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Abstract
Simultaneous nitrification, denitrification, and phosphorus removal (SNDPR) has been demonstrated to be
a promising technology for carbon, nitrogen, and phosphorus removal. However, SNDPR has not been fully
studied at low temperatures. This study was the first to investigate the performance of SNDPR at 10℃ to
treat a complex synthetic wastewater and real municipal wastewater. A comprehensive floc model was
developed, calibrated, and validated to quantitatively understand the transformation of carbon, nitrogen,
and phosphorus in the SNDPR system at 10 ℃.
Nitrogen removal pathways of SNDPR at low dissolved oxygen (0.3 mg/L) and temperature (10℃) were
explored to understand nitrogen removal mechanisms. Biological nitrogen and phosphorus removal were
sustained with total inorganic nitrogen removal, phosphorus removal, and simultaneous nitrification and
denitrification (SND) efficiencies of 62.6%, 97%, and 31%, respectively. The SND was observed in the
first 2 h of the aerobic phase and was attributed to denitrifying ordinary heterotrophic organisms (OHOs)
using readily biodegradable chemical oxygen demand and denitrifying phosphorus accumulating organisms
(DPAOs), which removed 15% and 12% of influent nitrogen, respectively. A phosphorus accumulating
organism (PAO)-rich community was indicated by stoichiometric ratios and supported by 16S rRNA gene
analysis, with Dechloromonas, Zoogloea, and Paracoccus as DPAOs, and Ca. Accumulibacter and
Tetrasphaera as PAOs. Even though Ca. Competibacter (10.4%) was detected, limited denitrifying
glycogen accumulating organism (DGAO) denitrification was observed, which might be due to low
temperatures. This research was the few researches that investigated the SNDPR process at 10℃ by using
a complex synthetic wastewater, investigated the nitrogen removal pathways in the aerobic phase using an
experimental method, and integrated microbial community analysis with experimental findings.
The feasibility of SNDPR at a low temperature (10℃) when treating real municipal wastewater was
explored

by

implementing

two

process

configurations

(anaerobic/aerobic

(AO)

and

anaerobic/aerobic/anoxic (AOA)). It was found that SNDPR in the AO configuration failed, however,
v

SNDPR in the AOA configuration was achieved with total nitrogen removal, phosphorus removal, and
SND efficiencies of 91.1%, 92.4%, and 28.5%, respectively. The main nitrogen removal pathways were
denitrification by DPAOs in the aerobic phase and denitrifying OHOs using hydrolyzed carbon in the
anoxic phase, which accounted for 16% and 56% of influent nitrogen, respectively. A PAO-rich system
was indicated by stoichiometric ratios and supported by 16S rRNA gene analysis, with Dechloromonas and
Ca. Accumulibacter as dominant DPAOs and PAOs. Ca. Competibacter was detected, whereas limited
denitrifying GAO denitrification was observed, which might be due to low temperatures. This research was
the first to 1) investigate the performance of SNDPR when real municipal wastewater was treated under
low temperature conditions (10℃); 2) investigate whether operational conditions that have been
successfully employed to treat synthetic wastewaters can also be applied to real municipal wastewaters; 3)
compare the performance of SNDPR when operated in different process configurations (AO and AOA).
A comprehensive floc model was designed to investigate SNDPR at 10℃. Results show that only boundary
layer thickness in the floc-related parameters established a minor impact on nitrite, and seven new
incorporated parameters (fP,VFA, fPP,PHA,ox, and intrinsic half-saturation coefficients of oxygen of ammonia
oxidizing bacteria (AOB), nitrite oxidizing bacteria (NOB), OHOs, PAOs, and GAOs) were deemed as
sensitive parameters. The model calibration and validation were demonstrated successful based on R2, mean
square relative error, and residual analysis. After model validation, intrinsic KO values of AOB, NOB,
OHOs, PAOs, and GAOs were estimated to be 0.08, 0.18, 0.03, 0.1, and 0.07 mg/L, respectively. Based on
model analysis, 87% of volatile fatty acids were stored by PAOs and GAOs, leading to successful PO 4-P
uptake through PAO aerobic growth (85%) and PAO denitrification via nitrite (12%). In the aerobic phase,
93% and 5% of consumed readily biodegradable chemical oxygen demand were used for OHO aerobic
growth and OHO denitrification via nitrite, respectively. Regarding to SND, nitrite was the dominant
electron acceptor for denitrification by PAOs (75%) and OHOs (25%), indicating NO2-N was easier to be
used by PAOs and OHOs for denitrification than by NOB for nitrification. This study was the first to design
a comprehensive floc model that incorporated PAOs and GAOs, intrinsic half-saturation coefficients of
vi

each microorganism, external mass transfer terms, internal diffusion, and intra-floc movement, to simulate
SNDPR. A set of intrinsic half-saturation coefficients of oxygen of each microorganism was estimated for
the first time.
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Chapter 1 Introduction
1.1.

Problem statement

Modern wastewater treatment plants (WWTPs) are designed to reduce organic carbon, nitrogen, and
phosphorus discharges to the environment (Conley et al., 2009). Historically this has been achieved with
conventional biological nitrogen and phosphorus removal (BNPR) processes. In conventional processes
ammonia (NH4+) is fully oxidized to nitrate (NO3-) in an aerobic tank, and nitrate is denitrified to nitrogen
gas (N2) in an anoxic tank when biodegradable organic matter is available. In conventional biological
phosphorus removal, phosphorus is released in the anaerobic stage and phosphorus uptake takes place in
the subsequent aerobic stage by phosphorus accumulating organisms (PAOs). The difference between the
phosphorus release and uptake amounts represents the amount of total phosphorus removed.
In conventional BNPR energy consumption can be significant. A high amount of energy is consumed by
the aeration system for both nitrification and phosphorus uptake. The latter can account for 40%-60% of
the total energy cost of WWTPs (Barnard & Meiring, 1988). Processes with low energy requirements have
been developed in recent years. Simultaneous nitrification, denitrification, and phosphorus removal
(SNDPR) has been proposed as an alternative to conventional BNPR. Many studies have shown that fullscale WWTPs have implemented SNDPR with different configurations including sequencing batch reactor
(SBR) (Jia et al., 2016), anoxic/oxic-membrane bioreactor (MBR), University of Cape Town-MBR (UCTMBR) (Sarioglu et al., 2017), step-feed UCT (Ge et al., 2013), and anoxic-oxic biofilter (Tian et al., 2017a)
flowsheets. Given that, SNDPR has been proved to be a feasible and promising process to remove nitrogen
and phosphorus at a low cost.
The reported benefits of the SNDPR process over conventional BNPR processes include (Abeling &
Seyfried, 1993; do Canto et al., 2008; Jia et al., 2016; Li et al., 2008; Sun et al., 2010):
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1. 33-45% of aeration reduction is achieved by suppressing nitrite oxidizing bacteria (NOB) (Dotro
et al., 2011).
2. 22-40% less organic matter is required since denitrification in SNDPR is from nitrite instead of
nitrate, which means that a low carbon to nitrogen (C/N) ratio wastewater can be treated by the
SNDPR process without adding external carbon, therefore saving the operational costs.
3. Less sludge processing costs are required since SNDPR can reduce 30% of sludge production
compared to conventional BNPR.
4. Less alkalinity is required in SNDPR since nitrification and denitrification can take place in a single
tank instead of two or more that are required for conventional nitrogen removal.
5. The SNDPR process can reduce capital costs since denitrification can happen in the aerobic tank
with low DO concentrations, eliminating/reducing the need of the anoxic tank.
6. Influent carbon can be more efficiently used to remove both nitrogen and phosphorus, especially
in carbon-limited wastewater.
7. More nitrogen can be removed through SNDPR under low DO conditions, which is conducted by
denitrifying ordinary heterotrophic organisms (DOHOs), denitrifying phosphorus accumulating
organisms (DPAOs), and denitrifying glycogen accumulating organisms (DGAOs) using organic
carbon and intracellular carbon (PHA).
Even though SNDPR has been employed in a number of full-scale projects, it still has several associated
challenges. At low temperatures, all the biological reaction rates are reduced, especially the hydrolysis and
fermentation rates, which might cause the deterioration of nitrogen and phosphorus removal due to lack of
available carbon (Henze et al., 2000). Long sludge retention time (SRT) and aerobic hydraulic retention
time (HRT) are required for SNDPR when compared to conventional BNPR systems since the nitrification
rate in SNDPR is low due to low DO concentrations, especially at low temperatures (Li & Irvin, 2007). At
low temperatures, optimization of SNDPR is challenging since various classes of functional bacteria with
different optimal growth environments must function in a limited number of zones (Paredes et al., 2007).
2

Therefore, this study focuses on developing an improved understanding of SNDPR at low temperatures
such that operation and design can optimally address these challenges.
Wastewater characteristics can significantly impact on the performance of SNDPR at low temperatures.
Many studies have achieved SNDPR when treating simple synthetic wastewater with acetic acid as the
carbon source (Li et al., 2019; Salehi et al., 2019). However, limited studies have employed carbon sources
that require hydrolysis and fermentation in the treatment although at low temperatures hydrolysis and
fermentation might be the rate-limiting processes in SNDPR (Yuan et al., 2011). When complex wastewater
that includes readily biodegradable chemical oxygen demand (rbCOD) and soluble organic nitrogen,
rbCOD is treated, organic matter needs to be fermented to volatile fatty acids (VFAs) to be used for
biological phosphorus removal, and soluble organic nitrogen will be hydrolyzed to ammonia prior to
removal. Therefore, there is a need to study the treatment of complex wastewaters by SNDPR at low
temperatures (around 10℃) to elucidate performance limiting processes.
The composition difference between synthetic wastewaters and real municipal wastewaters may cause
different SNDPR performance under the same operational conditions. Compared with synthetic
wastewaters that do not account for unbiodegradable and particulate fractions, real municipal wastewaters
have a lower biodegradable carbon fraction, which could make SNDPR unfeasible (He et al., 2016; Zaman
et al., 2021). The lack of particulate biodegradable COD and particulate unbiodegradable COD in synthetic
wastewaters reduces the need for hydrolysis and reduces the presence of particulate unbiodegradable COD
in the sludge, which can alter the sludge composition (Melcer, 2004). Therefore, there is a need to study
whether the operational conditions employed to treat synthetic wastewaters to achieve SNDPR can also be
used for real municipal wastewater at low temperatures.
The microbial community in SNDPR processes has been found to be complex and includes OHOs,
ammonia oxidizing bacteria (AOB), NOB, PAOs, DPAOs, GAOs, and DGAOs (Wang et al., 2015). Such
complexity is caused by the multiple carbon, nitrogen, and phosphorus conversions that occur in different
3

