Journal of Environmental Management 297 (2021) 113223

Contents lists available at ScienceDirect

Joueaa of
Environmental
“Management

Journal of Environmental Management

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/jenvman

Check for

Incorporation of the complete ammonia oxidation (comammox) process for &

modeling nitrification in suspended growth wastewater treatment systems

Mohamad-Javad Mehrani, Xi Lu, Przemyslaw Kowal, Dominika Sobotka, Jacek Makinia

Faculty of Civil and Environmental Engineering, Gdansk University of Technology, Ul Narutowicza 11/12, 80-233, Gdansk, Poland

ARTICLE INFO ABSTRACT

Keywords:

Activated sludge

Kinetic model development
Nitrification

Nitrogen removal

Wastewater treatment systems

The newly discovered process complete ammonia oxidation (comammox) has changed the traditional under-
standing of nitrification. In this study, three possible concepts of comammox were developed and incorporated as
part of an extended two-step nitrification model. For model calibration and validation, two series of long-term
biomass washout experiments were carried out at 12 °C and 20 °C in a laboratory sequencing batch reactor.
The inoculum biomass was withdrawn from a large biological nutrient removal wastewater treatment plant. The
efficiency of the examined models was compared based on the behaviors of ammonia, nitrite, and nitrate in the
studied reactor. Predictions of the conventional approach to comammox, assuming the direct oxidation of
ammonia to nitrate, were slightly better than the two other approaches. Simulation results revealed that
comammox could be responsible for the conversion of >20% of the influent ammonia load. Therefore, the role of
commamox in the nitrogen mass balance in activated sludge systems should not be neglected and requires further
investigation. Furthermore, sensitivity and correlation analysis revealed that the maximum growth rates (),
oxygen half-saturation (Ko), and decay rates (b) of the canonical nitrifiers and comammox were the most sen-
sitive factors, and the highest correlation was found between p and b among all considered kinetic parameters.
The estimated p values by the best model were 0.57, 0.11, and 0.15 d! for AOB, NOB, and comammox bacteria,
respectively.

1. Introduction to compete with other nitrifiers (AOB, NOB) in wastewater treatment

systems (Annavajhala et al., 2018; Gonzalez-Martinez et al., 2016). In

Nitrification is a vital process for effective nitrogen (N) removal in
wastewater treatment plants (WWTPs). Traditionally, that process has
been assumed to consist of two consecutive steps, including ammonia
oxidation to nitrite by ammonia oxidizing bacteria (AOB), followed by
nitrite oxidation to nitrate by nitrite oxidizing bacteria (NOB) (Jaramillo
et al, 2018; Noriega-Hevia et al., 2020). However, the recently
discovered complete ammonia oxidation (comammox) process has
changed the dogma of the strict two-step nitrification (Daims et al.,
2015; van Kessel et al., 2015).

Comammox is a process of converting ammonia directly to nitrate by
a single microorganism belonging to Nitrospira, further referred to as
comammox Nitrospira. In comparison with canonical NOB, comammox
Nitrospira possesses genes related to both ammonia oxidation and nitrite
oxidation (Lawson and Liicker, 2018). This unique metabolic pathway
makes comammox bacteria different from other canonical nitrifiers
(Palomo et al., 2018; Annavajhala et al., 2018).

There has been some evidence that comammox bacteria are not able

contrast, comammox Nitrospira were found to be dominant in compar-
ison with either AOB (Roots et al., 2019) or NOB (Sun et al., 2018; Zhou
et al., 2018) in nitrifying activated sludge systems. The potentially
favorable conditions for the growth of comammox Nitrospira comprise
either low dissolved oxygen (DO) and ammonia concentrations (Palomo
et al., 2018; Roots et al., 2019) or a nitrite-limited environment (Park
et al., 2017) with long solids retention times (SRTs) (Qian et al., 2017).
The competition for ammonia (NH4-N) between canonical AOB and
comammox microorganisms could play a vital role in achieving partial
nitrification (nitritation), which is required in shortcut N removal pro-
cesses, such as “nitrite shunt” or deammonification (Izadi et al., 2021).

