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• Two-step nitrification model was ex-
panded with comammox and heterotro-
phic activity.

• The model was evaluated against data
from long-term washout experiments in
an SBR.

• The model accurately predicted behavior
of N species and microbial relationships.

• The initial biomass concentrations strongly
influenced model predictions over time.

• Denitrifying heterotrophs grew only on
SMP but remained the dominantmicrobial
group.
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In this study, the conventional two-step nitrification model was extended with complete ammonia oxidation
(comammox) and heterotrophic denitrification on soluble microbial products. The data for model calibration/valida-
tion were collected at four long-term washout experiments when the solid retention time (SRT) and hydraulic reten-
tion time (HRT) were progressively reduced from 4 d to 1 d, with mixed liquor suspended solids (MLSS) of
approximately 2000mg/L at the start of each trial. A new calibration protocol was proposed by including a systematic
calculation of the initial biomass concentrations and microbial relationships as the calibration targets. Moreover, the
impact assessment of initial biomass concentrations (X) and maximum growth rates (μ) for ammonia-oxidizing
bacteria (AOB), nitrite-oxidizing bacteria (NOB), comammox Nitrospira, and heterotrophs on the calibration accuracy
were investigated using the response surface methodology (RSM). The RSM results revealed the strongest interaction
of XAOB and μAOB on the model calibration accuracy. All the examined model efficiency measures confirmed that the
extended model was accurately calibrated and validated. The estimated μ values were as follows: μAOB = 0.38 ±
0.005 d−1, μNOB = 0.20 ± 0.01 d−1, μCMX = 0.20 ± 0.01 d−1, μHET = 1.0 ± 0.03 d−1. For comparison,
when using the conventional model, μAOB and μNOB increased respectively by 26 and 15 % (μAOB = 0.48 ±
0.02 d−1 and μNOB= 0.23± 0.005 d−1). This study provides better understanding of the effects of the initial biomass
composition and the accompanying processes (comammox and heterotrophic denitrification) on modeling two-step
nitrification.
ogy, ul. Narutowicza 11/12, 80-233 Gdansk, Poland.

July 2022; Accepted 21 July 2022

er B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.157628&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.157628
mailto:jmakinia@pg.edu.pl
http://dx.doi.org/10.1016/j.scitotenv.2022.157628
http://creativecommons.org/licenses/by-nc/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


M.-J. Mehrani et al. Science of the Total Environment 848 (2022) 157628

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

1. Introduction
Table 1
Operational parameters and conditions in the reactor during the long-termwashout
experiments.

Experiment Temperature
(°C)

Aeration
mode

DO set-point (mg O2/ L) MLSS/MLVSS
(mg/L)

T1 12 Continuous 0.6 ± 0.1 1980 / 1450
T2 20 Continuous 0.6 ± 0.1 2146 / 1500
T3 12 Intermittent 1.2 ± 0.1 (3 min on), and

0.0 (9 min off)
2040 / 1600

T4 20 Intermittent 1.2 ± 0.1 (3 min on), and
0.0 (9 min off)

1930 / 1590
Nitrification is a key process of nitrogen (N) removal in municipal
wastewater treatment plants (WWTPs), consisting of two steps: ammonia
oxidation to nitrite (nitritation) followed by nitrite oxidation to nitrate
(nitritation). Although nitrification has been known since the end of the
19th century, the process understanding has changed dramatically in recent
30 years, which was reflected by the evolving descriptions in (Metcalf and
Eddy, 2003; Metcalf and Eddy, 2014; Metcalf and Eddy, 1991). The
improved understanding of the mechanisms of nitrification has been ac-
companied with growing attention to nitrite as a central component in
the novel autotrophic N removal processes, including deammonification
and a shortcut of nitrification-denitrification via nitrite (“nitrite shunt”).
As a consequence, the role of nitrite-oxidizing bacteria (NOB) has received
the growing attention, but due to the limited knowledge on their metabo-
lism, NOB still remain a “big unknown of the nitrogen cycle” (Daims et al.,
2016). In particular, the recent discovery of complete ammonia oxidation
(comammox) by a single Nitrospira-type 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 ambiguous (Koch et al., 2019).

According to r/K theory, the nitrifying bacteria can be divided into r- and
K-strategists. The fast-growing r-strategists are represented by ammonia-
oxidizing bacteria (AOB) Nitrosomonas and NOB Nitrobacter, whereas
Nitrospira is the K-strategist with a high substrate affinity (Yu et al., 2020;
Yin et al., 2022). The assumptions of r/K theory are a base for the develop-
ment of various NOB washout strategies in the novel N removal systems. In
general, the controlled solids retention time (SRT), combinedwith dissolved
oxygen (DO)-limited conditions and high residual ammonia, have been
identified as the most common NOB wash-out strategies (Regmi et al.,
2014; Gustavsson et al., 2020). However, low DO concentrations (<1.0 mg
O2/L) can be inefficient with respect to the suppression of K-strategist
NOB (Nitrospira) (Cao et al., 2017). Moreover, low temperature has also
been reported as a significant obstacle to NOB suppression (Gilbert et al.,
2014; Laureni et al., 2016; Liu et al., 2021).

An efficient approach to investigation of the nitrifier competition under
selective pressures would be a combination of dedicated laboratory exper-
iments with mathematical modeling and advanced microbiological analy-
ses. Two-step nitrification models have been known for over 50 years
(Knowles et al., 1965), but a simple Monod-typemodel for ammonia oxida-
tion to nitrate (as a one-step conversion) was sufficient under typical oper-
ating conditions of activated sludge systems (Henze et al., 2000). Since the
2000's, with recognizing the central role of nitrite in the novel N removal
systems, the interest in two-step models has been growing (see Table S1
in the Supporting Information (SI)).

