is 

effectively converting NO2-N to NO3-N. Nitrate N concentrations rise steadily as both 

NOB and Comammox bacteria work on oxidizing NO2-N and NH4-N (respectively).  

The peak in NO3-N concentration around 12 days and the gradual decline thereafter 

suggest the system is reaching a point where nitrite N oxidation is slowing due to NOB 

biomass washout, and the only contributing microbial group producing nitrate N is 

Comammox.  

The observed trends in NH4-N, NO2-N, and NO3-N clearly demonstrate the extended 

model's good performance, with AOB initially increasing NO2-N concentrations, 

followed by NOB converting nitrite N to nitrate N. The extended model also predicts 

the potential for NO2-N accumulation, where NOB activity is limited, and their biomass 

is eventually washed out. The concentrations of all three nitrogen species in certain 

overlapping time frames of the washout test hint at the activity of Comammox bacteria, 

which can directly convert NH4-N to NO3-N, potentially explaining some of the rapid 

changes in their concentrations. The shift from NH4-N to NO2-N and finally to NO3-N 

as the dominant nitrogen species over time indicates the temporal shift in dominance 

of AOB and Comammox. It shows the nature of nitrification, with AOB and NOB 

sequentially playing their roles, and Comammox bacteria contributing to the overall 

efficiency of the process. Figure 4.11 shows predicted changes in biomass 

concentrations (MLSS and MLVSS) and individual nitrifier groups.   
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Figure 4.10. Measured and predicted nitrogen concentrations in the long-term washout experiment 

DO=0.5 mgO2/L; influent NH4-N concentration 410÷550 mgN/L; SRT=4d. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Results 

___________________________________________________________________ 
 

 
Page 107 of 146 

 

A.       B.  

 

 C.       D.  

Figure 4.11. Predicted changes in biomass concentrations and nitrifiers groups 

A. and C. dynamic simulations at DO=0.5 mg O2/L, B. and D. dynamic simulations at DO=2.0 mg O2/L. 
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4.3.3. Model validation with batch tests data 

 

Figure 4.12 presents a selection of batch tests measured and predicted nitrogen 

concentrations during the validation phase at DO concentrations 0.5, 2.0, and 6.0 

mgO2/L with various initial nitrite N concentrations. The overall correlation between 

each nitrogen component's observed and model-predicted data shows very good 

model performance with R2 > 0.8 (Table 4.6). The batch test at DO concentration of 

6.0 mgO2/L had the lowest R2 (0.73) for NO2-N when compared with ammonia and 

nitrate N compounds, but still reasonably high, and nitrite N compound has low RMSE 

and MAE, suggesting that the model performs best in predicting NO2-N concentrations 

at DO concentration of 6.0 mgO2/L. However, its R² value is the lowest among the 

three nitrogen compounds but still indicates a good fit. 

 

Table 4.6. Model “CMX” performance metrics during validation phase. 

Batch reactor 
operational  
conditions 

Variable RMSE MAE R2 

DO=0.5 mgO2/L 

T=25˚C 

NH4-N 3.88 3.28 0.87 

NO2-N 1.35 1.84 0.85 

NO3-N 3.20 10.26 0.93 

DO=2.0 mgO2/L 

T=20˚C 

NH4-N 2.30 1.74 0.97 

NO2-N 0.64 0.40 0.80 

NO3-N 1.80 3.25 0.98 

DO=6.0 mgO2/L 

T=25˚C 

NH4-N 3.07 2.29 0.95 

NO2-N 1.98 3.93 0.73 

NO3-N 4.28 18.33 0.94 

 

At low DO concentration (0.5 mgO2/L), the model shows moderate predictive accuracy 

for NH4-N, with relatively low RMSE (3.88) and MAE (3.28) and a good R2 (0.87). This 

indicates that the model explains approximately 87% of the variance in NH4-N 

concentrations. The model performs well for NO2-N with low error values and a high 

R2 (0.85), although slightly less than for NH4-N, reflecting good predictive capability. 

However, the model struggles with NO3-N prediction, as indicated by the high MAE 

(10.26), though the R2 (0.93) suggests the model still explains 93% of the variance, 

highlighting a discrepancy between explained variance and prediction accuracy.  
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a)  DO=0.5 mgO2/L, T=25˚C   b)  DO=0.5 mgO2/L, T=25˚C 

  

c)  DO=2.0 mgO2/L, T=20˚C   d)  DO=2.0 mgO2/L, T=20˚C 

  

e)  DO=6 mgO2/L, T=25˚C    f)  DO=6 mgO2/L, T=25˚C 

 

Figure 4.12. Measured and predicted nitrogen concentrations in batch tests experiments 

validation phase at various DO and initial NO2-N concentrations. 
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The model validation under unlimited DO conditions (2.0 mgO2/L) shows excellent 

performance for NH4-N with low RMSE and MAE, and an exceptionally high R2 (0.97), 

indicating near-perfect predictive accuracy under these conditions. The extended 

model demonstrates very low prediction errors for NO2-N but with a lower R2 (0.80).  