Simulation models are an important management tool in the oper-
ation of WWTPs and help in understanding the complex microbial in-
teractions in biological wastewater treatment systems (Metcalf and
Eddy, 2014). Nitrification is an inherent part of activated sludge models
(ASMs). For simplicity, the full nitrification pathway, i.e., oxidation of
ammonia to nitrate, has traditionally been modeled as a single-step
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process assuming that the first step (ammonia oxidation to nitrite) is
typically the rate-limiting conversion in the entire oxidation pathway.
This approach has been adopted in all the most common complex acti-
vated sludge models (ASMs), including the IWA ASM series (Henze,
2000). Two-step nitrification models have been known and continuously
developed for almost 60 years as summarized by (Makinia and Zabor-
owska, 2020). However, those models became particularly important
when nitrite received growing attention as the central component in the
shortcut N removal processes.

Cao et al. (2017) noted that the nitrification models should appro-
priately accommodate the competition between AOB and NOB to un-
derstand factors influencing the competition between autotrophic
N-converting organisms. Multistep nitrification models also incorporate
AOB-mediated pathways of N2O production pathways via hydroxyl-
amine production or/and autotrophic denitrification (Domingo-Félez
and Smets, 2016). An ASM3 model was applied for optimization and
simulation of chemical oxygen demand (COD) and ammonia removal
from coking wastewater treatment plants (WWTPs) by (Wu et al., 2016),
and very recently, Karlikanovaite-Balikei and Yagei (2019) determined
the characteristics of a sludge reduction process by calibration of kinetic
parameters using modified ASM1. Additionally (Yu et al., 2020),
expanded the traditional two-step nitrification model and incorporated
different species of AOB (Nitrosomonas vs. Nitrosospira) and NOB
(Nitrobacter vs. Nitrospira) based on the r/K theory assumptions.

Despite the fast-growing number of experimental studies on
comammox, the process has not yet been considered for expansion of
nitrification models. The present study aimed to (1) evaluate the capa-
bilities and limits of three novel model concepts for the comammox
process, (2) predict the coexistence of comammox and canonical AOB
and NOB under highly dynamic conditions during biomass washout
experiments, and (3) evaluate the role of comammox in ammonia con-
version to nitrate. The models were calibrated and validated with
experimental data from a laboratory-scale sequencing batch reactor
(SBR) with inoculum biomass from a full-scale WWTP. Sensitivity
analysis and correlation matrix analysis were performed to identify ki-
netic parameters that were most influential for predictions of the
expanded models. It was hypothesized that the newly developed
mechanistic models could reveal the potential role of comammox in
nitrifying systems and enhance the current understanding of N conver-
sions in those systems.

2. Materials and methods
2.1. Conceptual and mathematical model description

Even though it is well established that comammox is a two-step
process and comammox Nitrospira possesses key enzymes for both
NH4-N and NO,-N oxidation. However, there is no consensus in the
literature if NO-N is released outside of the cells during the process.

Model |
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Daims et al. (2016) hypothesized and Wu et al. (2019) experimentally
demonstrated that NO2-N could be an intracellular transit product of
comammox. On the other hand, transient NOo-N accumulation pro-
duced by comammox Nitrospira during NH4-N oxidation has also been
reported (Kits et al., 2017; Ren et al., 2020). Furthermore, Koch et al.
(2019) noted that in contrast to canonical NOB, currently cultivable
comammox Nitrospira species cannot grow under NO>-N only condi-
tions. Other authors did not exclude that comammox bacteria could use
NO2-N as electron donors when NH4-N is temporarily unavailable (Kits
et al., 2017; Palomo et al., 2018; Roots et al., 2019). In a very recent
study, Sun et al. (2018) have noted that the comammox species reveal
variable nitrite affinities.

The current study attempted to differentiate between the potential
mechanisms of the comammox process in converting NH4~N to NO3-N.
Three different nitrification model concepts, including comammox, are
presented in Fig. 1. A mathematical notation of those models, including
their stoichiometric matrices and vectors of kinetic expressions, is pre-
sented in Table S1 in the Supplementary Information (SI).