redox zones. Several studies have illustrated the microbial community in SNDPR systems at room
temperatures (Chen et al., 2020; Wang et al., 2015). However, limited studies have studied the microbial
community in SNDPR at low temperatures. In addition, the temperature dependencies of each bacteria are
different, leading to different microbial ecology at different temperatures (Henze et al., 2000). Therefore,
there is a need to understand of the microbial community in the SNDPR system to help understand and
improve the performance of SNDPR at low temperatures.
Simulation is a widely used method to study biological processes and extend the information for design
purposes. The activated sludge models (ASMs) developed by the International Water Association (IWA)
have been widely used to study traditional BNPR processes, however, traditional ASMs can not accurately
simulate SNDPR since the half-saturation coefficients in ASMs are extant values that do not describe
systems where diffusion limitations are present. Several studies have developed floc models that include
intrinsic half-saturation coefficients and molecular diffusion terms to simulate diffusion-limiting processes
(Pochana et al., 1999; Wang et al., 2007). However, the assumptions in these floc models are too simple to
reflect SNDPR. For example, the assumptions of the absence of the external boundary layer, uniform
distribution of microbes, and limited movement of solids within a floc make it challenging to reflect SNDPR
conditions. Ignoring the boundary layer can result in lack of consideration of low mixing intensity, which
might occur in SNDPR systems (Nogueira et al., 2015). The assumption of uniform distribution of microbes
is unrealistic due to different redox conditions within flocs under low dissolved oxygen (DO) conditions
(Baeten et al., 2019). The assumption of limited movement of solids within flocs is also inaccurate since
inert components can accumulate in the inner of flocs, conflicting with the observations in SNDPR systems
(Baeten et al., 2019). In addition, prior floc models did not incorporate phosphorus removal processes.
Therefore, there is a need to develop a comprehensive floc model that includes these aspects to simulate
SNDPR.
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1.2.

Objectives and scope

The primary objective of this research is to identify SNDPR design and operating conditions that could be
employed under low temperature conditions that are typical of Canadian winters. The average temperature
of influent wastewater in most WWTPs in Ontario during the winter is around 10℃ (Lishman et al., 2006).
Therefore, in this study, 10℃ was chosen as a representative low temperature.
The research is intended to:
•

Assess the performance of SNDPR under low temperature (e.g., 10℃) and DO (e.g., 0.3 mg/L)
conditions when treating a complex synthetic wastewater.

•

Assess whether the same operational conditions that have been used to treat a complex synthetic
wastewater in this study can also be used to treat real municipal wastewater under low temperature
(e.g., 10℃) and DO (e.g., 0.3 mg/L) conditions, and the potential operational conditions to achieve
SNDPR when treating real municipal wastewater under low temperature (e.g., 10℃) and DO (e.g.,
0.3 mg/L) conditions.

•

Identify organism groups that are responsible for SNDPR at 10℃ when treating a complex
wastewater and real municipal wastewater, and critically examine linkages between indicators of
microbial activity and microbial community composition.

•

Develop a comprehensive floc model that can simulate the SNDPR performance when using the
complex synthetic wastewater, and quantitatively assess the nutrient removal pathways in SNDPR
by using the floc model.
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1.3.

Significance

The operational strategies developed can be used to inform wastewater treatment plants regarding how to
efficiently and cost-effectively operate in the winter season in Canada. The microbial community results
can be used to understand the SNDPR system in order to develop specific control strategies to maintain
SNDPR in the winter season. The validated floc model can be used to understand the nutrient removal
mechanisms and develop different strategies to improve nutrient removal performance at low DO and
temperatures.

1.4.

Thesis structure

This thesis is divided into six chapters. Chapter 1 presents an introduction to the problem under
investigation and illustrates the main objectives of the research. Chapter 2 provides a literature review on
SNDPR, including the mechanisms of SNDPR, the bacteria involved in SNDPR, the impact of temperature
and oxygen concentration on SNDPR performance, SNDPR simulation, and prior studies of the application
of SNDPR to treat real municipal wastewaters. Chapter 3 describes a study of nitrogen removal pathways
during SNDPR under low temperature and dissolved oxygen conditions. Chapter 4 presents the results of a
study that addresses the performance of SNDPR when treating municipal wastewater at a low temperature.
Chapter 5 presents a comprehensive innovative floc model with explicit external mass transfer terms to
simulate SNDPR in activate sludge systems. Chapter 6 sums up the conclusions as well as

recommendations for further research.
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Chapter 2 Literature review
2.1.

SNDPR overview

2.1.1. SNDPR mechanisms
The SNDPR process includes two parallel and connected activities, which are SND and enhanced biological
phosphorus removal (EBPR). In this section, detailed descriptions of the mechanisms responsible for SND
are illustrated. In brief, depending on oxygen diffusion within sludge flocs, the activated sludge flocs can
form two zones — the aerobic zone at the outer layer of the floc and the anoxic zone within the core of the
floc, as shown in Figure 2-1 (Sun et al., 2010). In the aerobic zone, nitrifying bacteria such as AOB and
NOB use oxygen as an electron acceptor for nitrification. Heterotrophic bacteria also consume oxygen and
organic carbon for growth. In the anoxic zone, denitrifying heterotrophic bacteria use NO 2 -N or NO3 -N
generated from the aerobic zone, and organic carbon diffused from the bulk liquid to achieve denitrification
(He et al., 2020a). In addition, denitrification in the anoxic zone can be conducted by DPAOs and DGAOs
using intracellular storage (Poly-β-hydroxyalkanoate (PHA) and glycogen) (He et al., 2020a). Hence, fully
understanding the SND mechanisms can help with design of sampling campaigns that are intended to assess
whether SND is occurring in a reactor.
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NO3-N
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NO3-N
DNHB
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NOB
NO2-N

CO2

Anoxic zone
CO2

AOB
NH4-N
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Bulk liquid

Figure 2-1. Theoretical explanation of simultaneous nitrification and denitrification in an activated sludge
floc; Modified from Sun et al. (2010).
The specific processes related to phosphorus removal are illustrated in Figure 2-2. Alternating
environmental conditions from anaerobic to aerobic conditions are required to remove phosphorus (Metcalf
et al., 2014). In the anaerobic stage, VFAs are generated through fermentation using readily biodegradable
substrates, which are hydrolyzed from slowly biodegradable organic carbon. Afterwards, polyphosphate
hydrolysis in the PAOs releases both phosphorus and energy. The energy is used to take up VFAs and store
them as PHA in the PAOs. In the aerobic stage, energy generated through PHA oxidation is used to take up
phosphorus in the bulk and store it as polyphosphate in the PAOs. By understanding the mechanisms of
EBPR, it is possible to identify and adjust factors that may cause the failure of EBPR.
In summary, nitrogen and phosphorus removal are achieved based on different types of microbial species
and associated metabolisms. Nitrogen removal can be achieved in an aerobic zone with low oxygen
concentration, where partial nitrification and denitrification occur. Phosphorus removal is performed
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through phosphorus release in the anaerobic zone and phosphorus uptake in the aerobic zone by PAOs. The
understanding of these mechanisms was employed to guide the design of SBR operating configurations and
dynamic tests that were used to probe the activities in the SBR and which are described in the following
chapters.

Cell-internal

Bulk liquid

Anaerobic

Aerobic (Anoxic)
PO

VFA

PO

PP
PHA
GLY
PP
PHA

GLY
Figure 2-2. Schematic representation of the biological phosphorus removal process; Modified from
(Meijer, 2004)

2.1.2. The functional bacteria involved in each process
As previously discussed SNDPR incorporates carbon, nitrogen, and phosphorus removal by all the common
bacterial groups employed in wastewater treatment. These include OHOs, AOB, NOB, PAOs, DPAOs,
GAOs, and DGAOs. Table 2-1 shows different biological reactions that take place under the different
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environmental conditions. The understanding of the biological reactions was employed in subsequent
experimental design and analysis.
Table 2-1. Functional bacteria for different processes
Process