It suggests that while the model accurately predicts, on average, it may not fully capture 

the variability in NO2-N concentrations. The model's performance for NO3-N is strong, 

with very high R2 (0.98) and relatively low error metrics, indicating a reliable prediction 

model under these oxygen conditions. 

Another validation under unlimited DO conditions (6.0 mgO2/L) has shown that the 

extended model maintains high predictive accuracy for NH4-N, with a slightly higher 

error than at DO = 2.0 mgO2/L but still strong overall, as indicated by the high R2 (0.95). 

The model's predictive power decreases for NO2-N, with the lowest R2 (0.73) observed 

across all DO conditions. The higher RMSE (1.98) and MAE 3.93) indicate that the 

model struggles to predict NO2-N concentrations at this DO level accurately. 

Moreover, the model exhibits the highest error metrics for NO3-N under evaluated high 

DO conditions, particularly regarding MAE (18.33). Despite this, the high R2 suggests 

that the model still explains a significant proportion of the variance, though the high 

errors indicate potential issues with prediction accuracy.  

The overall validation of Model “CMX” verified that the model’s performance varies 

under the influence of the SBR’s operational conditions. Intermediate DO 

concentrations (2.0 mgO2/L) and lower temperatures (20°C) generally improve 

predictive accuracy for most nitrogen species, especially NH4-N and NO3-N. Higher 

DO concentrations (6.0 mgO2/L) at 25°C show an apparent decrease in predictive 

performance, particularly for NO2-N and NO3-N.  
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4.4. Model application  

The primary goal was to maximize the effluent NO2-N concentration by optimizing both 

physical and operational parameters. This study considered two scenarios for model 

application: constant influent NH4-N concentration (SBR 1) and variable influent NH4-

N concentration (SBR 2). The optimization variables were the maximum tank volume 

(Vmax) and DO concentration. Table 4.7. presents the results of the model-based 

optimized parameters.  

 

Table 4.7. Physical and operational parameters of the model-based optimized tank reactors. 

 
T 

(˚C) 

NH4-N 

influent 

concentration 

Initial values Optimized values 

DO 

setpoint 

(mgO2/L) 

Max. 

volume  

Vmax (m3) 

Effluent 

NO2-N  

(mg N/L) 

DO 

setpoint 

(mgO2/L) 

Max. 

volume  

Vmax (m3) 

Effluent 

NO2-N  

(mg N/L) 

SBR 1 30 constant  2.0 10 215 0.68 7.36 253 

SBR 2 30 variable  0.5 10 256 0.22 3.29 344 

 

Process optimization was performed for a two-stage PN/A process setup, with the first 

stage being the nitritation reactor and the second stage - the anammox reactor. For 

SBR1, with constant influent NH4-N concentration, the optimized Vmax was 7.36 m3, 

26% lower than the initial volume of 10 m3. The DO setpoint was reduced from 2.0 

mgO2/L to 0.68 mgO2/L. These optimized settings resulted in a 15% increase in the 

effluent NO2-N concentration, reaching 253 mgN/L.  

For SBR2, with variable influent NH4-N concentration, the optimization of physical 

(Vmax) and operational (DO) parameters yielded a higher NO2-N effluent concentration, 

where NO2-N increasing by 25%, reaching 344 mgN/L. The maximum operational 

volume was reduced significantly to 3.29 m3, with the DO setpoint reduction to 0.22 

mgO2/L.  

In both scenarios, lowering the DO setpoint was crucial for optimizing NO2-N 

production. Lower DO concentrations favor the partial nitritation process, enhancing 

NO2-N production. Reducing the maximum volume (Vmax) in both SBRs indicates that 

a smaller reactor volume can be more effective for nitritation when coupled with 

optimized DO levels. This suggests a more efficient process with a reduced footprint 
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and lower energy requirements for aeration. SBR 2, with variable influent NH4-N 

concentrations, achieved a higher effluent NO2-N concentration than SBR 1. This 

suggests that the system can adapt more effectively to changes in influent conditions 

when physical and operational parameters are optimized.  
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5.1. Influence of DO concentration 

 