In Model I, the complete NH4-N oxidation is assumed to be a one-
step process (NH4~N—NO3-N) without release of extracellular NOo-N,
and comammox bacteria are not able to utilize extracellular NOo-N as
electron donors. In Model II and Model III, comammox bacteria are
assumed to be able to utilize extracellular NO,-N as the electron donors.
The difference between those two models is that NH4~N and NO>-N
oxidation is modeled as either a sequential two-step process
(NH4~N—->NO2-N—NOs3-N) in Model II or a hybrid process in Model III,
e.g., NH4~N—-NOs3-N (similar to Model I) and NO3-N—NO3-N (similar
to Model II). However, the latter process is activated by a switching
function, when the availability of NH4~N becomes limited.

2.2. Stoichiometric and kinetic parameters

An overview of recent literature data on stoichiometric and kinetic
parameters for canonical AOB, canonical NOB, and comammox bacteria
is presented in Table S2 in the SI. In terms of r/K selection theory, ca-
nonical nitrifiers can be categorized into the fast-growing (r-strategists)
and the slow-growing (K-strategists) bacteria. These differences result
from the operational conditions, sludge floc morphology, and cultiva-
tion environment (Yu et al., 2020). Comammox Nitrospira may have a
higher growth yield compared to other canonical AOB and NOB in
addition to the key characteristics of canonical AOB, including a high
ammonia affinity and a low maximum specific growth rate (Kits et al.,
2017). Moreover, Koch et al. (2019) reported that two distinct clades (A
and B) were found within comammox Nitrospira, showing similar
ammonium affinities to either AOB or canonical Nitrospira.

2.3. Modeling and simulation platform

The GPS-X (Hydromantis, Canada) (www.hydromantis.com) is an

Model Ili

Fig. 1. Three conceptual models of comammox as an extension of the two-step nitrification pathways (microorganisms responsible for the specific processes are AOB

(nitritation), NOB (nitratation), and CMX (comammox).
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open modeling and simulation platform for various wastewater treat-
ment processes. Some of the useful features were used in the present
study, including the following:

- Model Developer (MD), which allows for the writing of new models
and modification of existing models (stoichiometric matrix and
vector of kinetic rate expressions).

- Sensitivity Analyzer, which performs steady-state, phase dynamic,
or time dynamic simulations for selected intervals of any indepen-
dent variable.

- Parameter Optimizer, which uses the Nelder-Mead simplex method
with one of five different objective functions to search for the
parameter values with the minimum variance between measured
data and model predictions.

2.4. Experimental data for model calibration and validation

2.4.1. Biomass washout experiments in a sequencing batch reactor

Washout experiments aim at washing out specific groups of micro-
organisms (most often NOB) from a system by applying specific opera-
tional conditions. In this study, long-term biomass cultivations were
conducted at decreasing SRTs. The inoculum biomass for two experi-
ments was withdrawn in the winter and summer seasons from the
“Czajka” WWTP in Warsaw. These experiments were carried out in an
SBR with a working volume of 10 L. In both cases, the reactor was
operated for 30 days at 12 °C (experiment 1) and 20 °C (experiment 2).
Air was supplied in a continuous aeration mode, the DO set point was
0.6 &+ 0.1 mg Oy/L, and the pH was kept at 7.5 for both experiments.

A single operational cycle lasted 480 min and consisted of three
phases: feeding (15 min), reaction (450 min), and decanting (15 min).
The SRT gradually decreased from 4 d to approximately 1 d. The
reduced SRT and low DO concentration were combined factors to
evaluate the suppression of NOB in the SBR. The initial mixed liquor
suspended solids (MLSS) concentration and its volatile fraction (MLVSS)
were approximately 2000 mg/L and 1300 mg/L at 12 °C, and 2500 mg/
L, 1500 mg/L for 20 °C, respectively. The SBR was fed ammonium-rich
synthetic medium with tracer elements. The volumetric nitrogen
loading rates (NLRs) were generally kept at approximately 0.02 + 0.01
g N/(L'd) and 0.05 + 0.01 g N/(L'd) during the 12 °C and 20 °C exper-
iments, respectively.