Very recent advances in modeling two-step nitrification include exami-
nation of the competition among the AOB andNOB species for different r/K
strategist groups for AOB and NOB (Yu et al., 2020), and incorporation of
comammox (Mehrani et al., 2021). However, Yu et al. (2020) ignored
heterotrophic (HET) activity and justified that simplification by the fact
that the main objective of the study was to investigate the competition
among the nitrifiers and the feed contained no organic material. In fact, a
significant heterotrophic growth can be observed in autotrophic N systems
(fed with no organic carbon), in which the soluble microbial products
(SMPs) are the sole organic carbon and energy source for denitrifying
heterotrophs (Al-Hazmi et al., 2021). Mozumder et al. (2014) and Liu
et al. (2016) developed theoretical models for heterotrophic growth in
autotrophic nitrogen removal systems. Lu et al. (2018) adopted that con-
cept to predict high abundances of heterotrophic biomass in a laboratory-
scale deammonification system (fed with no organic carbon).

The nitrification models should accommodate appropriately the behav-
ior of AOB and NOB to understand factors influencing the competition be-
tween autotrophic N-converting microorganisms (Kaelin et al., 2009; Cao
et al., 2017). Therefore, the aim of this study was to revise the traditional
approach to modeling two-step nitrification by considering the effect of
two accompanying processes (comammox and heterotrophic growth).
2

Furthermore, setting the realistic initial AOB and NOB concentrations and
their effects on model predictions were explored as well. This issue, despite
critical from amodeling perspective, has not received adequate attention so
far (see Table S1). The newly developed model was calibrated and vali-
dated based on the results of four long-termwashout experiments exploring
the effect of temperature at continuously decreasing SRTs. The relative
abundances of AOB and NOBwere determined by 16S rRNA gene amplicon
sequencing followed by phylogenetic analysis. This study contributes to
better understanding of the effect of initial biomass composition, as well
as the newly discovered comammox and heterotroph activities on model
accuracy in the two-step nitrificationmodeling. Moreover, the contribution
of different microorganisms (AOB, NOB, comammox bacteria and hetero-
trophs) in the N conversion and their population dynamics were predicted.

2. Material and methods

2.1. Design of laboratory experiments and data collection for modeling

2.1.1. Origin of biomass for the laboratory experiments
Fresh samples ofmixed liquor (inoculumbiomass) were collected twice,

in winter (January) and summer (July), from a large WWTP in the town of
Swarzewo, which is located in a touristic region on the Baltic Sea coast
(northern Poland). The design hydraulic capacity and pollutant load of
that plant are 18,100 m3/d and 177,000 population equivalent, respec-
tively. In the summer months (June–September), the plant treats up to
14,000 m3/d of wastewater, while the flowrate drops to approximately
5000m3/d during the remaining period. In addition to the domestic waste-
water, the plant receives a substantial portion (~5 %) of nitrogen-rich
wastewater from the fish industry. The biological part of the plant consists
of six parallel sequencing batch reactors (SBRs). The effluent quality meets
the European Union Urban Wastewater Directive (91/21/EEC) require-
ments with respect to total N (TN) = 10 mg N/L, total P (TP) = 1 mg P/
L, and chemical oxygen demand (COD) = 150 mg COD/L.

2.1.2. Long-term washout experiments
Two 5-week washout experimental series were carried out with the

fresh inoculum biomass at the temperatures of 12 °C and 20 °C, close to
the actual process temperatures in winter and summer. During each series,
the inoculum biomass was diluted to approximately 2000 mg/L with tap
water and then poured into two parallel, fully automated plexiglass SBRs
(SBR1 and SBR2) with a working volume of 10 L each. The reactors were
placed in water coats, coupled with a thermostatic water bath, to keep
the selected temperature setpoints. The reactors were equipped with an au-
tomated aeration control system which allowed to apply two different aer-
ation modes, i.e. continuous aeration at the DO set point of 0.6 ± 0.1 mg
O2/L (SBR1) v.s. intermittent aeration at 3/9 min on/off periods and the
DO set point of 1.2 ± 0.1 mg O2/L in the “aeration on” period (SBR2).
The pH was kept at 7.5 ± 0.2 during all the experiments by automatically
dosing NaOH (2 M solution).

The operational conditions in each experiment are summarized in
Table 1. One operational cycle lasted 8 h (480 min) and consisted of
three phases: feeding (15 min), reaction (aeration) (450min), and decanta-
tion (15 min). The solids retention time (SRT), equal to the hydraulic reten-
tion time in an SBR, was aggressively decreasing from the initial 4 d to 1 d
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at the end of the trial. Each SRT condition (4, 3, 2, 1.5 and 1 d) was kept for
one week as shown in Fig. S1 in the SI along with the influent N loading.
Table S2 (in the SI) shows the composition of synthetic feed, including
the main elements and trace solution.

During the experiments,mixed liquor sampleswere collected 3 times per
week at the beginning and end of the reaction phase. The samples were
filtered and analyzed for different forms of nitrogen (NH4

+-N, NO3
−-N, and

NO2
−-N). Mixed liquor suspended solids (MLSS) and mixed liquor volatile

suspended solids (MLVSS) were measured at the beginning of the reaction
phase. For microbiological analyses, duplicated biomass samples were col-
lected from the reactors three times: at 0 d (beginning), 20 d, and 35 d (end).

2.1.3. Supporting short-term batch experiments
Before each series of the long-term experiments, accompanying batch

tests were carried outwithmixed liquor from the studied plant. Nitrification
rates were measured at different DO concentrations in the range of
0.2–2.5 mg O2/L at 12 °C (winter series) and 20 °C (summer series). Based
on the experimental results, three kinetic parameters (KO,AOB, KO,NOB,
KNO2,NOB) were estimated for the two-step nitrification model. The details
of those tests and estimation methods can be found in the section S3 (SI).