Functional bacteria

Anaerobic
Polyphosphate hydrolysis PAOs, DPAOs
VFA uptake

PAOs, DPAOs, GAOs, DGAOs

Anoxic
Nitrate denitrification

DOHOs, DPAOs, DGAOs

Nitrite denitrification

DOHOs, DPAOs, DGAOs

Phosphorus uptake

DPAOs

Glycogen uptake

DPAOs, DGAOs

Aerobic
COD oxidation

OHOs

Nitrification

AOB, NOB

Phosphorus uptake

PAOs

Glycogen uptake

PAOs, GAOs

Table 2-1 shows different functional bacteria are expected to be active in the different redox zones. In the
anaerobic zone, polyphosphate hydrolysis takes place by PAOs and DPAOs to release energy, which is
used for VFA uptake (Metcalf et al., 2014). In addition, VFAs can be stored by GAOs and DGAOs as PHA
(Wang et al., 2016b). VFAs are regarded as the substrates for growth of all the phosphorus removal-related
bacteria (PAOs, DPAOs, GAOs, and DGAOs). In anoxic zones, nitrogen is removed either from nitrate or
nitrite by DOHOs, DPAOs, and DGAOs (Wang et al., 2016b). Denitrification by DOHOs requires an
external carbon source as an electron donor, whereas denitrification by DPAOs and DGAOs uses
intercellular PHA as the carbon source. Phosphorus can be removed in anoxic zones by DPAOs with
glycogen replenishment. In aerobic zones, nitrification and phosphorus uptake occur simultaneously.
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Traditional nitrification is a two-step process comprised of AOB nitritation and NOB nitratation. AOB
nitritation converts ammonia to nitrite, and NOB nitratation oxidizes nitrite to nitrate with oxygen (Metcalf
et al., 2014). Furthermore, PAOs contribute to phosphorus uptake with glycogen replenishment (Metcalf et
al., 2014). Based on these processes, activity tests can be conducted by creating targeted environments to
study specific nitrogen removal pathways.
A clear understanding of microorganisms that are responsible for nitrification can connect the performance
of ammonia oxidation and nitrite oxidation to microorganism community analysis. In the first step of
nitrification (e.g., nitritation), β-proteobacteria including Nitrosomonas and Nitrosospira who are
considered as AOB are responsible (Mobarry et al., 1996). In the second step of nitrification (e.g.,
nitratation), NOB that are mainly α-proteobacteria including Nitrospira and Nitrobacter are the main
contributors (Mobarry et al., 1996). By identifying the nitrifiers, nitrification in the SNDPR process can be
understood.
The identification of the dominant PAOs can help understand the status of biological phosphorus removal.
Many studies have identified the dominant groups of PAOs are Ca. Accumulibacter and Tetrasphaera
(Close et al., 2021; Marques et al., 2018). PAO-rich systems have been observed both in lab-scale and fullscale studies (Oehmen et al., 2005c; Saunders et al., 2016). Many studies have found that most PAOs are
classified under Proteobacteria (Fernández et al., 2008; Mao et al., 2013). In addition, Proteobacteria and
Bacteroidetes are found to be dominant in cold-region WWTPs due to their characteristics as psychrophilic
bacteria (Cui et al., 2012; Li et al., 2019; Ou et al., 2018; Wen et al., 2015). Many studies have shown that
Tetrasphaera is capable of fermentation and phosphorus uptake under aerobic conditions (Close et al.,
2021). In addition, several members of the genus Tetrasphaera are highly competitive at low temperatures
(Welles et al., 2015). Therefore, Ca. Accumulibacter and Tetrasphaera could be the dominant microbes at
low temperatures in this study.
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DPAOs can perform both denitrification and biological phosphorus uptake under anoxic conditions, which
is another important component for SNDPR. Many studies have found that Accumulibacter can be
distinguished as either Type I or II, which are correlated to nitrate-reducing and non-nitrate-reducing PAOs
(Carvalho et al., 2007; Oehmen et al., 2010a). The nitrate-reducing PAOs (Accumulibacter Type I) can
perform both denitrification via nitrate and nitrite and phosphorus uptake under anoxic conditions, which
are considered as DPAOs. The non-nitrate-reducing PAOs (Accumulibacter Type II) can only perform
denitrification via nitrite and phosphorus uptake under anoxic conditions, which are considered as PAOs.
Genera Dechloromonas, Zoogloea, and Paracoccus which have the ability of denitrification via nitrate and
phosphorus uptake under anoxic conditions are considered as DPAOs (Wang et al., 2015). Comparing the
phosphorus uptake rate by DPAOs and PAOs under anoxic and aerobic conditions, it has found the
phosphorus uptake rate by DPAOs is significantly lower than that by PAOs, which are 20 and 70 mg P/(g
VSSˑh), respectively (Carvalho et al., 2007; Filipe & Daigger, 1999). Therefore, conducting microbial
community analysis to identify genus related to DPAOs can help determine whether the nitrogen removal
at low DO concentrations involves DPAO denitrification.
The proliferation of GAOs can impact on the success of EBPR since excessive GAOs may lead to the
failure of biological phosphorus removal. Under anaerobic conditions, GAOs and PAOs compete for VFAs,
while GAOs do not contribute to phosphorus removal (Metcalf et al., 2014). Studies have shown that pH
of 7-7.5 and temperatures lower than 20℃ are less favorable for GAO growth (Lopez-Vazquez et al.,
2009b). The main genus that is considered as a GAO is Defluvicoccus (Metcalf et al., 2014). Defluvicoccus
can be divided into Defluviicoccus Cluster I and Defluviicoccus Cluster II, which are able to reduce nitrate
but not nitrite and unable to denitrify, respectively (Burow et al., 2007; Wang et al., 2008). Overall,
identifying the genus related to GAOs can help understand the status of EBPR.
DGAOs can contribute to the performance of SNDPR systems. The difference between GAOs and DGAOs
is that DGAOs can perform denitrification via nitrate and nitrite under anoxic conditions (Zeng et al., 2003c).
Therefore, DGAOs contribute to SNDPR by reducing nitrogen under low DO conditions. Under anoxic
12

conditions, DGAOs can reduce nitrate to nitrite, then Accumulibacter Type II can use the produced nitrite
for denitrification and phosphorus uptake (Rubio-Rincón et al., 2017). Ca. Competibacter is considered as
the main DGAO, which has been widely observed in phosphorus removal systems (Zeng et al., 2003c).
Overall, DGAOs are worth investigating in the SNDPR systems to gain better understanding of nitrogen
and phosphorus removal at low DO concentrations.
In summary, microbial community analysis should be conducted to fully understand the microbial ecology
in the SNDPR system. A clear presentation of microbial ecology can help with understanding the
performance of SNDPR. In addition, by improving the desire microorganism living conditions, it may be
possible to improve SNDPR performance and design novel reactors/processes for SNDPR.

2.2.

Impact of operational conditions on the responses of SNDPR

SNDPR, as previously discussed, is a complicated process that will be impacted by external factors. These
factors include: temperature, oxygen concentration, carbon composition, pH, atmosphere pressure, etc
(Chen et al., 2020; Lopez-Vazquez et al., 2009a; Oehmen et al., 2010b; Oehmen et al., 2005a; Oehmen et
al., 2005b). The effects of temperature and oxygen concentration on SNDPR in terms of functional bacteria
and biological reactions are discussed below due to their universality and importance.

2.2.1. The impacts of temperature on the SNDPR system response
Temperature plays a vital role in the SNDPR process. It has a significant impact on bacteria biochemical
reactions (i.e., bacteria growth, substrate utilization, and bacteria decay) (Huang et al., 2015). In this study,
low temperatures (around 10℃) are expected to pose a challenge for nutrient removal. Low microbial
activity is associated with low temperatures; approximately a 50% reduction in microbial activity occurs
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for every 10℃ decline (Rajeshwari et al., 2000). Even though many studies have been conducted to study
SNDPR, there are limited studies to investigate SNDPR at 10℃, which is the temperature in the winter
session of Canada.
The effects of temperature on different types of bacteria and related processes differ. Nitrifiers (AOB and
NOB) and denitrifiers (DOHOs, DPAOs, and DGAOs) have been shown to be significantly impacted by
low temperatures (Guo et al., 2013; Hellinga et al., 1998). Reducing the temperature can facilitate NOB to
outcompete AOB to mitigate nitrite accumulation (Bougard et al., 2006). A temperature of 15℃ was
reported to be a critical temperature for AOB and NOB growth as shown in Figure 2-3. At temperatures
lower than 15℃, the specific growth rate of NOB is higher than that of AOB, whereas at temperatures
higher than 15℃, the reverse is true (Hellinga et al., 1998). In addition, many studies have illustrated that
low temperatures can cause low nitrification rates (Choi et al., 1998; Guo et al., 2013). Overall, the literature
shows that both nitrification and denitrification are reduced with a reduction of temperature. However, there
is a need to investigate the status of nitrification and whether there is nitrite accumulation at the studied low
temperature (10℃).
Various studies have examined the effects of temperature on phosphorus removal. DPAOs have been
reported to be more affected by low temperatures than aerobic PAOs, which results in a greater reduction
of phosphorus uptake in the anoxic stage than in the aerobic stage at low temperatures (Ferrentino et al.,
2017; Haiming et al., 2014). PAOs are known to be psychrophilic, therefore, low temperatures favor PAOs
over GAOs (Erdal, 2003; Lopez-Vazquez et al., 2009a; Tian et al., 2017b). In contrast, GAOs can
outcompete PAOs under higher temperatures (>20℃) (Brdjanovic et al., 1998; Lopez-Vazquez et al.,
2009a). Furthermore, low temperatures also favor the competition of PAOs over nitrifiers for oxygen since
nitrification is inhibited at low temperatures, which favors the growth and enrichment of PAOs (Baetens et
al., 1999). Overall, low temperatures favor the growth of PAOs instead of DPAOs, GAOs, and nitrifiers,
which was considered when interpreting the results of activity tests and microbial community analysis in
the current study.
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Figure 2-3. The effect of temperature on sludge age for AOB and NOB; Modified from (Hellinga et al.,
1998)
Recent studies of the effects of temperature on SNDPR in SBR are summarized in Table 2-2. Temperatures
around 20℃ have been found to result in nitrogen and phosphorus removal efficiencies around 95%
(Münch et al., 1996; Zeng et al., 2003a). However, the reduction in temperature has been observed to
significantly reduce nitrogen removal efficiency with little impact on phosphorus removal efficiency. Jia et
al. (2016) found that a reduction of temperature (from 25 to 10℃) caused total nitrogen (TN) removal
efficiency to be reduced from 77.7% to 66.5% although total phosphorus (TP) removal efficiency remained
stable around 95%. Similar findings were reported by Guo et al. (2013), where a reduction of temperature
from 20 to 10 to 5℃ resulted in reduced nitrogen removal efficiencies of 70.9%, 62%, and 34%,
respectively. However, nitrogen and phosphorus removal efficiencies were not influenced at 10℃, which
was reported by Pan et al. (2017). This result was attributed to the use of intermittent aeration and a high
oxygen concentration of 2 mg/L. The common SBR operational ranges summarized in Table 2-2 were
considered in the design of SBR in this study.
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In summary, operational temperature can significantly influence SNDPR by having a significant impact on
biological reactions. Under low temperatures: 1) nitrification and denitrification rates are reduced; 2) NOB
can outcompete AOB; 3) PAOs can outcompete GAOs and nitrifiers for oxygen; 4) nitrogen removal
efficiency is reduced, but phosphorus removal efficiency is less impacted. However, limited work has been
conducted to study SNDPR at low temperatures in terms of removal pathways of nitrogen. Therefore, there
is a need to design activity tests to understand the nitrogen removal pathways in SNDPR at low temperatures.
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Table 2-2. Prior studies of simultaneous nitrification, denitrification and phosphorus removal in SBRs
Note: A-O-A-O-A-O-A-O-S-D: anaerobic-oxic-anaerobic-oxic-anaerobic-oxic-anaerobic-oxic-settle-decant A-O-S-D: anaerobic-oxic-settle-decant;
Process
types

Wastewater
type

T
(℃)

SRT
(day)

HRT
(hour)

DO
(mg/L)

pH

Cycle
time
(hour)

Stage
type

SBR each
stage time
(min)

COD
/TN

COD/
TP

Stirring
rate (rpm)

TN
removal
eff

TP
removal
eff

References

SBR

Slaughterhouse
wastewater

11

16

6.7

2

7.8

12

A-OA-OA-OA-OS-D

60-100-60100-60100-60100-70-10

10

109

-

97.7%

97.9%

Pan et
(2017)

al.

SBR

Synthetic

25

16

12

0.350.65

7.07.5

6

A-OS-D

90-210-4515

10

27

-

77.7

95.6

Jia
et
(2016)

al.

SBR

Synthetic

10

16

12

0.350.65

7.07.5

6

A-OS-D

90-210-4515

10

27

-

66.5

93.8

Jia
et
(2016)

al.

SBR

Domestic

1822

15

18

1.2

-

6

A-OS-D

150-18020-10

9.4

57

160

87.2

-

Münch et al.
(1996)

SBR

Abattoir
wastewater

1822

15

36

0.2-0.6

7.08.0

6

A-OS-D

150-18020-10

9.3

61

-

95

-

Pochana
&
Keller (1999)

SBR

Synthetic

18

15

9.6

0.450.55

7.07.5

4.8

A-OS-D

60-180-435

10

27

250

>95

>90

Zeng et
(2003a)

al.

SBR

Synthetic

5

20

10

1.0-2.5

7.08.0

8.5

O-SD

480-30-5

8

-

100

34

-

Guo et
(2013)

al.

SBR

Synthetic

10

15

10

1.0-2.0

7.08.0

7.5

O-SD

420-30-5

8

-

100

62

-

Guo et
(2013)

al.

SBR

Synthetic

20

10

10

1.0-2.0

7.08.0

7.5

O-SD

420-30-5

10

-

100

70.9

-

Guo et
(2013)

al.