2.4.2. Short-term batch experiments

Before the long-term washout experiments in the SBR, two series of
short-term batch experiments were carried out with mixed liquor from
the Czajka WWTP. These experiments aimed to estimate kinetic pa-
rameters (half-saturation constants — Ko aos, Ko,noB, Kno2,noB) for the
two-step nitrification model. The kinetic parameters were estimated
after linearization of the Monod equation as described in detail in the SI.
The tests were carried out at seven DO concentrations (0.2, 0.5, 0.7, 1.0,
1.5, 2.0, 2.5 mg Oy/L) under winter (12 °C) and summer (20 °C) con-
ditions. The substrate was a synthetic medium containing either
ammonium (NH4Cl) or nitrite (NaNO3) with supplemental sodium bi-
carbonate (NaHCO3) as an inorganic carbon source. In both cases, the
initial concentration of the substrate was approximately 20 mg N/L. The
pH was kept at 7.5 by dosing NaOH (2 M solution).

2.5. Initial biomass concentration and composition

The initial shares of AOB, NOB and coammox bacteria for modeling
were determined in two steps. First, since the exact operating data were
not available at the studied plant, the overall nitrifier concentration was
assumed based on the previous results of stead-state and dynamic sim-
ulations of two similar large WWTPs in Poland (Makinia et al., 2006).
The predicted concentrations ranged from 38 to 62 mg COD/L which
was on average approximately 2% of the particulate COD in the studied
WWTPs. In the second step, the relative distributions of AOB, canonical

Journal of Environmental Management 297 (2021) 113223

NOB, and comammox bacteria were estimated from microbial analysis
using a combined approach of 16 S rRNA gene high-throughput
sequencing technique and quantitative PCR (qPCR), which were
described in detail elsewhere (Kowal et al., 2021). For simulations, the
average initial ratios of AOB:NOB:comammox bacteria were set at 3:9:1
for both experiments. This assumption was made based on the obser-
vation of similar trends of NH4-N, NO,-N and NO3-N during both
washout experiments. It should be emphasized that the total nitrifier
abundance and AOB:NOB proportions were within the ranges reported
by (Griffin and Wells, 2017) for six full-scale bioreactors.

2.6. Model implementation, calibration, validation, and comparison

The three mathematical models, described in section 2.1, were
implemented in GPS-X using the MD utility and the ASM1 (Henze et al.,
2000) as the core model. The nitrification process was expanded from
one stage into two separate stages (AOB and NOB) and the comammox
kinetics and stoichiometry were defined. Sensitivity analysis was per-
formed to select the most sensitive parameters related to the nitrification
process. Pairs of the highly correlated parameters were identified based
on the correlation matrix results.

Calibration and validation are critical steps in the modeling process
that address the model prediction capability and its reliability of use
under different conditions. Therefore, in the present study, each exam-
ined model was calibrated with the same measurement data (NH4-N,
NO2-N, NO3-N) from the experiment carried out at 12 °C. The influ-
ential and noncorrelated parameters were estimated using the GPS-X
“optimizer” utility. The estimation process was conducted until the
maximum sizes for all of the parameter dimensions decreased below the
parameter tolerance (Lu et al., 2018). Moreover, the 95% confidence
limits for each parameter estimate were calculated from the
variance-covariance matrix.

Subsequently, the models were validated with another set of exper-
imental data from the experiment carried out at 20 °C. In addition, the
comammox influence on the model predictions was evaluated by setting
the values of pcvx and by to 0. The entire modeling/simulation pro-
cedure is presented in Fig. 2 and the most important steps are described
in the following sections.

Although the operational conditions were unfavorable for denitrifi-
cation (there was no organic carbon in the feed and reactor aeration),
that process was still considered in modeling but without further ad-
justments of the model default parameters.

2.6.1. Local sensitivity analysis

Local sensitivity analysis (LSA) is a method in which one or more
uncertain variables are selected to determine their influence on some
results or quantities of importance in mathematical models (Hong et al.,
2019; Razavi et al, 2021). In the present study, a local
one-variable-at-a-time sensitivity analysis was carried out for 13 kinetic
parameters targeting the N components, such as NH4-N, NO,-N, and
NO3-N concentrations. The initial values for the examined kinetic pa-
rameters are presented in Table 1. Simulations were run under dynamic
conditions using a GPS-X “phase dynamic” sensitivity analyzer. Similar
to (Lu et al., 2018), an uncertainty of 20% (£10% of the adjusted value)
was allocated to each considered parameter. The normalized sensitivity
coefficient (S;j) was defined as the ratio of the percentage change
(4yij/y:) in the i-th output variable (y;) to the percentage change (Ax;/x;)
in the j-th model parameter (x;):