2.1.4. Chemical and microbiological analysis
Before the analysis, the samples of mixed liquor were filtered under

vacuum pressure through a 1.2 μm pore size nitrocellulose filter MFV-3
(Millipore, USA). The analytical procedures, which were adopted by Dr.
Lange and Shimadzu, followed the Standard Methods APHA (2002). Con-
centrations of NH4

+-N, NO3
−-N, and NO2

−-N were determined using cuvette
tests in Xion 500 spectrophotometer (Hach Lange GmbH, Berlin, Germany).
The MLSS and MLVSS were determined by the gravimetric method in
accordance with the Standard Methods APHA (2002).

The biomass sampleswithdrawn formicrobiological analyses were stored
at−25 °C. Deoxyribonucleic acid (DNA) extraction from the thawed samples
was performed with FastDNA™ SPIN KIT (MP Biomedicals, USA) following
the manufacturer's manual. The genomic DNA extracts from the duplicated
samples were pooled together. The DNA acquired from purification was
subsequently used for the Illumina Next Generation Sequencing protocol.
High-throughput Illumina sequencing the V3-V4 regions of the 16S rRNA
gene protocol and following DNA sequencing data processing and analysis
were carried out as described in our previous studies (Al-Hazmi et al.,
2021). The dynamics of the comammox bacteria population were monitored
by the quantitative polymerase chain reaction (qPCR) with two sets of
primers comaA-244F and coma-659 R, and comaB-244F and comaB-659R,
both targeting amoA gene encoding ammonium monooxygenase specified
for comammox Nitrospira as proposed by Pjevac et al. (2017). The qPCR
protocol is presented in detail in the SI file.

2.2. Organization of the modeling study

The entire modeling study was organized in six steps as shown in Fig. 1.
Each step was described in the following sub-sections.

2.2.1. Mathematical model development and implementation
The GPS-X software 8.0 (Hydromantis, Canada) was used as a modeling

and simulation tool. The Activated SludgeModel No. 1 (ASM1) (Henze et al.,
2000), incorporating a one-stage nitrification process, was expanded with
two-step nitrification and comammox (Mehrani et al., 2021). The two-step
denitrification equations were adopted fromMantis2 model (Hydromantis).

In comparison with the conventional two-step nitrification model
(Fig. 2A), the newly developedmodel incorporated comammox and hetero-
trophic denitrification on SMP in the nitrogen conversions (Fig. 2B).
Comammox was modeled as a one-step process (NH4

+-N → NO3
−-N). It

was assumed that comammox bacteria are not able to utilize NO2
−-N as

an electron donor based on the observed disappearing comammox activity
in an experiment with NO2

−-N as a sole substrate (data not shown). In liter-
ature, Koch et al. (2019) explained this disability of comammox Nitrospira
by the lack of assimilatory nitrite reductase.
3

2.2.2. Setting the initial biomass composition
For dynamic simulations, the ASM-type models require setting the

initial concentrations of specific groups of microorganisms. In this study,
mass balance calculations were combined with the results of microbiologi-
cal analyses. The entire procedure consisted of three steps as shown in
Fig. S3 in the SI. In the first step, nitrifier concentrations were calculated
based on the mass balance equations (Metcalf and Eddy, 2014). Both oper-
ational parameters (flowrate, reactor volume, SRT and load of nitrified
nitrogen) and kinetic/stoichiometric coefficients (specific decay rates,
yields) were used as input data. Next, AOB, NOB, comammox and hetero-
trophic biomass concentrations were estimated as relative abundances in
the general microbial community, based on the data obtained from the
high-throughput 16S rRNA gene amplicon sequencing and qPCR. It was as-
sumed that heterotrophic microorganisms that decreased their share over
time were treated as slowly biodegradable substrate (XS). Finally, the con-
centration of particulate inert organic compounds (XI) was determined by
subtracting the other organic fractions from MLVSS.

2.2.3. Sensitivity analysis and correlation matrix
The initial steps comprised sensitivity analysis (SA) and the develop-

ment of a correlation matrix, to reduce the number of model parameters
adjusted during calibration. Altogether, 13 kinetic coefficients that target
N components, including NH4

+-N, NO2
−-N, and NO3

−-N, were considered.
A special GPS-X sensitivity analyzer utility was used to run simulations
under the uncertainty of 20 % (10 % of the adjusted value) for each param-
eter as described by Lu et al. (2018).

The sensitivity analysis was followed by building the correlation matrix
(Cθ) based on the variance-covariance matrix (Eq. (1)):

Cθð Þk,l ¼
Vθð Þk:lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Vθð Þl:l � Vθð Þk:k
p (1)

where (Vθ) is the variance-covariance matrix of the individual parameter
estimates (k,k) and (l,l), and the different parameter estimates (k,l).

The correlation matrix evaluates a linear relationship, its strength, and
direction (positive vs. negative) of the pairs of influential model parame-
ters. 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 (Zhu et al., 2015). Cao et al. (2020) classified the correlations
values of pair parameters as strong (>0.68), moderate (0.36–0.68) and
weak (<0.36), respectively. That classification was adopted in the present
study.

2.2.4. Model calibration and validation
Kinetic parameters in the extended model were adjusted based on the

T1 experiment data (continuous aeration at 12 °C), whereas the T2 experi-
ment data (continuous aeration at 20 °C) were used for adjusting the
temperature correction factors (Table 1). For model calibration, a special
GPS-X optimization utility was used and the 95 % confidence intervals
were determined for the parameter estimates. The two other experiments
(T3 and T4) with intermittent aeration provided data for model validation.

Similar to our previous study (Mehrani et al., 2021), the common per-
formance measures, such as the determination coefficient (R2), root mean
square error (RMSE), and mean absolute error (MAE) were used for evalu-
ation of the model efficiency (“goodness-of-fit”). Moreover, the Janus coef-
ficient (J2) was determined to compare the model efficiency between the
calibration and validation steps (Hauduc et al., 2015).