O-S-D: oxic-settle-decant
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2.2.2. Impact of oxygen concentration on SNDPR system behavior
This section presents an overview of the impact of oxygen concentration on SNDPR. The effects of oxygen
concentration on SNDPR have been separated into the impacts on both bacteria and each biological reaction
process. The oxygen concentration is an important component for nitrification and phosphorus removal
since AOB, NOB, and PAOs require oxygen for respiration. Therefore, literature in this regard was
reviewed to better understand the dependencies of microbial rates on oxygen concentration.
Oxygen concentration has different effects on AOB and NOB. It is known that both AOB and NOB growth
need oxygen as the electron acceptor, but the half-saturation coefficients for AOB (0.2-0.4 mgO2/L) and
NOB (1.2-1.5 mgO2/L) are quite different (Henze et al., 2008). Therefore, oxygen concentration highly
affects the degree of nitrification (Ruiz et al., 2003). Table 2-3 summarizes the effects of DO concentration
on nitrification. As it is shown, oxygen concentrations higher than 1.7 mg/L yielded full nitrification,
indicating that both AOB and NOB had a high growth rate without limitation (Rubilar et al., 2005; Ruiz et
al., 2003). With the reduction of oxygen concentration from 1.7 mg/L to 0.7 mg/L, the ammonia oxidation
rate is reduced gradually, and NOB inhibition has been inferred in the basis of nitrite accumulation in the
process (Rubilar et al., 2005; Ruiz et al., 2003). Further reducing oxygen concentration to less than 0.5
mg/L was observed to lead to nitrite and ammonia accumulation (Ruiz et al., 2003). Overall, the oxygen
concentration plays an important role for AOB and NOB growth. It is expected that reducing oxygen
concentration can inhibit NOB and AOB growth successively.
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Table 2-3. Effect of oxygen concentration on nitrification in activated sludge
DO (mg/L) Effect

Reference

<0.5

Nitrite and ammonia accumulation

Ruiz et al. (2003)

0.7

Nitrite accumulation up to 65 % of the applied NH4+

Ruiz et al. (2003)

1.0

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

Rubilar et al. (2005)

1.4

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

Rubilar et al. (2005)

>1.7

Full nitrification

Ruiz et al. (2003)

2.4

99 % oxidation of the applied NH4+, less than 10 % as NO2- Rubilar et al. (2005)

The control of oxygen concentration is also essential for denitrification. Denitrification can be best achieved
with a zero-oxygen concentration and the provision of sufficient carbon source. Denitrification has been
found to be reduced with oxygen concentrations above 0.2 mg/L (Bliss & Barnes, 1986). At the same time,
Münch et al. (1996) also found that DO of 0.5 mg/L could lead to complete SND. Jimenez et al. (2010)
found the optimal DO concentration range in the bulk to achieve SND is from 0.3 to 0.7 mg/L. In summary,
denitrification is reduced with the increase of oxygen concentration, and oxygen concentration in the range
of 0.3 to 0.7 mg/L should be tested in this study in order to achieve SND.
The effects of oxygen concentration on phosphorus removal are not obvious. Both PAOs and DPAOs can
take up phosphorus under either aerobic or anoxic conditions. With the reduction of oxygen, opposing
findings have been observed in different studies. Zhang et al. (2014) pointed out that DPAO percentage
were reduced with the reduction of aeration rate, whereas Wang et al. (2016a) found that the DPAO
percentage increased with a decrease of DO from 2 to 0.5 mg/L. This contrasting finding might be attributed
to differences in the extent of phosphorus uptake and secondary phosphorus release that can happen at low
oxygen concentrations. Overall, there is a need to determine the minimal DO concentration that does not
impact biological phosphorus removal.
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2.3.

SNDPR simulation

Modeling is increasingly being employed to understand active mechanisms, optimize systems, and simulate
alternative scenarios in support of process design (Rieger et al., 2012). As an example, the ASMs created
by IWA have been widely acknowledged and used to describe carbon, nitrogen, and phosphorus
transformation in flocculent sludge and biofilm systems (Eberl et al., 2006; Melcer, 2004). Modeling has
been proved to be a convenient and economically attractive method to understand complex systems.
Even though ASMs are widely used, simulation of SNDPR with low DO has proved difficult due to
challenges with obtaining accurate half-saturation coefficients (Ks) for various nutrients (Hauduc et al.,
2011). Measured Ks values reflect the effects of advection and diffusion limitations, and hence can be
considered as “extant” values (Arnaldos et al., 2015). In SNDPR systems employing flocculant sludge,
several factors can impact extant Ks values, including mixing conditions and hydraulics that impact
advective transport (Liu et al., 2010; Münch et al., 1996), and floc size, density, and porosity which impact
diffusion (Manser et al., 2005; Pochana et al., 1999; Wang et al., 2007). Half-saturation coefficients of
oxygen (Ko) are particularly important in SNDPR systems due to the low DO values employed and the
importance of this value in determining several key biological reaction rates (Daigger et al., 2007).
Therefore, it can be challenging to simulate SNDPR performance with extant Ks values due to the wide
range of values reported in the literature (Hauduc et al., 2011), and there is a need to find innovative
solutions to solve this challenge.
Employing intrinsic Ks parameters in a model that includes mass transfer processes is a strategy that can
solve this challenge since this strategy can better reflect the impacts of system conditions on extant Ks
values. The term “intrinsic” refers to the actual Ks of a specific biomass species in the absence of substrate
diffusion limitations. This approach has been employed to simulate the transformation of carbon, nitrogen,
and phosphorus in activated sludge (AS) systems as shown in Table 2-4 (Eberl et al., 2006; Pérez et al.,
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2005; Pochana et al., 1999; Shaw et al., 2013; Wang et al., 2007). The intrinsic Ks parameters have also
been used to simulate aerobic and anaerobic granular sludges (Baeten et al., 2019). Therefore, the
application of intrinsic Ks parameters and explicit mass transfer term has been demonstrated to work,
however, the intrinsic Ks values of PAOs and GAOs have not been fully explored.
Table 2-4. COD, nitrogen and phosphorus removal simulation studies using floc models
Model

Sludge type

Unknown parameters

Simulation
platform

Nutrient
removal

Reference

Floc model +
ASM1

Activated
sludge floc

Diffusivity

--

COD
N

Pochana et al.
(1999)

Floc
model+ASM

Aerobic
granular

Detachment
rate,
several
yield
coefficients and several substrate halfsaturation coefficients

AQUASIM

COD

Floc
model+ASM1

Activated
sludge floc

Diffusivity and oxygen half-saturation
coefficients

--

COD
N

and

Wang et al.
(2007)

Floc
model+ASM1

Activated
sludge floc

Effectiveness factors

--

COD
N

and

Tyagi et al.
(1996)

Floc
model+ASM

Granular

Maximum growth rates, decay rates, and
substrate half-saturation coefficients

AQUASIM

COD
N

and

Soler-Jofra et
al. (2019)

Floc
model+ASM

Granular

Substrate half-saturation coefficients

AQUASIM

COD,
and P

N,

De Kreuk et al.
(2007)

and

Ni et al. (2010)

Several floc models have been used to simulate diffusion-limiting systems (Pochana et al., 1999; Wang et
al., 2007). These floc models were used to simulate carbon and nitrogen compounds in the floc under low
DO concentrations. The common assumptions of these floc models were negligible boundary layer, uniform
distribution of microbes, and limited movement of solids within a floc. These assumptions were made to
simplify the simulation process. However, these aspects are also important for simulating SNDPR systems.
A comprehensive floc model should include boundary layer, reduction factor for diffusivity, particle
components movement within a floc, and biological phosphorus removal related processes to simulate
SNDPR. The inclusion of the boundary layer allows mixing intensity to be considered in the model, since
low mixing intensity that happens in SNDPR systems might have a significant impact on SNDPR
performance (Nogueira et al., 2015). The incorporation of particulate movement within a floc can be used
to prevent inert component accumulation in the inner portion of a floc and facilitate a dynamic microbial
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population distribution (Baeten et al., 2019). In addition, PAOs and GAOs need to be included in the model
to simulate SNDPR, in which phosphorus and nitrogen removal under low DO conditions could occur
(Rubio-Rincón et al., 2017). Therefore, the benefits of incorporating these aspects in a new floc model to
comprehensively study the SNDPR system should be investigated.
In summary, prior studies using ASMs can be used to simulate AS system, however, the models can not
simulate SNDPR accurately due to variable extant Ks values. The use of intrinsic KS values and explicit
mass transfer term has been demonstrated to be one of the solutions. However, due to the simplification
assumptions of prior floc models, there is a need to develop a comprehensive floc model to simulate SNDPR
which should also incorporate boundary layer, reduction factor of diffusivity, attachment and detachment,
intra-floc particle components transport, and phosphorus-related processes.

2.4.