Ay:: X
.4 (1)

Siy=
! ‘ yi Ax
The influence of each adjusted parameter on the specific model
output was defined using the following classification (Lu et al., 2018): 1)
insignificantly influential (S;; < 0.25), 2) influential (0.25 < S;; < 1), 3)
very influential (1 < §;; < 2), and 4) extremely influential (S;; > 2).
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3 proposed comammox models

1. Model implementation: | Model I: NH,-N =——p NO,-N I 2. Local sensitivity analysis
ASM1
‘ | Model Il: NH,-N=p NO,-N —»NO,-N | > Targets parameters are NH4-N,
NO3-N, and NO2-N

Two-step nitrification

comammox

=+ Model lll: NH;-N =——p NO,-N
NO,-N =—p NO,-N

» Variables are various kinetic
parameters

~

6. Model efficiency evaluation

» R2 RMSE, MAE, and Janus
coefficient

7. Evaluation of commamox
effect on the model predictions

4. Dynamic calibration
» Washout experiment at 12 °C
5. Dynamic validation >

» Washout experiment at 20 °C » Correlation matrix (finding the highly

3. Selection of model parameters
for calibration

» Direct estimation from batch tests
Assumption from literature

correlated parameters)

Fig. 2. The procedure of the implementation, calibration, validation, and comparison of the expanded nitrification models including comammox.

Table 1
Initial values of the kinetic parameters selected for sensitivity analysis of the
models.

Bacteria Kinetic parameter Unit Initial values Reference
AOB HaoB d! 1.01 Yu et al. (2020)
KnH4,A0B mg N/L 0.675 Yu et al. (2020)
Ko,a08 mg Oz/L 0.30 Batch test
baos da! 0.15 Yu et al. (2020)
NOB HNoB a! 0.31 Yu et al. (2020)
Kno2,noB mg N/L 0.057 Batch test
Ko,noB mg O/L 0.2 Batch test
bros da! 0.05 Yu et al. (2020)
CMX Hemx d™? 0.69 Park et al. (2017)
KNH4,cMx mg N/L 0.01 Koch et al. (2019)
Knoz,cmx mg N/L 6.29 Koch et al. (2019)
Ko,cmx mg O/L 0.33 Park et al. (2017)
bemx” a! 0.05 Yu et al. (2020)

? no reference available yet (the assumed value is the same as that for NOB).

2.6.2. Selection of the kinetic parameters for optimization in GPS-X
Two groups of kinetic parameters were excluded from the selection
for optimization in GPS-X:

- Least influential parameters determined based on the LSA results.

- Three important kinetic parameters, including the oxygen half-
saturation constants for AOB and NOB (Ko a0, Ko,nop), and nitrite
half-saturation constants for NOB (Kno2,nos) Were determined
directly based on the preliminary batch experiments (section 2.4.2).
A detailed description of the calculations can be found in the SI.

Subsequently, the correlation matrix was developed to evaluate the
linear relationship, its strength, and direction (positive vs. negative) for
pairs of influential model parameters. If the obtained correlation coef-
ficient is strong enough for any parameter pair, then the calibration
process can be simplified by fixing one of the parameters (Zhu et al.,
2015). Cao et al. (2020) defined the correlations as strong, moderate,
and weak when the coefficients were >0.68, 0.36-0.68, and <0.36,
respectively. This classification was adopted in the present study.

2.6.3. Comparison of model efficiencies

To examine the model efficiency (goodness-of-fit), diverse evalua-
tion measures can be used (Hauduc et al., 2015). The most common
ones, implemented in GPS-X, include the determination coefficient (R?),
root mean square error (RMSE), and mean absolute error (MAE). The
RMSE quantifies the global error of the model while keeping the same

unit as the target variable, whereas the MAE evaluates the quality of an
estimated parameter in terms of its variation and unbiasedness (Hauduc
et al., 2015). In addition, the Janus coefficient (Jz) was calculated in the
present study. The J2 coefficient does not evaluate the model efficiency,
but it indicates a change in the model efficiency between the calibration
and validation steps. When J? is close to 1, the model performance is
similar in both steps (the model is valid), whereas high J? values could
indicate a lack of model robustness.