2.2.5. RSM-based impact assessment of the extended model
The response surface methodology (RSM) assesses the effect of model

inputs and their interactions on model outputs while minimizing the num-
ber of required simulations (Baruah et al., 2021). In this study, the RSMwas
applied by Origin 9.8 (OriginLab, USA) to determine the effects of individ-
ual and combined interactions of eight important model inputs, including
initial biomass concentrations of AOB, NOB, CMX, and HET (XAOB, XNOB,
XCMX, XHET) and their maximum growth rates (μAOB, μNOB, μCMX, μHET), on
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Fig. 1. Flowchart diagram of the modeling procedure and setting of initial biomass concentrations.
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the calibration accuracy of the extended model. The RMSE was selected as
the accuracy criterion considering the sum of differences between the ob-
served data and model predictions for of N species (NH4

+-N, NO3
−-N,

NO2
−-N) in each simulation.
Initially, the selected model inputs were defined to the RSM. The input

model related to the examined experiment T1 were as follows: XAOB =
34.3 mg COD/L, XNOB = 12.5 mg COD/L, XCMX = 6.0 mg COD/L,
XHET = 405 mg COD/L, μAOB = 0.38 d−1, and μNOB = 0.20 d−1, μCMX =
0.20 d−1, and μHET = 1.0 d−1. The range of ±50 % was set to all inputs
to evaluate the effects of their individual and combined interactions on
the model response (RMSE). Then, the RSM automatically designed the
required number of combinations of inputs for simulation with the ex-
tended model. All the cases were simulated using GPS-X and the response
Y (RMSE) of each case was entered to the RSM.

A mathematical model between the response Y (RMSE) and eight inde-
pendent inputs xi/xj (XAOB, XNOB, XCMX, XHET, μAOB, μNOB, μCMX, μHET) was
described by a second-order polynomial equation (Li et al., 2018) (Eq. (2)):

Y ¼ β0 þ ∑n
i¼1βixi þ ∑n

i¼1βiixi
2 þ ∑∑i< jβijxixj þ ϵ (2)
4

where β0is a constant coefficient, βi are the linear coefficients, βii are the
quadratic coefficients, βij are the interplay coefficients, xi and xj are the
coded form of inputs, and ε is the residual error.

The analysis of variance was used to investigate the statistically signifi-
cant of the model inputs (p < 0.05), followed by the importance level
(Pareto analysis) to identify the level of significance on the response
(RMSE) for input parameter and their interaction (Anupam et al., 2011)
(Eq. (3)):

Pi ¼ b2i
∑b2i

 !
i≠ 0ð Þ (3)

where Pi is the importance level of each single model input or their interac-
tion (bi). A counter plot was prepared for the coincide effect for the most
important pairs of inputs on the response.

2.2.6. Model evaluation and comparison
The extendedmodel was used to evaluate the effect of different bacteria

groups (AOB, NOB, comammox and heterotrophs) on the behavior of N

http://mostwiedzy.pl


Fig. 2. The conventional (A) and extended model (B) of two-step nitrification.
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species (NH4
+-N, NO3

−-N, NO2
−-N). Based on the predicted conversion rates

(mgN/L.d) in experiment T1, the Sankey graphswere developed to identify
the dominant N conversions at different stages of the experiment, i.e., at t=
0 d (beginning), t=20 d and t=35 d (end). At the same times, the micro-
bial structures were analyzed (see: Section 2.1.2). Moreover, the conven-
tional two-step nitrification model (without considering comammox and
heterotrophic activities) was calibrated based on the experiment T1 data.
The effect of the accompanying processes (comammox and heterotrophic
denitrification) on two-step nitrification was evaluated by comparing the
estimated maximum specific growth rates of AOB (μAOB) and NOB (μNOB)
in the two models (conventional vs. extended) in experiment T1.

3. Results

3.1. Initial biomass concentrations and microbial population dynamics

The calculated initial concentrations of the specific microbial groups
(XAOB, XNOB, XCMX, XHET) for experiments T1-T4 can be found in Table S4
(SI). In all the cases, the initial MLSS concentration was approximately
2000 mg/L, and it dropped below 400 mg/L by the end of the experiment.
Under the progressive SRT reductions, the populations nitrifiers and
heterotrophs revealed substantial changes. The measured NOB/AOB and
nitrifier/heterotroph ratios became calibration targets and are further
discussed in Section 3.3.

Based on 16S rRNA gene sequencing, the AOB accounted for 2.3 ±
0.1 % of the total bacterial community in the initial samples, whereas the
NOB abundance was 1.2 ± 0.2 %, which corresponded to the NOB/AOB
ratio of approximately 0.5. The predominant representatives of AOB were
bacteria affiliated to the Nitrosomonas genera through all the experimental
periods, with an average share of 4.3± 2.2 % in the total bacterial popula-
tion during the middle phases of the experiments (SRT ≤ 2.0) and 0.5 ±
0.2 % for the SRT <2.0. The NOB subpopulations were initially composed
of Nitrolancea (1.0 ± 0.1 %) and Nitrospira (0.20 ± 0.05 %), and switched
to the predominance of Nitrospira in the course of the experiments. While
Nitrolancea were systematically washed out form the system (the average
share in the terminal samples: 0.05 ± 0.01 %), Nitrospira raised their con-
tribution in the biomass samples up to 4.8% for the SRT≤ 2.0, and reached
the averaged share of 0.27 ± 0.11 % at the end. The qPCR data revealed
that comammox Nitrospira tended to stabilize their shares in the biomass
until reaching the shortest SRTs (≤1 d).

Surprisingly, heterotrophic bacteria were the dominantmicrobial group
in all the analyzed samples, even though the influent feed did not contain
organic carbon. This could be attributed to the utilization of SMP by
5

heterotrophs (Ni et al., 2011b) (see the discussion in Section 4.3). Monitor-
ing of 20 most abundant heterotrophic taxa revealed the continuously
growing shares in the biomass, despite the aggressive washout conditions
in the course of the experiments.