SNDPR to treat municipal wastewater

At low temperatures, successful SNDPR has been reported in studies that have used synthetic wastewaters
(Li et al., 2019; Salehi et al., 2019); however, few reports have been published using real municipal
wastewaters. Typically, synthetic and municipal wastewaters differ in the complexity of the mixture of
organics that are present (He et al., 2016; Zaman et al., 2021). Most of the carbon sources employed in
studies using synthetic wastewaters have consisted of simple VFAs. In comparison, VFAs represent only
5% - 18% of the total COD in real municipal wastewaters, and additional VFAs need to be generated
through fermentation of rbCOD that typically accounts for 47% - 53% of the total COD (Henze & Comeau,
2008). Additionally, slowly biodegradable COD needs to be hydrolyzed before utilization for nitrogen and
phosphorus removal. In addition, real municipal wastewaters contain organic nitrogen that releases
ammonia through hydrolysis. The additional ammonia generated from hydrolysis increases the required
nitrification capacity and biodegradable COD required for subsequent denitrification (Zhu et al., 2021). The
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increased complexity of real wastewaters creates some uncertainty about whether SNDPR operational
strategies that were developed with synthetic wastewaters can be directly transferred to real wastewater
applications. Therefore, it is necessary to investigate whether real wastewaters can be treated with the same
SNDPR operational strategies that were found to work for synthetic wastewaters.
SNDPR has been successfully employed to treat a variety of wastewaters including those from abattoirs
(Yilmaz et al., 2008), food-processing (Cheng et al., 2021), and aniline production (Yang et al., 2021)). In
addition, performance under a range of operating conditions including low C/N ratio (Wang et al., 2016c),
low organic loadings due to wet weather (Li et al., 2021), and low atmosphere pressure (Chen et al., 2020)
have been reported. However, limited studies have been conducted to study the performance of SNDPR in
municipal wastewater context at low temperatures. At low temperatures, the activities of biological
processes including hydrolysis of biodegradable particulate matter, fermentation, nitrification,
denitrification, and phosphorus release and uptake are significantly reduced or inhibited (Henze et al., 2000).
Of particular, significance to SNDPR processes are the low reaction rates for hydrolysis and fermentation
at low temperatures that can limit the availability of readily biodegradable organics to support nitrogen and
phosphorus removal (Yuan et al., 2011). Therefore, there is a need to achieve SNDPR when treating
municipal wastewater at low temperatures.
SNDPR has been reported to treat municipal wastewaters in both anaerobic/aerobic (AO) and
anaerobic/aerobic/anoxic (AOA) process configurations at room temperatures. In the AO mode,
intracellular carbon storage (PHA and glycogen) is enhanced by extending the anaerobic phase, and SND
is conducted by both DPAOs and OHOs in the aerobic zone that is operated with low DO concentrations
(lower than 0.5 mg/L) (Wang et al., 2015; Zaman et al., 2021). In the AOA mode, SND can occur during
the aerobic phase when operated with low DO concentrations, and further nitrogen removal is achieved by
denitrification in the post anoxic phase using hydrolyzed carbon or stored carbon (Wang et al., 2016c;
Winkler et al., 2011; Zhao et al., 2018). In addition, the reduction of nitrate and oxygen in the post anoxic
zone further enhances the uptake of influent rbCOD by PAOs to maintain stable EBPR. Typically, the AOA
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mode can achieve higher total inorganic nitrogen (TIN) and phosphorus removal efficiencies (above 80%
and 90%) than the AO mode (around 70% and 90%) (Wang et al., 2015; Wang et al., 2016c; Winkler et al.,
2011; Zaman et al., 2021; Zhao et al., 2018). While AO and AOA operations have received considerable
study at room temperatures, limited research has been conducted to study the impact of different process
configurations (AO and AOA) on SNDPR when treating municipal wastewaters at low temperatures. Hence,
there is a need to understand the performance of the two configurations when treating real municipal
wastewaters at low temperatures.
In summary, most prior studies have demonstrated SNDPR when using synthetic wastewaters, however, it
is not clear whether the same operational strategies developed to treat synthetic wastewater can also work
to treat municipal wastewater, especially at low temperatures. At low temperatures, biological reaction rates
are reduced, especially hydrolysis and fermentation rates, which could be a potential challenge for nitrogen
and phosphorus removal due to insufficient rbCOD and VFAs. Reduced availability of rbCOD and VFAs
might be solved by reducing the nitrate concentration that is present at the beginning of the anaerobic phase
of the AOA configuration. However, direct comparisons of AO and AOA configurations treating real
municipal wastewaters have not been reported. Therefore, there is a need to compare the impact of the two
configurations (AO and AOA) on SNDPR when treating real municipal wastewaters at low temperatures.

2.5.

Summary of literature review

Overall, SNDPR has become an attractive treatment method due to its potential for energy saving. The
mechanisms of SNDPR are that nitrogen removal is through partial nitrification and denitrification in the
aerobic stage when low oxygen concentrations are maintained. Phosphorus removal is achieved through
alternating the anaerobic and aerobic zones with anaerobic phosphorus release and aerobic phosphorus
uptake. A total of seven types of bacteria (OHOs, AOB, NOB, PAOs, DPAOs, GAOs, and DGAOs) are
involved in the SNDPR process. Furthermore, the change of operational conditions (temperature and
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oxygen concentration) impacts bacteria and related biological reactions. Reducing temperature can result
in poor nitrogen removal but not impact on phosphorus removal. Reducing oxygen concentration can lead
to poor nitrification and improved denitrification. However, no agreement has stated in terms of phosphorus
removal with reduced oxygen concentration. Simulating SNDPR using ASMs with extant Ks values poses
challenges due to variable Ks values, however, floc models with intrinsic Ks and explicit mass transfer
terms have been demonstrated success to simulate SNDPR at low DO. As for treating municipal wastewater
using SNDPR, two process configurations (AO and AOA) have been demonstrated success at room
temperatures. However, at low temperatures, hydrolysis and fermentation rates are low, which might be a
challenge to achieve SNDPR.

2.6.

Gaps in the research

Although there have been a number of studies of SNDPR the following gaps have been identified:
1. The nitrogen removal pathways in the SNDPR system at low temperatures are not well
understood.
2. The composition of the microbial community in SNDPR systems operating at low temperatures
has not been examined in parallel with metrics of SNDPR performance.
3. A comprehensive floc model has not been developed to address all of the characteristics of
SNDPR systems. Such a model should include intrinsic Ks values, boundary layer, intra-floc
particulate transport, and phosphorus-related processes.
4. Few studies have examined the performance of SNDPR systems when treating real municipal
wastewater at low temperatures.
5. Studies of SNDPR have not compared AO and AOA configurations when treating real municipal
wastewaters at low temperatures.
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6. The appropriateness of operational strategies developed to treat synthetic wastewater for treating
real municipal wastewater, at low temperatures, has not be examined.
7. The microbial community observed when treating complex synthetic wastewater has not been
compared with that developed when real municipal wastewater is treated at low temperatures.
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Chapter 3 Nitrogen

removal

pathways

during

simultaneous

nitrification, denitrification, and phosphorus removal under
low temperature and dissolved oxygen conditions
Abstract
Nitrogen removal pathways of simultaneous nitrification, denitrification, and phosphorus removal (SNDPR)
at low dissolved oxygen (0.3 mg/L) and temperature (10℃) were explored to understand nitrogen removal
mechanisms. Biological nitrogen and phosphorus removal were sustained with total inorganic nitrogen
removal, phosphorus removal, and simultaneous nitrification and denitrification (SND) efficiencies of
62.6%, 97%, and 31%, respectively. The SND was observed in the first 2 h of the aerobic phase and was
attributed to denitrifying ordinary heterotrophic organisms using readily biodegradable chemical oxygen
demand and denitrifying phosphorus accumulating organisms (DPAOs), which removed 15% and 12% of
influent nitrogen, respectively. A phosphorus accumulating organism (PAO)-rich community was indicated
by stoichiometric ratios and supported by 16S rRNA gene analysis, with Dechloromonas, Zoogloea, and
Paracoccus as DPAOs, and Ca. Accumulibacter and Tetrasphaera as PAOs. Even though Ca.
Competibacter (10.4%) was detected, limited denitrifying glycogen accumulating organism denitrification
was observed, which might be due to low temperatures. This research was the few researches that
investigated the SNDPR process at 10℃ by using a complex synthetic wastewater, investigated the nitrogen
removal pathways in the aerobic phase using an experimental method, and integrated microbial community
analysis with experimental findings.
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3.1.

Introduction

Modern municipal wastewater treatment plants (WWTPs) are required to reduce organic carbon, nitrogen,
and phosphorus to minimize impacts on receiving waters. Traditionally, nitrogen is removed through
nitrification and denitrification, and phosphorus is removed through either biological or chemical treatment.
The drawbacks of these traditional approaches include high energy consumption, chemical requirements
for phosphorus removal, carbon requirements for nitrogen removal, and treatment configuration complexity
(Kärrman, 2001). Therefore, it is desirable to develop alternative processes that can remove nutrients in a
more sustainable manner than these traditional technologies.
Simultaneous nitrification, denitrification, and phosphorus removal (SNDPR) has been proposed as an
alternative to conventional biological nitrogen and phosphorus removal (Ji et al., 2020; Yuan et al., 2020).
For nitrogen removal, simultaneous nitrification and denitrification (SND) can be achieved by operating at
low dissolved oxygen (DO) concentrations. Depending on oxygen diffusion within a sludge floc, two
different zones can develop. The oxic zone, at the outer layer of the floc, supports nitrification by ammoniaoxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB), whereas the anoxic zone, within the floc,
permits denitrification by ordinary heterotrophic organisms (OHOs), denitrifying phosphorus accumulating
organisms (DPAOs), and denitrifying glycogen accumulating organisms (DGAOs) using diffused carbon
and intracellular carbon sources (Wang et al., 2016b). In addition, short-cut nitritation (ammonia to nitrite)
and denitritation have been demonstrated to occur at low DO concentrations because AOB are known to
have a higher affinity for oxygen than NOB (Kunapongkiti et al., 2020). By applying short-cut nitritation
and denitritation, up to 25% of energy for aeration and 40% of carbon for denitrification can be conserved
(Kunapongkiti et al., 2020).
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Potential denitrification pathways in SNDPR systems include OHOs using readily biodegradable COD
(rbCOD), DPAOs and DGAOs using intracellular polyhydroxyalkanoates (PHA), and denitrifying OHOs
using hydrolyzed carbon (Ji et al., 2020; Yuan et al., 2020). The DPAOs (e.g., Pseudomonas and
Dechloromonas) and DGAOs (Ca. Competibacter) have been reported to simultaneously remove
nitrate/nitrite under anoxic conditions (Yuan et al., 2020). At the same time, phosphorus can be taken up
by DPAOs (Wang et al., 2016b). Hence, potential nitrogen removal pathways in the SNDPR system are
complicated, and few studies have fully differentiated these processes. Even though several studies have
reported nitrogen removal pathways based on the stoichiometric parameters of each microorganism (Wang
et al., 2016b), there is limited research using experimental methods to quantitatively characterize the
biological nitrogen removal pathways.
Low operating temperatures can challenge the performance of a SNDPR system because the growth of
nitrifiers (AOB and NOB), denitrifiers (DPAOs, DGAOs, and OHOs), and BioP-related bacteria (PAOs
and GAOs) has been shown to be significantly and differentially reduced (Hellinga et al., 1998). Although
the specific growth rates of NOB may be higher than those of AOB at temperatures lower than 15℃, the
opposite is true for temperatures higher than 15℃ (Hellinga et al., 1998). Therefore, short-cut nitritation
and denitritation may be less feasible at low temperatures. Moreover, less soluble biodegradable organic
material is produced through hydrolysis and fermentation at low temperatures, reducing the rate of
denitrification and deteriorating biological phosphorus removal (Yuan et al., 2011). Because PAOs are
known to be psychrophilic, low temperatures favor PAOs over GAOs (Tian et al., 2017). Indeed, reducing
the temperature from 25℃ to 10℃ had little impact on phosphorus removal efficiency (95%) when tested
with a synthetic wastewater with a simple carbon source (Wang et al., 2016a). Others have reported that
hydrolysis and fermentation are rate-limiting processes for biological phosphorus removal when using real
wastewater, especially at low temperatures (Yuan et al., 2011). Hence, although SND and BioP have been
studied at low temperatures, the pathways contributing to biological nitrogen and phosphorus removal using
complex carbon sources at a constant low DO and low temperature have not been quantified in detail.
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Microbial community analysis can be employed to understand microorganisms in SNDPR systems and, by
extension, their contributions to biomass activity. Key AOB (e.g., Nitrosomonas and Nitrosomonadaceae),
NOB (e.g., Nitrospira), PAOs (e.g., Ca. Accumulibacter), GAOs (e.g., Deflviicoccus), DPAOs (e.g.,
Dechloromonas and Pseudomonas), and DGAOs (e.g., Ca. Competibacter) have been reported in SNDPR
systems (Liu et al., 2019; Yuan et al., 2020). However, microbial community characterization has typically
been reported separately from measures of community activity. Few studies have attempted to link the
results from microbial community structure analysis to biological activity. Therefore, there is a need to
integrate microbial analysis with activity-based testing to verify the activity of the observed microorganisms
in the bioreactors.
Here nitrogen removal pathways of SNDPR were studied when operated with a complex wastewater under
low temperature and dissolved oxygen conditions. A bench-scale sequencing batch reactor (SBR) was
operated at 10℃ under the anaerobic/aerobic configuration with the DO in the aerobic phase of 0.3 mg/L
to study the performance of the SNDPR system. The startup period was evaluated to quantify biological
nitrogen and phosphorus removal and confirm steady-state conditions. Dynamic tests were conducted in
the SBR to characterize the rate of change of each substrate and assess active biological processes. Activity
tests were conducted to quantitatively verify nitrogen removal pathways in the aerobic phase. Microbial
community composition was analyzed to explore microorganisms that contribute to SNDPR in the SBR.