3. Results and discussion
3.1. Local sensitivity analysis

Fig. 3 shows the sensitivity coefficients for all 13 kinetic parameters
related to AOB, NOB, and comammox bacteria in the three examined
model structures (Models I, II, and III). The extremely influential pa-
rameters (2 parameters with S;; > 2) occurred only in Model I, but the
highest number of the influential parameters (6 parameters with S;; > 1)
occurred in Model II.

For all three model structures, the maximum specific growth rate of
AOB (p0p) was the most influential parameter concerning the behavior
of both nitritration substrate (NH4-N) and product (NO2N), with S;;
ranges of approximately 1.0-1.5 and 1.1-2.3, respectively. The oxygen
half-saturation coefficient for AOB (Ko aop) and decay coefficient for
AOB (baos) were very influential on the behavior of NO2N, with S;;
ranges of approximately 0.9-1.8 (Ko aop) and 1.3-1.6 (baop). These two
parameters were still very influential in Models I and III with respect to
the behavior of NH4—N. The parameters related to the NOB kinetics, i.e.
the maximum specific growth rate (yyo) and oxygen half-saturation
constant (Konop), were at least influential (S;; > 0.25) on the
behavior of both nitratation substrate (NO3N) and product (NO3-N).

The influence of the parameters related to the comammox kinetics
varied among the examined models. For Model I, the maximum specific
growth rate of comammox bacteria (ucyx) was extremely influential
with respect only to NO3N (comammox product), with the highest
sensitivity coefficient among all the models (S;; = 2.47). The oxygen
half-saturation coefficient (Kocmx) and decay coefficient (beux) for
comammox bacteria were very influential only on the behavior of
NO3N, with S;; of approximately 1.4 for both parameters. For Models II
and III, ucyyx was very influential on the behavior of NO>-N (S;; ~
1.3-1.4) and NO3-N (S;; =~ 0.8-1.6). Moreover, for Model III, bcyx had
the highest influence (S;; = 0.87) on NO3-N among all the kinetic
parameters.
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Fig. 3. Heatmap of the sensitivity coefficients for the three examined models.

3.2. Values of the kinetic parameters

For simulations, the kinetic parameter values were selected using
three approaches: literature data, direct determination from the batch
experiments, and mathematical optimization (estimation) (Table 2).
Based on the sensitivity analysis results, values for the least influential
parameters, including the half-saturation coefficients for AOB (Kua,
aos) and comammox bacteria (Knua,cmx, Kno2,cmx), were adopted from
the literature (Koch et al., 2019; Park et al., 2017; Yu et al., 2020) as
shown in Table S2 in SL

The values of DO half-saturation coefficients for AOB (Ko aop) and
NOB (Ko,nog) and the nitrite half-saturation coefficient for NOB (Knoz,
~os) were determined from the batch experiments as described in the SI.
Three different linearized forms of the Monod equation and the least-
square method were used. In all cases, the highest determination coef-
ficient (R2 > 0.9) was obtained for the Hanes equation.

The values of Ko aop = 0.3 mg O2/L and Ko nog = 0.2 mg Oa/L were
within the literature ranges of 0.16-1.22 mg O,/L (Zhang et al., 2019)
and 0.17-4.32 mg Oy/L (Park et al., 2017), respectively. The value of
Kno2—~ = 0.057 mg N/L was slightly below the ranges reported by (Park
et al., 2017) and Koch et al. (2019) for canonical K-NOB (Table 2).
Furthermore, a comparison of the process rates at 12 °C and 20 °C
suggested that the temperature correction factors in the Arrhenius
equation for AOB and NOB were approximately 1.11 (see: SI for details).
This value has commonly been used in activated sludge modeling studies
(Henze et al., 2000). The most influential parameters (aoB, IiNOB, HcMXs
Ko,aoe, Konos, Ko,cmx, and baop, bnos, beux) were selected for

evaluation in the correlation matrix before mathematical optimization
using the GPS-X “Optimizer” utility.