3.2. Sensitivity analysis and correlation matrix

Fig. S4 (SI) shows the sensitivity coefficients calculated for all the
analyzed kinetic parameters with respect to AOB, NOB, comammox and
heterotrophs based on the data from the two experiments (T1 and T2). In
experiment T1, the extremely influential (Si,j ≥ 2) parameters comprised
μ of AOB, NOB with respect to the behavior of NO2

−-N, and μ of NOB
with respect to the behavior of NO3

−-N. The μAOB was high influential
(1≤ Si,j < 2) for NH4

+-N concentrations.
The next very influential parameters in experiment T1 were the decay

rates (bAOB and bNOB) with Si,j of 1.42–1.98, and DO half-saturation coeffi-
cients (Ko,AOB and Ko,NOB) with Si,j of 1.3–1.4 for NO2

−-N. All the analyzed
parameters for hetrotrophic bacteria were less influential with Si,j < 0.11
and < 0.15 for experiments T1 and T2, respectively. For experiment T2, μ
of all nitrifiers were highly influential parameters, followed by the decay
rates (bAOB and bNOB) and Ko (Ko,AOB and Ko,NOB) related to NO2

−-N and
NO3

−-N.
Fig. 3 shows the overall correlation matrix for the most relevant kinetic

parameters. In both experiments (T1 and T2), the highest correlation coef-
ficients referred to the link between the maximum growth rates (μ) and
decay coefficients (b) for all the nitrifier groups. Furthermore, Ko for all
nitrifier groups exhibited a high correlation with the corresponding μ in
both experiments.

3.3. Model calibration and validation

Three methods were used to determine the kinetic and stoichiometric
parameter values for simulations: (i) literature data, (ii) the direct deter-
mination from batch experiments, and (iii) mathematical optimization
(parameter estimation). The list of kinetic parameters and their adjusted
values are presented in Table 2.

Based on the SA and correlation matrix results (Fig. 3 and Fig. S4), four
least influential parameters, including NO2

−-N half-saturation constant
for comammox (KNO2,CMX), NH4

+-N half-saturation constants for AOB
(KNH4,AOB) and comammox (KNH4,CMX), and DO half-saturation constant for
comammox (KO,CMX) were adopted from the literature (Koch et al., 2019;
Park et al., 2017; Yu et al., 2020). In addition, three important kinetic param-
eters, including the NO2

−-N half-saturation constants for NOB (KNO2,NOB),
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and DO half-saturation constants for AOB and NOB (KO,AOB, KO,NOB), were
determined experimentally (Table S2 in the SI). Among four estimation
methods, the Hanes equation had the highest determination coefficient
(R2 > 0.9) in all the cases.

During parameter estimation with the simplex method, the values of μ
and b for all the microbial groupswere searchedwithin the ranges reported
in literature (Table S5 in the SI). In particular, the low adjusted values of μ,
KO, andKNO2 for NOBand comammoxNitrospira confirm that these bacteria
are typical representatives of the “K-strategists”. The values of all optimized
parameters fit well the typical ranges reported in literature (Table 2). Only
the experimentally determined KO,AOB, KO,NOB and KNO2,NOB were ap-
proaching the reported low extremes.

The observed and predicted behaviors of N species (NH4
+-N, NO3

−-N,
and NO2

−-N), biomass concentrations and microbial relationships
(NOB/AOB and NIT/HET ratios) for the calibrated model are shown in
Fig. 4. Similar comparisons for the validated model can be found in
the SI (Fig. S5).

In both experiments (T1 and T2) during the calibration phase, the
trends of NO3

−-N and NO2
−-N concentrations were generally similar,
6

while the NH4
+-N behavior was slightly different (Fig. 4a-b). In experiment

T1, a small peak (approximately 40 mg N/L) occurred after one week and
then the concentration was continuously decreasing and ultimately
dropped below 15 mg N/L. On the contrary, in experiment T2, the concen-
trations increased at the beginning and then stabilized at approximately
25 mg N/L. The NOB/AOB ratios increased from 0.5 to 0.55 at the begin-
ning to 0.9–1.1 at the end of experiment for T1 and 0.8–0.85 for T2. By
contrast, the NIT/HET ratios were relatively stable (0.1–0.15) in the first
two samples for both T1 and T2, but decreased below 0.1 at the end of
experiments (Fig. 4e-f).

Table 3 shows the extended model prediction accuracy independently
for each output (NH4

+-N, NO3
−-N, NO2

−-N). The calibrated model revealed
a high goodness-of-fit for all the outputs in terms of R2 (>0.83) and MAE
and RMSE errors (2.17–4.2). When assessing the validated model, R2

decreased to 0.74–0.85, while the errors (RMSE, MAE) slightly increased
(by 10–15 %). The Janus coefficients were in the range of 1.45–2.25
confirming the model validity.

3.4. RSM-based impact assessment of the extended two-step nitrification model

Altogether, 86 combinations of the individual impacts and interactions
of eight independent parameters, with±50 % from their reference values,
were designed and evaluated by the RSM. Fig. 5 shows the importance level
for all the parameters and their interactions on the response (RMSE for the
sum of NH4

+-N, NO3
−-N, and NO2

−-N). The interaction of XAOB and μAOB had
explicitly the highest importance level of 0.7, followed by the individual
effects of μAOB and μNOB (importance level> 0.4). In the third ranked impor-
tance group (importance level of approximately 0.3), the combined effect
of μAOB⁎μNOB was followed by the individual effects of XAOB and μCMX.
The most influential pairs (XAOB⁎μAOB, μAOB⁎μNOB, XNOB⁎ μNOB, μAOB⁎μCMX,

μNOB⁎ μCMX) with the importance level > 0.2 were selected for showing
their simultaneous effect on the response variability (Fig. 6).