The developed CMX Model accurately predicted NH4-N and NO2-N concentrations 

under unlimited DO conditions (2.0 mgO2/L), although NO3-N predictions were less 

accurate. These results align with those of Pérez et al. (2020), who noted that high DO 

enhances AOB and NOB activities but complicates NO3-N predictions due to potential 

shifts in microbial community dynamics. The model's validation through batch tests 

showed high R2 values, particularly at higher DO concentrations. This supports the 

general understanding that higher DO levels favor more consistent nitrification, as 

reported by Liu et al. (2018), who highlighted the role of sufficient DO (above 2.0 

mgO2/L) in maintaining stable nitrification rates and NO2-N accumulation. Therefore, 

achieving successful operation of a partial nitritation treatment system  

(i.e. the first stage of a two-stage PN/A system configuration) should not only focus on 

the suppression and washout of the NOB biomass but also supporting the AOB activity. 

Recent studies of mainstream nitritation in the activated sludge process (Liu et al., 

2017) involved high DO concentrations (DO > 1.0 mgO2/L) and sufficient residual  

NH4-N in the bulk liquid. Further studies by Liu et al. (2018) under limited and unlimited 

DO conditions  showed that NO2-N accumulation was not possible without residual 

NH4-N present together with sufficient influent ammonium concentrations and was 

based on the low SRT. The study confirms that selecting fast-growing AOB against 

NOB is a key strategy for achieving high-rate nitritation, underscoring the practical 

implications of this research.  

 

The differences observed in NO2-N and NO3-N predicted concentrations (Model CMX) 

under limited DO conditions are consistent with existing literature. Yu et al. (2020) 

highlighting the challenges of modeling nitrification under low DO conditions. Several 

studies have shown that traditional nitrification models often underestimate the effects 

of low DO, leading to inaccurate predictions of intermediate (NO2-N) and end-product 

(NO3-N) concentrations (Liu et al., 2017; Regmi et al., 2014). While the DO limitations 

and relatively short SRT, i.e. 2.5 – 6.0 d (Regmi et al., 2014; Cao et al., 2017), are the 

most common methods for the effective NOB suppression, studies carried out under 

intermittent aeration in SBR at DO concentrations as low as 0.2 mgO2/L (Roots et al., 

2019) showed high NOB activity and extensive NO2-N oxidation to NO3-N. Thus, these 
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two operational factors may not always be sufficient to suppress NOB activity. Kowal 

et al. (2022) demonstrated that expending two-step nitrification models to simulate 

novel processes, i.e. partial nitrification in the presence of comammox microorganisms, 

must include the resistance of comammox bacteria for the biomass washout 

conditions. They suggested that the expended two-step nitrification model should 

incorporate two parallel pathways of nitrite oxidation to nitrate, catalyzed by two groups 

of NOB (e.g. Nitrospira or Ca. Nitrotoga), and a one-step pathway of the direct 

ammonia oxidation to nitrate by comammox Nitrospira.  

A study by Shourjeh et al. (2020) provided insights into the interaction between 

temperature and DO concentration, showing that even a lower abundance of NOB 

(compared to AOB) in the total autotrophic bacterial community can lead to 

predominant NOB activity at increased temperatures (~30˚C), making the DO limitation 

more suitable for the NOB suppression. These key findings confirm the Model CMX 

accuracy of predicted NO2-N and NO3-N concentrations at limited oxygen conditions 

(DO=0.5 mgO2/L) and good model fit to observed data, compared to Model “0” 

predicted nitrite and nitrate concentrations. Limited DO availability resulted in a lower 

accuracy (Model CMX) of the predicted NH4-N concentrations compared to unlimited 

oxygen conditions (DO=2.0 mgO2/L), where long-term experimental data R2 value was 

0.78 and 0.89, respectively.  

 

5.2. Influential model parameters  

The application of local sensitivity analysis (LSA) and the calibration methodology 

enabled a comparison between the nitrogen concentrations simulated by Model “0” 

and Model CMX. Most importantly, the correlation matrix identified the most influential 

kinetic parameters (µAOB, µCMX, and KO,NOB) critical for model calibration and 

comparison with the observed data. This identification revealed which observed data 

are more beneficial for model calibration, thus guiding modeling efforts. For example, 

the higher sensitivity of AOB and CMX growth rates over NOB growth rates for NO2-N 

is significant. In microbial competition modeling, growth kinetics and substrate affinities 

are crucial for understanding substrate competition and population shift (Kirim et al., 

2022; Kits et al., 2017). The growth kinetics of nitrifying microorganisms are substrate-

limited based on Monod’s formulation used in the ASMs, which states a fixed relation 

between growth rate and bulk substrate concentration (Henze et al., 2008). Thus, the 
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substrate half-saturation (affinity) constant is crucial for process performance. 