3.2.

Materials and methods

3.2.1. Reactor setup and operation
A bench-scale SBR with a working volume of 18 L was operated with a total cycle duration of 8 h to study
SNDPR processes at 10℃ (Figure 3-1). Each cycle consisted of an “anaerobic phase” of 1 h (including 15
min of feeding time), an “aerobic phase” of 6 h (including 5 min of wasting time at the end), a “settling
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phase” of 45 min, and a “decant phase” of 15 min. During the feeding, 9 L of wastewater was added to the
SBR, resulting in a hydraulic retention time of 16 h. A volume of 200 mL of mixed liquor was wasted each
cycle, yielding a total sludge retention time (SRT) of 30 days.
The SBR was equipped with a vertical flat blade turbine for mixing, a luminescent DO probe with
temperature sensing (Hach LDO probe, Product #5790000, Hach Company, Loveland, CO, USA), and a
Bubble Mist – Bendable Air Wall air diffuser (Big Al’s Canada, Woodbridge, ON, Canada). Four stainless
steel tubes entered through the lid to allow for feeding, aeration, waste, and decanting activities. Three
peristaltic pumps (MASTERFLEX Console Pump Drives, Model #77521-40 and Model #77521-50, ColeParmer Instrument Company, Vernon Hills, IL, USA) were used to feed the wastewater, pump out wasted
mixed liquor suspended solids (MLSS), and decant treated wastewater.
The SBR was controlled automatically using an algorithm encoded in LabVIEW (National Instruments,
Austin, TX, USA). DO values from the DO probe were input into a LabVIEW program to inform the control
of the air supply pump that was operated in the on/off mode. In order to maintain the accuracy of the DO
probe, regular maintenance was performed once every two weeks, including probe calibration, cap cleaning,
etc. During the aerobic phase, the DO concentration in the liquid was maintained at 0.3 ± 0.1 mg/L. The
DO probe was maintained and calibrated every two weeks to ensure the accuracy of data. The feed, decant,
and waste MLSS pumps, and the mechanical mixer, were controlled by the LabVIEW program to provide
the targeted SBR operation. The temperature was maintained at 10℃ by means of an external water jacket
(Wang et al., 2020). The mixer rotation speed was held at 130 rpm with a G value of 123 s -1 to provide
complete mixing for anaerobic and aerobic phases.
The SBR was inoculated with mixed liquor from the Elmira municipal wastewater treatment plant (Elmira,
Ontario, CA) that was operated for biological nitrogen and phosphorus removal around August 2020. 9 L
of mixed liquor was collected from the aerobic zone in the Elmira plant and placed into the SBR in the lab
within 1h. The mixed liquor was washed three times with deionized water and then synthetic wastewater
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was fed into the SBR for regular operation. The performance of the SBR was assessed three times per week
with respect to soluble COD (sCOD), NH4-N, NO2-N, NO3-N, PO4-P, MLSS, and mixed liquor volatile
suspended solids (MLVSS) at the end of the aerobic phase. The SBR was assumed to be at a steady state
when all responses varied less than 4% over a two-week period.

Computer

ON/OFF controller
Mixer
WAS pump
DO probe
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Decant
pump
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tank
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Figure 3-1. Experimental devices to conduct SNDPR.

3.2.2. Wastewater
The wastewater used for this study included acetate and propionate at a mass ratio of 3:1 that contributed
54% of the COD, and the remaining COD was contributed by yeast extract, which represented a source of
complex organic matter (Lopez-Vazquez et al., 2009b). The composition of the wastewater contained (per
liter): 183.5 mg sodium acetate and 61 mg sodium propionate (acetate and propionate at a mass ratio of
75:25%) (191.5 mg COD/L), 150 mg yeast extract (162.5 mg COD/L), 114 mg NH4Cl (30.0 mg/L of NH432

N), 30.7 mg KH2PO4 (6.5 mg/L of PO4-P), 15 mg MgSO4, 300 mg NaHCO3, 10 mg CaCl2, and trace
elements Ⅰ and Ⅱ with 1mL/L. Trace elements Ⅰ and Ⅱ were the same as Van de Graaf et al. (1996). Trace
element Ⅰ included EDTA (5.0 g/L) and FeSO4∙7H2O (9.15 g/L). Trace element Ⅱ included EDTA (15.0
g/L), ZnSO4∙7H2O (0.430 g/L), CO(NO3)∙6H2O (0.294 g/L), MnCl4∙4H2O (0.990 g/L), CuSO4∙5H2O (0.250
g/L), (NH4)6MO7O24 (0.177 g/L), NiCl2∙6H2O (0.190 g/L), Na2SeO3 (0.105 g/L), and H3BO3 (0.0111 g/L).
On average, the wastewater contained a COD of 354 ±15 mg COD/L, NH4-N of 30 ± 1.4 mg/L, PO4-P of
6.5 ± 0.3 mg/L, and soluble biodegradable organic nitrogen of 19 ± 0.4 mg N/L. After preparation, the
wastewater was maintained at 10℃ for up to two days before use.

3.2.3. Dynamic tests
After the SBR system reached steady state, dynamic tests were conducted over a full SBR cycle on three
separate days (i.e., days 128, 131, and 133) to investigate transformation rates of nitrogen species,
phosphorus, sCOD, PHA, and glycogen. Temperature and DO were recorded continuously during the
dynamic tests using the DO sensor, and pH was monitored regularly using a symPhony BENCHTOP pH
probe (VWR, USA). At the end of the aerobic phase, the mixed liquor was collected to measure MLSS and
MLVSS. Influent wastewater and collected mixed liquor samples were sampled in each cycle to measure
sCOD, NH4-N, NO2-N, NO3-N, PO4-P, and soluble total Kjeldahl nitrogen (sTKN). Mixed liquor samples
of 10 mL were collected at intervals of 10 min for the first two hours and then every 30 min for the
remainder of the cycle. Mixed liquor samples were filtered with a 0.45-µm filter (VWR, USA) prior to
analysis. In addition, solids were collected and stored at -70℃ prior to analysis of PHA and glycogen.
Coefficients of variation (CV) were calculated for all values and then averaged over the time frame of the
tests to quantify the variability among triplicate tests.
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3.2.4. Activity tests
Activity tests (Table 3-1; Tests 1-6) were conducted at 10℃ to test for the presence of denitrifying OHOs,
DGAOs, and DPAOs (Tests 1-3) and then to quantify active denitrification pathways and corresponding
nitrogen removal activities under low DO conditions of the SBR aerobic phase (DO of 0.3 mg/L; Tests 46). Potential denitrification pathways that were investigated included OHOs using either residual rbCOD
from the anaerobic phase or hydrolyzed carbon, DPAOs using intracellular PHA, and DGAOs using
intracellular PHA species. All tests were conducted in triplicate from days 135 to 150. CVs were calculated
to quantify the variability among triplicate tests. Tests 1 to 3 were conducted to evaluate the presence of
denitrifying OHOs, DGAOs, and DPAOs in the system because they have been reported to conduct
denitrification during the aerobic phase at low DO concentrations (Wang et al., 2016a).
Test 1 was conducted at the end of the regular aerobic phase and involved extending the SBR cycle by two
hours, but without aeration, to verify the presence of denitrifying OHOs using hydrolyzed carbon. Based
on the data from dynamic tests, we established that there were negligible concentrations of sCOD, NO2-N,
and PHA at the end of the aerobic phase of each cycle, and the average NO3-N concentration was 11.4 ±
0.5 mg/L. As a result, denitrification in the additional two hours was attributed to denitrifying OHOs using
hydrolyzed carbon. Mixed liquor samples were taken every 15 or 30 min for NH4-N, NO2-N, NO3-N, and
PO4-P measurements, and both MLSS and MLVSS were measured at the end of the test. The specific nitrate
removal rate (SNRR) was calculated as per Eq. (3-4) to quantify the specific denitrification rate.
Test 2 was conducted to study whether DGAOs were present in the SBR. For this test, 200 mL of mixed
liquor was collected at the end of the anaerobic phase and washed six times to eliminate residual soluble
substrates. Washed biomass was transferred to 250-mL beakers, and concentrations of suspended solids
were adjusted to match those of the parent SBR by adding deionized water. Both NH4Cl and KH2PO4 were
added to establish initial concentrations of 1 mg N/L and 1 mg P/L to support cell synthesis. Sodium nitrate
was added to achieve 14.5 mg N/L of NO3-N in beakers to facilitate the assessment of denitrification. The
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initial pH was adjusted to 7.0 by adding either 1 M HCl or 1 M NaOH. Sodium bicarbonate was added to
achieve 300 mg/L as a pH buffer. A magnetic stirrer was operated at 250 rpm to keep the sludge fully mixed
in beakers. Plastic foam was used to cover the surface of the liquid to minimize oxygen transfer and
maintain anoxic conditions. Sampling and analysis were conducted in the same manner as employed in Test
1. The anoxic conditions established in Test 2 were assumed to support denitrification by DGAOs using
stored PHA and by denitrifying OHOs using hydrolyzed carbon, because there was negligible phosphorus
present to support DPAO activity. The DGAOs were deemed present if the SNRR observed in Test 2 was
higher than that of Test 1.
Test 3 was conducted to determine whether DPAOs were present in the SBR. Sludge collection, preparation,
sampling, and analysis steps were the same as those employed in Test 2 with the exception that 30 mg P/L
as PO4 was established at the beginning of the test in beakers. It was assumed that denitrification could be
attributed to denitrifying OHOs using hydrolyzed carbon and both DGAOs and DPAOs using PHA. Hence,
DPAOs were assumed to be active if the SNRR of Test 3 was higher than that of Test 2.
Tests 1 to 3 provided insights into the presence of denitrifying OHOs, DGAOs, and DPAOs in the SBR by
assessing their activities under anoxic conditions. Tests 4 to 6 were then performed to quantify the
contributions of denitrifying OHOs, DGAOs, and DPAOs to denitrification in the SBR under low DO
conditions (i.e., 0.3 mg/L).
Test 4 was conducted in the SBR to quantify denitrification by denitrifying OHOs using hydrolyzed carbon
under low DO conditions (i.e., 0.3 mg/L) by extending the SBR aerobic phase for two hours. With the
exception of the presence of low DO concentration, Test 4 had similar assumptions and conditions as
described in Test 1. Upon completion of Test 4 an SNRR value was calculated to reflect the specific rate
of denitrification by denitrifying OHOs using hydrolyzed carbon. The amount of nitrogen removed by this
process was calculated based on Eq. (3-8).
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Test 5 was conducted in the SBR to quantify denitrification by DPAOs and DGAOs in the low DO aerobic
phase (i.e., 0.3 mg/L). For one SBR cycle, the influent to the SBR was simplified to achieve complete
rbCOD uptake in the anaerobic phase while also establishing a very low concentration of NH 4-N in the
anaerobic phase effluent. These conditions were employed to eliminate rbCOD-supported denitrification
and minimize NOx generation from NH4 in the subsequent aerobic phase. The simplified SBR feed for this
cycle contained 200 mg COD/L (only acetate) and 6.5 mg P/L. After the anaerobic phase, sCOD and NH4N were tested and found to be 3.5 ±0.5 mg COD/L and 1.61 ±0.1mg N/L, respectively, and sodium nitrate
was added to the SBR to achieve 14 mg N/L at the beginning of the aerobic phase. PHA was determined to
be present in the mixed liquor throughout the two-hour test while phosphorus was depleted in the first hour.
Therefore, the conditions established in the SBR at the beginning of the low DO aerobic phase (the first
hour) were expected to support denitrification by DPAOs, DGAOs, and denitrifying OHOs using
hydrolyzed carbon. Once phosphorus uptake by PAOs was complete, denitrification was attributed to
DGAOs and denitrifying OHOs using hydrolyzed carbon (the second hour). Therefore, the specific total
inorganic nitrogen removal rate (STINRR) for denitrification by DPAOs was estimated by subtracting that
of the second hour from that of the first hour. The STINRR for denitrification by DGAOs was calculated
by subtracting SNRR of Test 4 from STINRR of the second hour of Test 5. The amount of nitrogen removed
by each process was calculated based on Eq. (3-8).
Test 6 was conducted to quantify nitrogen removal by denitrifying OHOs using residual rbCOD from the
anaerobic phase. The influent of this test was similar to that employed in the dynamic tests, with the
exception that NH4 was excluded from the feed to minimize NO3 generation in the aerobic phase. Hence,
residual rbCOD was expected to be available after the anaerobic phase for denitrification by denitrifying
OHOs based on the results of dynamic tests. To confirm these assumptions, sCOD and NH4-N
concentrations at the end of the anaerobic phase were measured and found to be 44 ± 2.4 mg COD/L and
3.3 ±0.14 mg N/L, respectively. At the start of the aerobic phase, 14 mg N/L nitrate was achieved by adding
sodium nitrate for denitrification. Test 6 was conducted for one hour while PHA, sCOD, and phosphorus
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were present in the reactor. Overall, the potential denitrification pathways of Test 6 at the beginning of the
low DO aerobic phase were considered to include denitrifying OHOs using rbCOD and hydrolyzed carbon,
and DPAOs and DGAOs using PHA. Hence, the difference between the STINRR values of Test 6 and those
in the first hour of Test 5 were attributed to denitrifying OHOs using residual rbCOD. The amount of
nitrogen removed by this process was calculated based on Eq. (3-8).
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Table 3-1. Experimental conditions for six activity tests.
Test
number