3.5. Contribution of accompanying processes in N conversions

The Sankey graphs (Fig. 7) were developed based on the predicted
process rates to assess the nitrogen conversion pathways at t= 0 d (begin-
ning), 20 d, and 35 d (end). In the course of the experiment, the relative
contributions of each specific bacteria group were subjected to significant
rearrangements. A continuous decreasing trend was observed with respect
to the canonical NOB (from 39 to 13 %) and comammox bacteria (from
18% to 2%). In contrast, the contribution of denitrifying heterotrophs, per-
forming two steps of denitrification, was increasing from the initial 6.5% to
68.5 % at the end. The contribution of AOB was 35 % at the beginning and
decreased to 16 % at the end, after rising to 49 % in the middle phase.

3.6. Comparison of the conventional and extended two-step nitrification model

In comparison with the extended model, the accuracy of the conven-
tional model predictions did not change considerably, but the estimates
of the maximum specific growth rates for AOB and NOB were different in
both models. When all the other kinetic parameters for AOB and NOB
were assumed the same as in the extended model (Table 2), the μ values
for AOB and NOB increased by 26 and 15 %, respectively, i.e., μAOB =
0.48 ± 0.02 d−1 and μNOB = 0.23 ± 0.005 d−1. Furthermore, the model
efficiency of the conventional model was slightly worsened for all the N
species, which was reflected by lower R2 values (0.86–0.91) and MAE
and RMSE (2.5–5.1).

4. Discussion

4.1. Initial concentrations of AOB and NOB

The results of RSM revealed the importance of the initial biomass
concentrations for accurate simulation of the dynamic behavior of all N
species. Surprisingly, that issue has not received attention in the previous
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Table 2
List of the kinetic and stoichiometric parameters used for simulations, including the parameters optimized and estimated in laboratory experiments.

Parameter Unit Bacterial group Basis for estimation

AOB NOB CMX HET

Kinetic
μ d−1 0.38 ± 0.005 (0.2–0.9)g 0.2 ± 0.01 (0.18–0.9)g 0.2 ± 0.01 (0.15–0.22)h 1.0 ± 0.03 (0.5–6.0)k Optimization
KO mg O2/L 0.17 0.13 0.33a 0.2e Batch test/Literature
KNH4 mg NH4/L 0.67b – 0.012c – Literature
KNO2 mg NO2/L – 0.06 – 0.2e Batch test / Literature
KNO3 mg NO2/L – – – 0.2e Literature
b d−1 0.15 ± 0.004 (0.05–0.15)i 0.04 ± 0.006 (0.03–0.05)i 0.04 ± 0.006

-
0.4 ± 0.02 (0.2–0.62)l Optimization

Stoichiometric
Y gCOD/gN 0.15d 0.05d 0.15f – Literature
Y gCOD/gCOD – – – 0.6e Literature

Correction factor, θ
for μ – 1.09j 1.11j 1.09f 1.03j Literature
for b – 1.029j 1.029j 1.029f 1.029j Literature

μ: Max. specific growth rate, KO: DO half-saturation constant, KNH4: Ammonia half-saturation constant, KNO2: Nitrite half-saturation constant, Y: Yield coefficient, b: Decay
rate, θ: Temperature correction factor.

a (Park et al., 2017).
b (Yu et al., 2020).
c (Koch et al., 2019).
d (Metcalf and Eddy, 2003).
e (Hiatt and Grady, 2008).
f Assumed equal to AOB.
g (Liu and Wang, 2014; Metcalf and Eddy, 2003).
h (Mehrani et al., 2021).
i (Yu et al., 2020).
j (Liu et al., 2020).
k (Henze et al., 2000).
l (Ni et al., 2011a; Samie et al., 2011).
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two-step nitrification modeling studies (Table S1), and the initial biomass
concentrations have not been even provided in some cases. In the present
study, the result of model calibration revealed that the relative abundances
of NOB were lower than those of AOB in both experimental trials (NOB/
AOB ratios of 0.35 and 0.5). These ratios are generally in accordance with
the previous two-step nitrification modeling studies (Table S1). In most of
those studies, when the biomass concentrations are available, the initial
NOB/AOB ratios ranged from 0.1 to 0.6 with the most common value of
0.2. For comparison, higher NOB/AOB ratios (0.8–1.5) have been reported
for full-scale WWTPs (Harms et al., 2003; Ramdhani et al., 2014).

In theory, the ratio of NOB/AOB abundances in fully nitrifying systems
should correspond to the ratio of their yield coefficients (YNOB/YAOB).When
assuming the typical values fromMetcalf and Eddy (2014), i.e. YNOB=0.05
and YAOB = 0.15, the obtained ratio NOB/AOB = 0.33 suggests that
AOB should dominate over NOB. In practice, however, the AOB and NOB
abundances in nitrifying communities can shift and change depending on
the local conditions (Cao et al., 2017). For example, Laureni et al. (2016)
found significant differences in the NOB/AOB ratios, i.e. respectively
0.3 vs. 3.0 in the floc phase and biofilm, in a deammonification moving
bed biofilm reactor. When the DO set point was reduced from 1.2 to
<0.2 mgO2/L. The NOB/AOB ratio fell to 0.04 in the floc phase, while it
remained stable in the biofilm.

In contrast to the concentration of heterotrophic biomass, which can di-
rectly be estimated by three respirometric methods (Li et al., 2019), there
are no such methods for nitrifiers. The nitrifier biomass concentration
could be estimated in combination with kinetic parameters while fitting
model predictions to experimental data (Chandran et al., 2008).

The systematic protocol, proposed in this study, is an advancement in
comparison with previous studies. The traditional approaches to a prelimi-
nary estimation of the active AOB and NOB biomass concentration are
based on the influent BOD/N ratio (Metcalf and Eddy, 1991) or mass
balance equations, including the yields, amounts of substrate consumed,
SRT and decay rates (Dold et al., 2005; Metcalf and Eddy, 2014). Model
7

calibration has been a widely accepted method for estimation of the
nitrifier biomass concentration in activated sludge systems, but the results
depend on the applied model concept. For example, Hiatt and Grady
(2008) found that the difference between one- and two-step models was
approximately 20 % (39.7 vs. 47.6 mg COD/L). Other methods comprise
microbiological analyses, such as fluorescence in situ hybridization
(FISH), qPCR, more recently high-throughput 16S rRNA gene amplicon
sequencing and metagenomics approach (Table S1).