However, according to Arnaldos et al. (2015), model calibration may lump the effects 

of different phenomena in the system (e.g. mixing, advection, and diffusion limitations), 

potentially leading to variation in the apparent values of the half-saturation constants 

and affecting the prediction power of the calibrated model.  

 

Calibration results of Model CMX under unlimited DO conditions (2.0 mgO2/L) for the 

maximum specific growth rates for AOB (µAOB) and NOB (µNOB) were within the 

reported literature range for two-step nitrification models (Mehrani et al., 2022b, 2021; 

Mei et al., 2023). The adjusted values of KO,AOB (0.24 mgO2/L) and KO,NOB (0.1 mgO2/L) 

were within the literature ranges of 0.16–1.22 mgO2/L for canonical r-AOB 

Nitrosomonas (Mehrani et al., 2022b; D. Zhang et al., 2019) and 0.17–4.32 mgO2/L for 

canonical r-NOB Nitrospira (Park et al., 2017; Mei et al., 2023). Although the DO  

half-saturation constant for NOB was slightly lower than the reported range, indicating 

a very high oxygen affinity of this bacterial group throughout the long-term experiment, 

it also suggested reduced capabilities of NO2-N oxidation at low DO concentrations.  

 

For comammox, calibrated kinetic parameters (Table 4.4) showed that the maximum 

specific growth rate (µCMX) and oxygen half-saturation constant (KO,CMX) were above 

the reported literature values for temperatures ranging from 17-22˚C. The estimated 

µCMX (0.82 d-1) was higher than the value reported by Park et al. (2017) for enriched 

Nitrospira culture and above the reported range of 0.15–0.22 reported by Mehrani et 

al. (2021). It is important to note that only the study by Mehrani et al. (2021) separated 

different NH4-N oxidation pathways, distinguishing between one-step NH4-N oxidation 

to NO3-N (without NO2-N released), two-step NH4-N and NO2-N oxidation, and  

two-step parallel pathway of NH4-N and NO2-N oxidation catalyzed by AOB, NOB, and 

comammox. The estimated KO,CMX (0.61 mgO2/L) was above the literature range for 

enriched Nitrospira culture (0.33 mgO2/L, T=22˚C), and above the adjusted value  

(0.3 mgO2/L) from the study by Mehrani et al. (2022) at T=20˚C and DO=0.6 mgO2/L.   
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5.3. Extension of two-step nitrification model with comammox  

 

The new CMX Model developed and validated in this study was successfully applied 

to simulate the start-up phase and long-term SBR operation under both limited and 

unlimited DO conditions with varying influent NH4-N concentrations. The model was 

used to simulate competition between AOB, NOB and comammox bacteria found in 

unacclimatized inoculum biomass from a municipal WWTP. Extending the two-step 

nitrification model to include complete ammonia oxidizer (one-step oxidation of  

NH4-N to NO3-N) increased the prediction accuracy of the studied partial nitrification 

system. The simulation results of the present study support the hypothesis that 

comammox bacteria tend to grow on NH4-N as it appears to be a preferable substrate 

(Kowal et al., 2022; Mehrani et al., 2022b). However, since the discovery of 

comammox, it is still ongoing debate if comammox Nitrospira possess the ability to 

grow on NO2-N in the absence of NH4-N (Koch et al., 2019).  

Additionally, simulation results indicate that the two-step nitrification model, extended 

with the comammox pathway of direct NH4-N oxidation to NO3-N, can better predict 

residual NO3-N concentrations measured in long-term SBR experiments. It should be 

noted that during the start-up phase of both reactors, i.e. 4.5 days for DO=2.0 mgO2/L 

and 7 days for DO=0.5 mgO2/L, complete nitrification was performed by AOB, NOB 

and comammox together. The SRT played a crucial role in influencing the competition 

between AOB and NOB. During the start-up phase, the SBR operated with DO=2.0 

mgO2/L and a longer SRT (2.5 d). Subsequently, the SBR continued its operation with 

a reduced SRT of 2.0 days, resulting in a rapid increase in NO2-N concentration and a 

parallel reduction in NO3-N concentration.  