3.3. Correlation matrix

Fig. 4 shows the overall correlation matrix developed for the most
influential kinetic parameters. In the case of all the nitrifier groups, the
DO half-saturation constants (Ko) revealed a strong correlation with the
maximum specific growth rates () in the three examined models.
Therefore, the Ko coefficients were excluded from the optimization
process and their values were either determined from the batch test
results (Ko aop and Ko nog) or adopted from the literature (Ko cmx)-

In general, the highest values of the correlation coefficient referred
to the relationship of paop, pnos, and peux with the corresponding
decay coefficients (baogp, bnop and beumx) in all three models. At short
SRTs, as in the present study, attention is normally directed towards
growth rather than decay kinetics. Hence, only the maximum specific
growth rates were selected for the further optimization process, while
the default values of b coefficients were assumed for simulations.
However, the accurate estimation of b coefficients becomes more
important with increasing SRT (Dold et al., 2005).

The other pairs of highly correlated parameters comprised o With
#nos (0.62-0.71), and Ko a0 With Ko nop (0.66-0.74). High correlations
(0.71-0.74) were also found in specific models between baop and fiyop
(Model III), pipop and piyop (Model IIT) as well as Koaop and Ko nos
(Model I).

Table 2
Methods of selection of kinetic parameters and their values in the three examined models.
Bacteria Kinetic parameter Unit Initial value Calibration results Source
Model 1 Model 11 Model IIT Literature Batch tests Calibration
AOB HAOB d™! 1.01 0.57 0.55 0.60 x
Knti4,008 mg N/L 0.675 0.675 0.675 0.675 x
Ko,a0B mg Oy/L 0.30 0.30 0.30 0.30 X
baos d! 0.15 0.15 0.15 0.15 x
NOB HNoOB d? 0.31 0.11 0.11 0.11 X
Knoz2,n0B mg N/L 0.057 0.057 0.057 0.057 X
Konos mg Oy/L 0.2 0.2 0.2 0.2 X
bros d! 0.05 0.05 0.05 0.05 X
CMX HeMx d! 0.69 0.15 0.20 0.22 X
Knna4,cmx mg N/L 0.01 0.01 0.01 0.01 X
Knog,cmx mg N/L 6.29 0.0° 6.29 6.29 X
Ko,cmx mg Oy/L 0.33 0.33 0.33 0.33 X
bemx da! 0.05 0.05 0.05 0.05 X

p: maximum specific grow rate, K: half-saturation coefficient, b: decay coefficient.

# Model I does not use nitrite as a substrate in comammox process.
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Fig. 4. Correlation matrix of the adjusted kinetic parameters.

3.4. Model calibration (parameter estimation)

In the first step, the predicted biomass concentrations (MLSS and
MLVSS) were checked against the measurements at 12 °C for each model
as shown in Fig. 5a. The initial measured MLSS concentration was
approximately 1950 mg/L and it decreased below 300 mg/L at the end
of the experiment. The nitrifier population was subjected to great dy-
namics under specific operational conditions, resulting from aggressive
SRT reduction. Fig. 5b shows the predicted biomass concentrations of
the specific groups of nitrifiers. Their predicted ultimate washout was
confirmed by microbiological analyses using a combination of 16 S
rRNA high-throughput sequencing and qPCR techniques (Kowal et al.,
2021).

The observed and predicted behaviors of NH4~N, NO3-N, and NO>-N
are shown in Fig. 6. The prediction accuracy of each model for the three
N components was individually interpreted by plotting the model pre-
dictions vs. measured data, as shown in Fig. 7. Numerical values of all
the model efficiency measures (R2, RMSE, MAE) are listed in Table 3.

From the comparative results of the calibrated models, it appears that
the best goodness-of-fit was obtained for Model I. That model revealed
the highest R? values of 0.96, 0.92, and 0.93 for NH4—N, NO3-N, and
NO,-N, respectively. Moreover, the RMSE and MAE were also lower
than those of the other two models.

When comparing the values of model parameters adjusted during
calibration (Table 2), it appears that there were only slight changes in
paos and pnop between the models. The optimized values of 0.55-0.60
d! (paop) and 0.11 d! (pnos) are within the ranges reported in other
studies (Park et al., 2017; Zhang et al., 2019) (Table S2). In addition, low
variances were 