The reported data on the dynamics of AOB and NOB abundances in
WWTPs are ambiguous, evenwithin a single plant. Based on stoichiometric
calculations of influent COD, removal of total kjeldahl nitrogen (TKN) and
adjusted kinetic parameters, Mota et al. (2005) found that the relative
abundance of AOB remained relatively constant in different operational pe-
riods. In contrast, the relative abundance of AOB determined by FISH was
significantly different throughout the periods. Moreover, under favourable
conditions for nitrification (low C/N ratio and high ammonia in the influ-
ent), the nitrifier abundance reached 30 % (Mota et al., 2005).

Griffin and Wells (2017) reported more typical, up to 4 %, abundances
of nitrifiers (Nitrosomonas andNitrobacter) of the total microbial community
in six municipal WWTPs. However, apart from one case, the Nitrospira
abundance exhibited strong seasonal variabilities (0–3.5 %), whereas the
Nitrosomonas abundance remained relatively stable (0.2–1.0 %). Johnston
et al. (2019) found that the abundances of AOB and NOB remained
relatively stable throughout the year. The authors found that the relative
abundance of the overall nitrifier community, comprising known AOB
and NOB, was approximately 1 %. However, the authors emphasized that
this relative abundance was within the lower range of typical abundances
for nitrifier communities in activated sludge systems. One of the principal
reasons for these differences is that nitrification can be performed by un-
classified groups of microorganisms. For example, Johnston et al. (2019)
hypothesized that the abundant members of the heterotrophic family
Saprospiraceae (approx. 8 % of the overall community in their study)
could also be involved in nitrification.
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Table 3
Summary of the model efficiency measures during the calibration and validation
steps.

Step Experiment Output R2 RMSE MAE J2

Calibration T 1 NH4
+-N 0.94 2.43 2.62 –

NO3
−-N 0.93 3.38 2.50 –

NO2
−-N 0.88 3.71 3.02 –

T 2 NH4
+-N 0.94 2.17 3.18 –

NO3
−-N 0.91 2.3 2.91 –

NO2
−-N 0.83 3.74 4.01 –

Validation T 3 NH4
+-N 0.85 3.24 3.87 1.61

NO3
−-N 0.84 4.12 3.91 1.45

NO2
−-N 0.81 4.78 4.18 1.62

T 4 NH4
+-N 0.84 3.11 4.22 2.05

NO3
−-N 0.79 3.45 4.67 2.25

NO2
−-N 0.74 4.75 5.45 1.6

M.-J. Mehrani et al. Science of the Total Environment 848 (2022) 157628

8

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

4.2. The effect of comammox

In the present study, complete ammonia oxidation played a major role
(18 %) at the beginning of the experiment, while in the middle phase and
at the end, it had a minor role as a NH4

+-N conversion pathway (2–5 %),
which is in line with the results of a few earlier studies (Gonzalez-
Martinez et al., 2016; Annavajhala et al., 2018). In contrast, the dominance
of comammox bacteria over the other nitrifiers was observed in N removal
systems under either DO-limited conditions (Roots et al., 2019; Wang et al.,
2020; Sakoula et al., 2021). Therefore, comammox should not be ignored
when modeling nitrification as a two-step process.

The low abundance of comammox bacteria, observed in this study,
could be attributed to the process conditions unfavorable for “K-strategists”,
including extremely short SRTs and high ammonia loads. The dominance
of comammox bacteria normally occurs at low nitrite concentrations with
long SRTs (>40 d), coupled with low ammonia (<15 mg N/L) and low DO

http://mostwiedzy.pl


Fig. 5. Importance level of the inputs and their combinations (the top 20 influential
inputs) on the calibration accuracy (RMSE for the sum of NH4

+-N, NO3
−-N, and

NO2
−-N).
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conditions (<0.5 mg O2/L) (Shao and Wu, 2021; Qian et al., 2017; Park
et al., 2017; Wang et al., 2020).

In general, themechanismof comammox iswell established and involves
sequential oxidation of ammonia to nitrate (NO3

−-N) via nitrite (NO2
−-N).

Comammox Nitrospira possess genes relevant for both nitrification steps,
i.e. ammonia monooxygenase (Amo) and hydroxylamine dehydrogenase
(Hao) involved in ammonia oxidation, and nitrite oxidoreductase (Nxr)
involved in nitrite oxidation (Daims et al., 2015; van Kessel et al., 2015).
However, there is no consensus in literature whether (i) nitrite (NO2

−-N)
is released outside of the cells during the comammox process, and
(ii) comammox bacteria can grow using nitrite (NO2

−-N) as sole substrate.
Those uncertainties led to the development of three possible conceptual
models of comammox (Mehrani et al., 2021).

Despite different conceptual formulations of the comammox process,
resulting in a high variability of μCMX (0.15–0.6 d−1), the reliability and
robustness of the models were similar in terms of predicting the N conver-
sions. The lowest μCMXwas obtained for themodel concept used in the pres-
ent study (one step oxidation of ammonia to nitrate). This value is only
Fig. 6. Impact of the most important input parameters (initial biomass concentrations a
NO3

−-N, and NO2
−-N).

9

slightly lower compared to the present study (μCMX = 0.2 d−1) run with
biomass from a different WWTP. This may suggest that μCMX is relatively
stable for a specific model concept.

Daims et al. (2016) hypothesized that low nitrite concentrations,
observed in comammox systems,would result fromprocessing nitrite inside
the cells. Moreover,Wu et al. (2019) experimentally confirmed that NH4

+-N
was consumed by comammox, while NO3

−-Nwas simultaneously produced
at a NO3

−-N/ NH4
+-N ratio of nearly 1:1. Based on those results, the authors

proposed a conceptual model of nitrogen removal by concurrent partial
nitrification-anammox and one-step comammox. On the other hand, tran-
sient NO2

−-N accumulation produced by comammox Nitrospira during
oxidation of NH4

+-N was reported in several studies (Kits et al., 2017; Ren
et al., 2020; Sakoula et al., 2021), as a result of the extracellular transit
during complete nitrification.