The simulation results by the extended model were more accurate and stable in 

explaining the nitrification process in the presence of three nitrifying microorganism 

groups. Despite the variability in reported kinetic parameters (both measured and 

calibrated) and different concepts of the comammox process found in the literature 

(Kowal et al., 2022; Mehrani et al., 2021; Mei et al., 2023), the consistency and 

robustness of the ASM1, extended with comammox oxidation of NH4-N to NO3-N, 

proved its strength in terms of predicting nitrogen conversions.  
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5.4. Innovation and impact of the research on wastewater engineering  

 

Since the discovery of comammox by Daims et al. (2015), most of the research focused 

on the biological aspects of this process, with particular attention given to ecosystems, 

such as soil (Kits et al., 2017; Pjevac et al., 2017; Koch et al., 2019) and freshwater 

systems (Bartelme et al., 2017), rather than engineered systems, such as WWTPs.  

In WWTP studies, efforts have focused on metagenomics and novel PCR assays to 

identify comammox Nitrospira (Roots et al., 2019; Kowal et al., 2022) and explore their 

biological mechanisms, rather than developing kinetic models based on mechanistic, 

data-driven, or hybrid approaches.  

The key novelty of this study lies in incorporating comammox into wastewater 

treatment modeling and using such a model to explain the influence of comammox on 

the nitritation process, particularly its impact on NO2-N accumulation in nitritation tank 

reactors. The major innovation presented is the adaptation of the ASM framework to 

develop a process modelling strategy that addresses the limitations of current 

mechanistic models for side-stream wastewater treatment and NO2-N prediction. As 

these models become increasingly complex, challenges in model validation and full-

scale application become evident, highlighting the need for advanced approaches like 

the one proposed in this study.   
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6. Conclusions  

 

This study provides several key insights into the complex dynamics of nitrification 

processes in wastewater treatment systems, offering important conclusions and final 

remarks: 

1. The study demonstrated the critical role of DO concentration in determining the 

accuracy of two-step nitrification model predictions for NH4-N, NO2-N, and  

NO3-N concentrations, especially in the presence of comammox bacteria. 

Higher DO levels facilitated more consistent nitritation by enhancing AOB 

activity. On the contrary, low DO conditions present challenges in accurately 

modelling the nitritation process, underscoring the complexity of nitrification 

under varying DO conditions. 

 

2. The presence of comammox Nitrospira in the nitrification process was shown to 

play a significant role in nitrification, requiring the incorporation of several 

process variables for successful model validation and application. This finding 

emphasizes the need for accounting the distinct pathways of comammox 

bacteria, particularly under low DO conditions, to improve the accuracy of model 

predictions. 

 

3. The study underscored the challenges in modelling two-step nitrification under 

low DO conditions and with variable influent NH4-N concentrations, particularly 

during the start-up phase of nitritation reactors. Traditional nitrification models 

often underestimate the effects of low DO, leading to inaccurate predictions of 

intermediate (NO2-N) and final product (NO3-N) concentrations. This highlights 

the urgent need for improved models to better predict nitrification dynamics, 

especially in treating ammonia-rich wastewater, e.g., anaerobic sludge digester 

liquors.  

 

4. The study emphasized the importance of local sensitivity analysis and model 

calibration for identifying the most influential kinetic parameters to achieve 

accurate predictions of nitrogen concentrations. The AOB group was the most 

critical contributor to nitrification, even in the presence of comammox bacteria. 
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However, the initial biomass concentration of individual nitrifiers, as confirmed 

by microbiological analysis, proved to be a crucial factor that should not be 

overlooked in successful model calibration and validation. This study provides 

valuable new insights into modelling the complex dynamics of nitrification 

processes under varying substrate concentrations, with significant implications 

for optimizing the operation of wastewater treatment systems and improving 

modeling approaches. The findings underscore the practical relevance and 

applicability of incorporating comammox pathways.  
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7. Future perspectives  

 

Future research should explore novel approaches for integrating the influence of DO 

on microbial competition into two-step nitrification modeling, including developing 

advanced models that accurately capture the effects of comammox pathways under 

low DO conditions. Additionally, there is a need for continued investigations into 

practical strategies for enhancing AOB activity and suppressing NOB in wastewater 

treatment systems, aiming to improve the efficiency and reliability of nitrification 

processes under diverse operational conditions.  

 

Further exploration of microbial community dynamics and substrate competition in 

nitrification processes will provide valuable insights for advancing modeling and 

operational practices in environmental engineering. Extending the two-step nitrification 

model with comammox should also include pathways  for N2O production and 

emission. Incorporating heterotrophic denitrification and NH2OH oxidation into the 

model may help to identify the dominant N2O emission pathway during wastewater 

treatment in the nitritation process under different DO conditions. This will help develop 

and design the two-stage PN/A treatment system for ammonia-rich wastewater with 

minimized GHG emissions and optimized energy requirements for aeration.  