Reactor

The time to initiate
the test in a cycle

Initial
achieved
substrate
concentration in the reactor (mg/L)
PO4-P

NO3-N

Operating
DO
(mg/L)

Operational
mode

Experimental purpose

1

SBR

7th hour

NA

NA

0

2h
stir

anoxic

N removal by denitrifying OHOs using
hydrolyzed carbon and the SNRR

2

Beaker

1st hour

1.0

14.5

0

1h
stir

anoxic

N removal by DGAOs and the SNRR

3

Beaker

1st hour

30.0

14.5

0

1h
stir

anoxic

N removal by DPAOs and the specific N and
P removal rates

4

SBR

7th hour

NA

NA

0.3

2h aerobic
stir

N removal by denitrifying OHO
denitrification using hydrolyzed carbon
during the aerobic phase

5

SBR

1st hour

NA

14.0

0.3

2h aerobic
stir

N removal by DPAOs and DGAOs during
the aerobic phase, respectively

6

SBR

1st hour

NA

14.0

0.3

1h aerobic
stir

N removal by denitrifying OHOs using
residual rbCOD during the aerobic phase

Note: Ammonia and phosphorus were added into the beakers to achieve 1 mg N/L and 1 mg P/L, which were used for bacteria growth.
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3.2.5. Analytical methods
Both DO and temperature were recorded in LabVIEW by a sensor (Hach LDO probe, Hach Company,
Loveland, CO, USA). The pH was measured using a symPhony BENCHTOP pH meter (VWR, USA).
When necessary, samples were filtered initially through a 1.2-µm filter (Whatman filter paper) and then a
0.45-µm cellulose filter prior to analysis of sCOD, NH4-N, NO2-N, NO3-N, PO4-P, and sTKN. COD,
suspended solids, and volatile suspended solids were analyzed according to Standard Methods (APHA,
2005). Both NH4-N and TKN were tested by HACH kits. For measurements of NO2-N, NO3-N, and PO4P, ion chromatography (Lachat Quik-Chem8000, Lachat Instrument, USA) was used. Mixed liquor solids
were collected on 1.2-µm filters and stored at -70℃. Frozen samples were dried using a
vacuum freeze dryer (LABCONCO Freeze Dryer System, Model 76700 Series, USA) for PHA and
glycogen measurements. Concentrations of PHA were quantified in terms of poly-β-hydroxybutyrate
(PHB), poly-β-hydroxyvalerate (PHV), and poly-β-hydroxy-2-methylvalerate (PH2MV) as suggested
previously (Oehmen et al., 2005). Glycogen was measured based on the phenol method (Reddy et al., 2007).

3.2.6. Equations
The fate of organic carbon in the anaerobic phase of SBR operation was characterized with respect to its
utilization for N and P removal. In this analysis, it was assumed that organic carbon was rapidly consumed
to denitrify residual nitrite and nitrate remaining at the end of the prior aerobic cycle. Organic carbon
remaining after denitrification was assumed to be available to be taken up in the anaerobic phase by PAOs
and GAOs, stored as PHA and glycogen, and subsequently employed under oxic conditions for
denitrification. Intracellular storage efficiency was defined as the proportion of COD stored as intracellular
products (PHA and glycogen) over total COD consumed in the anaerobic phase. Eq. (3-1) – Eq. (3-3) were
employed to calculate organic carbon fate in the anaerobic phase when expressed as COD (Wang et al.,
2016a; Wang et al., 2016b).
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CODconsum = CODdn + CODintra = CODi - CODana,end

Eq. (3-1)

CODdn = 2.86/(1-YOHO,VFA,anox) × NO3-Nana + 1.71/(1-YOHO,VFA,anox) × NO2-Nana

Eq. (3-2)

CODintra efficiency = CODintra/CODconsum × 100%

Eq. (3-3)

Where CODconsum is the amount of COD consumed in the anaerobic phase, mg/L; CODintra is the COD stored
by PAOs and GAOs as PHA and glycogen, mg/L; CODdn is the COD used for denitrification in the
anaerobic phase, mg/L; 2.86 is the oxygen equivalent of nitrate, mg COD/mg N; 1.71 is the oxygen
equivalent of nitrite, mg COD/mg N; CODi, NO3-Nana, and NO2-Nana are the initial concentration of sCOD,
nitrate, and nitrite at the beginning of the anaerobic phase. CODana,end is the sCOD concentration at the end
of the anaerobic phase. YOHO,VFA,anox is the OHO yield using VFAs for denitrification, which was assumed
to be 0.45 mg CODOHO/mg CODVFA (Metcalf et al., 2014).
The specific nitrate removal rates (SNRRs) were calculated to assess denitrification in Tests 1, 4, 5, and 6,
as shown in Eq. (3-4), whereas STINRRs rather than SNRRs were calculated to evaluate denitrification
performance for Tests 2 and 3 (Eq. (3-5)) because a small amount of ammonia remaining after the anaerobic
phase was included in the analysis. Specific phosphorus removal/release rate (SPRR) (Eq. (3-6)) was
investigated to assess the phosphorus removal/release by PAOs. Specific sCOD reduction rate (SCRR) was
calculated by using sCOD reduction rate divided by MLVSS (Eq. (3-7))
SNRR =

NO3 −N removal rate
MLVSS

STINRR =

Eq. (3-4)

TIN removal rate
MLVSS

Eq. (3-5)

SPRR =

PO4 −P removal/release rate
MLVSS

Eq. (3-6)

SCRR =

sCOD removal rate
MLVSS

Eq. (3-7)
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Where SNRR is the specific nitrate removal rate, mg N/(g VSSˑh); STINRR is the specific total inorganic
nitrogen removal rate, mg N/(g VSSˑh); SPRR is the specific phosphorus removal/release rate, mg P/(g
VSSˑh); MLVSS is mixed liquor volatile suspended solids in the SBR, g VSS/L; TIN is total inorganic
nitrogen in the SBR including NH4-N, NO2-N, and NO3-N, mg N/L; NO3-N, TIN, PO4-P, and sCOD
removal rates were the rates of NO3-N, TIN, PO4-P, and sCOD removal as estimated by linear regression
of the measured NO3-N, TIN, PO4-P, and sCOD concentrations in the reactor vessel versus time.
The mass of nitrogen removed by each denitrification metabolism in the aerobic phase of SBR operation
cycle was estimated to quantitively study the nitrogen removal pathways as shown in Eq. (3-8).
Mass of Nitrogen Removed = (SNRR or STINRR) × MLVSS × V × dt

Eq. (3-8)

Where mass of nitrogen removed is the mass of nitrogen removed by a specific denitrification metabolism
in the aerobic phase in a typical cycle, mg N; V is reactor volume, 18 L; dt is the time period over which a
specific denitrification metabolism was assumed to be active in the aerobic phase, h.
TIN removal efficiency was calculated to assess the nitrogen removal performance of the SBR system as
per Eq. (3-9).
TIN removal efficiency = 1 −

TIN in the effluent
TIN in the influent

Eq. (3-9)

The SND efficiency (Eq. (3-10)) was calculated as the loss of nitrogen during the aerobic phase (Wang et
al., 2015).