Unlike canonical NOB, the currently known comammox Nitrospira can-
not grow solely on NO2

−-N (Koch et al., 2019). The authors explained that
inability by a low nitrite affinity of these bacteria based on the results of
an earlier study of Kits et al. (2017). The nitrite affinity of canonical
Nitrospirawas approximately 50-fold higher in comparisonwith comammox
Nitrospira (Kits et al., 2017). In a very recent study, Sakoula et al. (2021)
showed that a novel comammox species was capable of nitrite oxidation.
The estimated KNO2,CMX was below 0.2 mg N/L and remained in a lower
range of KNO2 for different canonical NOB. In general, however, the data
on kinetic and stoichiometric parameters for the comammox process are
still very limited (Mehrani et al., 2021).

4.3. The effect of denitrifying heterotrophs grown on SMP

In the present study, heterotrophic denitrification was an important N
conversion pathway. NO3

−-N reduction and increased from 5 % to 18.5 %
in the course of the experiment. NO2

−-N reduction was more significant, es-
pecially at the end, when almost 50 % of N was converted via denitritation.
These results are in contradictionwith the commonly accepted approach for
modeling nitrification that the effect of heterotrophic activity is neglected
due to the lack of organic carbon in the feed.

In fact, the growth of heterotrophic bacteria has been observed in the
systems fed only with inorganic substrates (Al-Hazmi et al., 2021; Liu
et al., 2016; Lu et al., 2018; Ni et al., 2011b; Sepehri and Sarrafzadeh,
2019). The produced SMP could be the sole organic carbon and energy
source for denitrifying heterotrophs (Ni et al., 2011b). Heterotrophic
nd maximum specific growth rates of nitrifiers) on the total RMSE (sum of NH4
+-N,
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bacteria can thrive on SMP and even low concentrations of SMP (25 mg
COD/L) are expected to provide an energy and carbon source for
denitrifying heterotrophs, while improving nitrogen removal rates and effi-
ciencies (Zhang et al., 2016; Lackner et al., 2008).

Inorganic carbon is consumed in the growth of autotrophic nitrifying
bacteria, and SMP are produced from the nitrifier biomass growth and
decay (Liu et al., 2016). Normally, in activated sludge systems, this
10
pathway is relatively insignificant. For example, Xie et al. (2012) found
that nitrifiers contributed to SMP production in <8 %, including 5 and 3
% by the contributions of AOB and NOB, respectively. Sepehri and
Sarrafzadeh (2019) observed that AOB produced more SMP (3 mg/L in
total) than NOB (1.6 mg/L in total). The SRT had a strong effect on SMP
production, and decreasing the SRT from15 to 0.5 d resulted in the reduced
SMP production by 62 % (Xie et al., 2012; Xie et al., 2016). In the present
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study, the reduced SMP production at short SRTs did not limit the domi-
nance of denitrifying heterotrophs in the microbial population towards
the end of the trials.

Models describing formation and degradation of SMPs have been devel-
oped as either stand-alone models or more commonly ASM extensions
(Makinia and Zaborowska, 2020). The use of ASM extensions with the
SMP concepts was suggested when modeling (i) biology-based membrane
fouling, (ii) soluble COD predictions, (iii) systems with long SRTs (Fenu
et al., 2010). Sepehri and Sarrafzadeh (2019) proposed a conceptual
model of interactions between nitrifiers and heterotrophs in a system fed
with inorganic substrate. Liu et al. (2016) developed a theoretical model
for the biological processes occurring in an anammox biofilm system (fed
with no organic carbon). Organic carbon for the growth of the heterotrophic
bacteria was exclusively derived from three internal sources: growth and
decay of anammox and heterotrophic bacteria, and hydrolysis of EPS. Lu
et al. (2018) expanded the ASM1with the concept of Liu et al. (2016) to pre-
dict the heterotrophic growth in a deammonification system (fedwith no or-
ganic carbon). The SMPwere not only derived from the activity of anammox
and heterotrophs, but also both groups of nitrifiers (AOB and NOB).

5. Conclusions

In this study, the ASM1 was extended to two-step nitrification,
comammox and heterotrophic denitrification on SMP for removing
nitrogen and organic matter. The model was successfully calibrated and
validated with experimental data from an SBR nitrification process under
different operational conditions, i.e., temperature (12 and 20 °C), aeration
mode (continues and intermittent), and decreasing SRT from 4d to 1d. The
following conclusions can be derived from this study:

▪ For identification of the relevant N pathways in nitrifying systems (espe-
cially under low DO conditions), two-step nitrification models should
be extended with the accompanying processes, such as comammox
and heterotrophic denitrification on SMP.

▪ Neglecting those processes may result in the substantial overestimation
(>15% in this study) of the maximum specific growth rates of AOB and
NOB, despite similar prediction accuracies of the conventional and ex-
tended models in the long-term washout experiments.

▪ The combined effect of the initial biomass concentration of AOB and
their maximum specific growth rate had the highest importance level
for model calibration (0.7) based on the long-term behavior of N spe-
cies. The individual effects of the maximum specific growth rates of ni-
trifiers (AOB, NOB, CMX) had higher importance levels (0.31–0.44)
than the combined effect of the initial biomass concentration of NOB
and their maximum specific growth rate (0.29).

▪ In the course of the experiments, the comammox share in the absolute
total N conversions decreased fromapproximately 20% to 2%.Although
comammox bacteria played a minor role, compared to the canonical ni-
trifiers, in the N conversions, the impact of that process should further be
explored when modeling systems with higher abundances of Nitrospira.
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