 

However, before incorporating new model concepts, such as comammox nitrogen 

oxidation pathways in nitrification modelling, a comprehensive microbial structure 

analysis and evaluation should be conducted under various environmental conditions 

(e.g. DO and SRT). Most recently, it was emphasized by Wang et al. (2021) and Mei 

et al. (2023) that the microbial relative abundance of Nitrospira should be included in 

kinetics and modelling studies of the wastewater treatment process in the presence of 

comammox. Quantitative polymerase chain reaction (qPCR) can be effectively applied 

to quantify the  nitrifiers, such as Nitrosomonas AOB, Nitrospira NOB, Nitrobacter NOB, 

and comammox Nitrospira in the nitrifying activated sludge. This can be followed by a 

high-throughput sequencing to investigate bacterial community structures.  
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As highlighted by Kowal et al. (2022), NO2-N production pathways, driven by canonical 

AOB, are distinct from the more diverse NO3-N production pathways, which may 

include the metabolism of two different canonical NOBs (Nitrospira and Ca. Nitrotoga). 

While mathematical modelling is an essential tool for kinetic studies in wastewater 

treatment systems, it should be led by the microbiological analysis of the nitrifying 

microbial population.  
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S1 Model development and calibration procedure  

 

I. Model development and implementation 

Model “0”: two-step nitrification model (AOB+NOB) 

 

II. Kinetic parameters assumption 

1. Literature references & variables:  µAOB, KNH4,AOB, KO,AOB, µNOB, KNO2,NOB, KO,NOB 

2. Local sensitivity analysis and correlation matrix development 

 

III. Dynamic calibration (GPSx Optimizer) 

1. Unlimited DO conditions  long-term washout (T=30˚C, SRT=2.5/2.0 d, DO=2.0 mgO2/L) 

Adjusted variables:   µAOB, KNH4,AOB, KO,AOB, µNOB, KNO2,NOB, KO,NOB,  

2. Limited DO conditions  long-term washout (T=30˚C, SRT=4 d, DO=0.5 mgO2/L) 

Adjusted variables:   KO,AOB, KO,NOB,  

3. Model performance metrics:  RMSE, MAE, R2  

 

IV. Model “0” validation  

1. Batch tests data:   DO 0.5/2.0/6.0 mgO2/L  

2. Model performance metrics:  RMSE, MAE, R2  

 

V. Model extension  

Model “CMX”: two-step nitrification (AOB+NOB) and comammox (NH4 → NO3)  

 

VI. Kinetic parameters assumption 

1. Literature references & variables:  a. µCMX, KNH4,CMX, KO,CMX  

     b. AOB and NOB kinetic parameters from Model “0” 

2. Local sensitivity analysis and correlation matrix development 

 

VII. Dynamic calibration (GPSx Optimizer)  

1. Unlimited DO conditions  long-term washout (T=30˚C, SRT=2.5/2.0 d, DO=2.0 mgO2/L) 

Adjusted variables:   µAOB, KNH4,AOB, KO,AOB, µNOB, KNO2,NOB, KO,NOB, µCMX, KNH4,CMX, KO,CMX 

2. Limited DO conditions  long-term washout (T=30˚C, SRT=4 d, DO=0.5 mgO2/L) 

Adjusted variables:   KO,AOB, KO,NOB, KO,CMX   

3. Model performance metrics:  RMSE, MAE, R2  

 

VIII. Model “CMX” validation  

1. Batch tests data:   DO 0.5/2.0/6.0 mgO2/L 

2. Model performance metrics:  RMSE, MAE, R2  
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S2 Model “0” stoichiometric matrix and kinetic rate equations 

 

Table S2.1 Stoichiometric matrix related to AOB and NOB nitrogen conversions. 

 

Table S2.2 Kinetic rate equations related to AOB and NOB. 

  

 
Stoichiometric matrix 

SNH4 SNO2 SNO3 SO XAOB XNOB XS XU Xnd Salk 

 

R1 −
1

YAOB
− ixbn 

1

YAOB
  −

3.43 − YAOB
YAOB

 1     

−
1

7 ∙ YAOB

−
ixbn

14
 

R2     −1  1 − fu fu 
ixbn − fu

· ixun 
 

R3  −
1

YNOB
− ixbn 

1

YNOB
 −

1.14 − YNOB
YNOB

  1     

R4      −1  fu 
ixbn − fu

· ixun 
 

Process   Reaction rate  Kinetic equation  

Aerobic growth 

of AOB 
R1 μAOB ∙

SNH4
SNH4 + KNH4,AOB

∙
SO

SO + KO
∙ XAOB 

Decay of AOB R2 bAOB ∙ XAOB 

Aerobic growth 

of NOB 
R3 μNOB ∙

SNO2
SNO2 + KNO2,NOB

∙
SO

SO + KO
∙

KINH4,NOB
KINH4,NOB + SNH4

∙ XNOB 

Decay of NOB R4 bNOB ∙ XNOB 
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S3 Model “CMX” stoichiometric matrix and kinetic rate equations 

 

Table S3.1 Stoichiometric matrix related to AOB, NOB and comammox nitrogen conversions. 

 
Stoichiometric matrix 

SNH4 SNO2 SNO3 SN2O SO XAOB XNOB XCMX XS XU Xnd Salk 

 

R1 −
1

YAOB
− ixbn 

1

YAOB
   −

3.43 − YAOB
YAOB

 1      −
1

7 ∙ YAOB
−
ixbn

14
 

R2      −1   1 − fu fu ixbn − fu · ixun  

R3  −
1

YNOB
− ixbn 

1

YNOB
  −

1.14 − YNOB
YNOB

  1      

R4       −1   fu ixbn − fu · ixun  

R5 −
1

YCMX
− ixbn  

1

YCMX
  −

4.57 − YCMX
YCMX

   1    −
1

7 ∙ YCMX
−
ixbn

14
 

R6        −1 1 − fu fu ixbn − fu · ixun  

R7 1 −2  3        −1 

R8 −1   1 −1       −1 
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Table S3.2 Model “CMX” kinetic rate equations related to AOB, NOB and comammox. 

 

 

Process  
Reaction 

rate 
Kinetic equation  

Aerobic growth of 

AOB 
R1 μAOB ∙

SNH4
SNH4 + KNH4,AOB

∙
SO

SO + KO,AOB
⋅

SALK
KALK,AOB + SALK

∙ XAOB 

Decay of AOB R2 bAOB ∙ XAOB 

Aerobic growth of 

NOB 
R3 μNOB ∙

SNO2
SNO2 + KNO2,NOB

∙
SO

SO + KO,NOB
∙

KINH4,NOB
KINH4,NOB + SNH4

⋅ XNOB 

Decay of NOB R4 bNOB ∙ XNOB 

Aerobic growth of 

comammox  

(SNH4→SNO3) 

R5 μCMX ∙
SNH4

SNH4 + KNH4,CMX
∙

SO
SO + KO,CMX

⋅
SALK

KALK,CMX + SALK
∙ XCMX 

Decay of 

comammox 
R6 bCMX ∙ XCMX   

AOB 

denitrification 

(SNH4,SNO2→SN2O) 

R7 

μAOB ⋅ η2,AOB ⋅
KO,AOB

KO,AOB + SO
⋅

SNH4
KNH4,AOB + SNH4

⋅
SNO2

KNO2,AOB + SNO2

⋅
SALK

KALK,AOB + SALK
∙ XAOB 

Hydroxylamine 

oxidation  

(SNH4→SN2O) 

R8 μAOB ∙ η1,AOB ∙
SO

KO,AOB + SO
∙

SNH4
KNH4,AOB + SNH4

∙
SALK

KALK,AOB + SALK
∙ XAOB 
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S4 Model “CMXH” stoichiometric matrix and kinetic rate equations 

 

Table S4.1 Stoichiometric matrix related to HET, AOB, NOB and comammox nitrogen conversions  

 
  Stoichiometric matrix 

S𝑆 SNH4 SNO2 SNO3 SN2O SO XHET XAOB XNOB XCMX XS XU Xnd Salk 

  

R1  −
1

YAOB
− ixbn 

1

YAOB
   −

3.43 − YAOB
YAOB

  1      −
1

7 ∙ YAOB
−
ixbn

14
 

R2        −1   1 − fu fu ixbn − fu · ixun  

R3   −
1

YNOB
− ixbn 

1

YNOB
  −

1.14 − YNOB
YNOB

   1      

R4         −1   fu ixbn − fu · ixun  

R5  −
1

YCMX
− ixbn  

1

YCMX
  −

4.57 − YCMX
YCMX

    1    −
1

7 ∙ YCMX
−
ixbn

14
 

R6          −1 1 − fu fu ixbn − fu · ixun  

R7  1 −2  3         −1 

R8  −1   1 −1        −1 

R9 −
1

YH
 −ixbn 

1 − YHET
1.143 ∙ YHET

 −
1 − YHET
1.143 ∙ YHET

   1       −
ixbn

14
+

1 − YHET
14 ∙ 1.143 ∙ YHET

 

R10 −
1

YH
 −ixbn −

1 − YHET
1.143 ∙ YHET

  
1 − YHET
1.143 ∙ YHET

  1       −
ixbn

14
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Table S4.1 Model “CMXH” kinetic rate equations related to HET nitrate and nitrite reduction 

 

 

 

Figure S4.1 Model “CMX” and “CMXH” predicted NO2-N concentrations in the long-term washout 

experiment during start-up phase (5 days) of SBR (DO=2.0mg O2/L; influent NH4-N 282 mgN/L; initial 

SRT=2.5d). 

Process   
Reaction 

rate 
Kinetic equation  

Anoxic growth of 

HET 

(SNO3→SNO2) 

R9 

μHET ∙ η1,HET ⋅
KO,HET

KO,HET + SO
∙

SS
SS + KS,HET

∙
SNO3

SNO3 + KNO3,HET

∙
SNH4

SNH4 + KNH4,HET
∙ XHET 

Anoxic growth of 

HET 

(SNO2→SN2O) 

R10 

μHET ∙ η2,HET ⋅
KO,HET

KO,HET + SO
∙

SS
SS + KS,HET

∙
SNO2

SNO2 + KNO2,HET

∙
SNH4

SNH4 + KNH4,HET
∙ XHET 
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S5 Initial biomass concentrations and composition  

 

Table S.5 Initial biomass concentrations estimated for dynamic simulations 

Nitrifying 

biomass 
Units 

Long-term washout experiment 

DO=0.5 

mgO2/L 

DO=2.0 

mgO2/L 

XAOB mg COD/L 28 27 

XNOB mg COD/L 80 54 

XCMX mg COD/L 12 16 
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S6 Model parameters related to HET, AOB, NOB, and CMX activity in the developed Model “CMX” and 

Model “CMXH” 

 

Table S6.1 Kinetic parameters of Model “CMX” and Model “CMXH”. 

Parameter Description Unit 

Heterotrophic bacteria, XHET 

μHET Maximum growth rate on substrate  d-1 

bHET Decay rate d-1 

KO Half-saturation constant for oxygen mg O2/L 

KS Half-saturation constant for readily biodegradable substrate mg COD/L 

KNO3 Half-saturation constant for nitrate mg N/L 

KNO2 Half-saturation constant for nitrite mg N/L 

KALK Half-saturation constant for alkalinity mole/L 

η1,HET Nitrate reduction factor –  

η2,HET Nitrite reduction factor  – 

Ammonia oxidizing bacteria, XAOB 

μAOB Maximum growth rate of AOB d-1 

bAOB Decay rate of AOB d-1 

KO,AOB Half-saturation constant for oxygen  mg N/L 

KNH4,AOB Half-saturation constant for free and ionized ammonia mg N/L 

η1,AOB Hydroxylamine oxidation pathway factor – 

η2,AOB AOB denitrification pathway factor – 

KALK,AOB Half-saturation constant for alkalinity mole/L 

Nitrite oxidizing bacteria, XNOB 

μNOB Maximum growth rate of NOB d-1 

bNOB Decay rate of NOB d-1 

KO,NOB Half-saturation constants for oxygen of NOB mg N/L 

KNO2,NOB Half-saturation constant for nitrite mg N/L 

KINH NH4,NOB Half-saturation constant for ammonia inhibition  mg N/L 

Comammox bacteria, XCMX 

μCMX Maximum growth rate of comammox d-1 

bCMX Decay rate of comammox d-1 

KO,CMX Half-saturation constant for oxygen  mg N/L 

KNH4,CMX Half-saturation constant for free and ionized ammonia mg N/L 

KALK,CMX Half-saturation constant for alkalinity mole/L 
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Table S6.2 State variables of Model “CMX” and Model “CMXH”. 

Cryptic name Variable name  Unit 

XHET Active heterotrophic biomass mg COD/L 

XAOB Active AOB biomass mg COD/L 

XNOB Active NOB biomass mg COD/L 

XCMX Active CMX biomass mg COD/L 

SO Dissolved oxygen mg O2/L 

SNH4 Free and ionized ammonia mg N/L 

SNO2 Nitrite nitrogen mg N/L 

SNO3 Nitrate nitrogen mg N/L 

SALK Alkalinity  mole/L 

 

Table S6.3 Stoichiometric parameters of Model “CMX” and Model “CMXH”. 

Cryptic name Variable name  Unit 

ixbn Nitrogen content of active biomass mg N / mg COD 

ixun Nitrogen content of inert mass mg N / mg COD 

fu Fraction of biomass leading to particulate products mg COD / mg COD 

yh HET yield mg COD / mg COD 

ya AOB yield mg COD / mg N 

yb NOB yield mg COD / mg N 

yc CMX yield mg COD / mg N 
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