SND = (1 −

−
−
NH+
4,e +NO2,e +NO3,e
+
NH+
4,i −NH4,e

) × 100%

Eq. (3-10)

+
+
Where NH4,i
is the NH4-N concentration at the beginning of the aerobic phase, mg/L; NH4,e
, NO−
2,e , and

NO_3,e are the NH4-N, NO2-N, and NO3-N concentrations at the end of the aerobic phase, mg/L.
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3.2.7. Microbial community analysis
Microbial community composition was analyzed to help predict microorganisms responsible for the
phosphorus and nitrogen removal observed in the SBR. For the sample campaign, 50 mL of mixed liquor
was collected for 15 consecutive days (from day 123 to day 137; days 128, 131, and 133 were for dynamic
tests) from the reactor and then stored at -70℃ until further processing. The analysis of samples from these
15 consecutive days was used to assess whether the system was operating at a steady state.
3.2.7.1.

DNA extraction

Total DNA was extracted from 2 mL of MLSS using the DNeasy PowerSoil Pro Kit (Qiagen), with several
modifications to the preliminary steps of the manufacturer’s protocol. Specifically, the 2 mL sample was
centrifuged for 5 min at 10,000  g prior to extraction. The resulting supernatant was discarded, and the
pellet was resuspended in 800 L of solution CD1 from the DNeasy PowerSoil Pro Kit (Qiagen) before
transferring into the PowerBead Pro tube. After vortexing briefly, the PowerBead Pro tube was incubated
for 10 min at 65℃ with subsequent homogenization using the FastPrep-24 beadbeater (MP Biomedical,
Santa Ana, CA) for 45 s at 5.5 m/s. The remainder of the extraction protocol was conducted as described
in the manufacturer’s protocol. Extracted DNA samples were quantified using Qubit dsDNA HS Assay Kit
(ThermoFisher Scientific) and measured using the NanoDrop 2000 (ThermoFisher Scientific) to assess
sample purity. Sample aliquots were stored at -20℃.
3.2.7.2.

16S rRNA gene sequencing

To determine overall microbial community composition, 16S rRNA gene amplification was performed
using primers 515F-Y and 926R to target the V4-V5 region of the 16S rRNA gene (Quince et al., 2011).
Triplicate PCR amplifications were run in 25-L reaction volumes for each sample containing 1X
ThermoPol buffer, 15 g of bovine serum albumin, 200 M of dNTPs, 0.2 M of both forward and reverse
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primers, 0.625 U of Hot Start Taq DNA Polymerase (New England Biolabs, MA, USA), and 1-20 ng of
template DNA. Sample multiplexing was performed using uniquely barcoded adapters on both the forward
and reverse primers of each sample to allow sequencing of a pooled sample library. Amplifications involved
an initial denaturation at 95℃ for 3 min, followed by 35 cycles of denaturation at 95℃ for 30 s, annealing
at 50℃ for 30 s, and extension at 68℃ for 1 min, with a final extension time of 7 min at 68℃. A positive
control containing 1:1 Aliivibrio fischeri and Thermus thermophilus DNA and a no-template control were
also included during amplification and sequencing. Triplicate PCR products were pooled for each sample
and quantified using a 1% agarose gel stained with GelRed (Biotium, CA, USA). All samples were then
combined at equimolar concentrations to create an amplicon library, which was then sequenced using a
MiSeq (Illumina) following the manufacturer’s protocol (2 X 250 base paired-end reads).
After sequencing and demultiplexing of paired-end sequences using MiSeq Reporter software version
2.5.0.5 (Illumina), analysis was done using QIIME2 version 2020.6 implemented through the AXIOME3
pipeline (Min et al., 2021). Within the pipeline, DADA2 was used to perform quality trimming, primer
sequence removal, denoising, paired-end sequence merging, chimera removal, and final generation of an
amplicon sequence variant (ASV) table. Taxonomic classification of amplicon sequences was performed
via AXIOME3 using the SILVA database release 132. Assignment of predicted functionality for ASVs was
done using Functional annotation of prokaryotic taxa (FAPROTAX) (1.2.4) run through QIIME2 version
2020.6.

3.2.8. Statistical analysis
The normality of data was initially assessed using Excel software 2016 (Microsoft) to validate the
subsequent use t-tests for data comparisons. T-tests were conducted with Excel to distinguish differences
between two sets of data with the confident interval of 95%. Average, standard deviation, and CV were
also performed in Excel software 2016 (Microsoft).
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3.3.

Results and discussion

3.3.1. SNDPR treatment performance
The establishment of steady-state conditions was assessed prior to analyzing process performance and to
ensure that the cycle and activity tests were reflective of steady operation (Figure 3-2). Based on a steadystate definition (i.e., <4% change in substrate concentrations over a two-week period), the SBR system was
at a steady state after 60 days of operation. In addition, the microbial community composition for 15
consecutive days starting at day 123 showed consistent profiles (Figure A-1). The dominant organisms
included several unique strains of Dechloromonas, Ca. Competibacter, Ca. Accumulibacter, and Zoogloea
spp. that were consistently present within the SBR system across the sampling period, further indicating
that steady state was achieved (Figure A-1). At steady state, effluent concentrations of NH4-N and NO2-N
were below the method detection limit (MDL; 0.1 mg N/L), effluent concentrations of NO3-N and PO4-P
were 11 ±0.6 mg N/L and 0.2 ±0.11 mg P/L, and MLSS, and MLVSS were 5238 ± 99 mg/L, and 4188 ±
99 mg/L. Overall, the SBR was deemed to have achieved steady state after 60 days of operation.
Steady state performance of the SBR, with respect to nitrogen species, was evaluated to assess the status of
nitrification, denitrification, and TIN removal efficiency throughout the experiment (Figure 3-2A). Effluent
ammonia was maintained below MDL, indicating the presence of significant AOB activity over the entire
period. Nitrate was the main nitrification product with the ratio of effluent NO3-N/TIN of 98% ± 0.9%,
indicating substantial NOB activity in the system. Although prior studies have demonstrated that NOB were
washed out in a system with a DO of 0.5 mg/L (Xu et al., 2015), other studies have found that Nitrospira
lineage I could adapt to oxygen-limiting conditions, resulting in the retention of NOB activity (Zaman et
al., 2021). In addition, low temperatures may support NOB activity because the growth rates of NOB are
favored (Hellinga et al., 1998). The TIN removal efficiency (as calculated by Eq. (3-9)) was stable with an
average value of 62.6% ±1.7% over the duration of the experiment. Viewed collectively, it is apparent that
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substantial biological nitrogen removal was achieved at a low DO concentration (0.3 mg/L) and a low
temperature (10℃).
The extent of biological phosphorus removal was assessed to study whether this activity could be sustained
under the targeted operating conditions (Figure 3-2B). Effluent phosphorus concentrations were maintained
around 0.2 ± 0.1 mg P/L over the whole period. The results are consistent with earlier studies that
demonstrated active PAO activity at low temperatures (Lopez-Vazquez et al., 2009b; Wang et al., 2016a).
Such PAO performance in the prior studies can be partially attributed to the use of simple carbon sources
(e.g., sodium acetate and sodium propionate) that reduced the need for hydrolysis and fermentation, which
are typically needed when more complex wastewaters are treated. In the current study, a mix of simple
(VFAs) and complex (yeast extract) carbon sources was employed, and the phosphorus removal efficiency
of 97% was achieved at 10℃. As will be subsequently demonstrated (Section 3.3.2.), the establishment of
SND in the aerobic phase reduced NO3-N concentrations at the start of the anaerobic phase, leading to low
VFA consumption for denitrification in the anaerobic phase. On average, denitrification was estimated to
consume 57.7 ±3.0 mg COD/L of VFAs (as calculated by Eq. (3-2)), leaving an average VFA concentration
(not including VFAs generated from yeast extract fermentation) of 132.3 ± 3.0 mg COD/L for uptake by
PAOs and GAOs. Hence, the average VFA:P ratio after denitrification was 20.4 ± 0.5, which was higher
than the recommended ratio of 8 required for active biological phosphorus removal (Metcalf et al., 2014).
Overall, biological phosphorus removal was sustained at 10℃ due to the presence of sufficient VFAs in
the influent.
In this study, filamentous bacteria which can cause bulking sludge under low DO were considered. Even
though previous studies have illustrated that long SRTs and low DO in the aerobic tank may contribute to
serious bulking sludge problems (Kunst and Reins, 1994; Gabb et al., 1991), bulking sludge in this study
was not observed. This was consistent with reports that reducing rbCOD loading to the aerobic phase can
avoid filamentous bacteria (Jenkins et al., 1993). Around 40 mg/L of rbCOD were consumed in the initial
30 min of the aerobic phase in the current study (Section 3.3.2) and the results suggest that this was
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insufficient for the establishment of a filamentous bacteria population. Overall, bulking sludge was not an
issue in this study and this was attributed to the low loading of rbCOD to the aerobic phase.
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Figure 3-2. Performance of the SNDPR system with the DO in the aerobic phase of 0.3 mg/L and at 10℃.

3.3.2. Dynamic nutrient responses
Although steady-state data provided evidence of overall performance, it provided limited insights into the
active metabolisms. Hence, further insights into the biological processes were obtained by conducting
dynamic tests under steady-state conditions where the transient responses of nitrogen species, phosphorus,
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sCOD, PHA, and glycogen in the SBR were characterized through intensive sampling and analysis (Figure
3-3). Low average CVs ranged from 2% to 25%, indicating a high degree of reproducibility and consistency
within the SBR over the period of the triplicate testing.
In the anaerobic phase, ammonification was assessed by evaluating the increase of ammonia concentrations
that were reduced due to nitrification in the following aerobic phase (Figure 3-3A). Average ammonia
concentrations increased from 14.6 ± 0.1 to 16.6 ± 0.1 mg N/L after the addition of influent, which was
attributed to ammonification of organic nitrogen from the yeast extract. Compared with a prior study that
employed a simple carbon source (Wang et al., 2016a), the use of a complex carbon source in the system
generated more ammonia via ammonification that needed to be removed in the subsequent aerobic phase.
In the anaerobic phase, polyphosphate hydrolysis to release phosphorus was assessed within the context of
PAO activity (Figure 3-3B). Phosphorus concentrations increased from minimal to 34.6 ± 1.3 mg P/L in
the anaerobic phase. Specific phosphorus release rates were calculated through Eq. (3-6) and found to be
12.5 mg P/(g VSSˑh) in the first 40 minutes and 0.9 mg P/(g VSSˑh) for the next 20 minutes. In the first
stage (first 40 min), phosphorus release was attributed to the storage of influent VFAs by PAOs, whereas
in the second stage (40 min to 60 min) phosphorus release was attributed to VFAs that were fermented from
yeast extract. The release of phosphorus due to hydrolysis of organic phosphorus from the yeast extract was
negligible because the yeast extract solution was found to have minimal soluble organic phosphorus.
Overall, two-stage phosphorus release was observed due to the presence of the complex carbon source in
the influent.
In the anaerobic phase, sCOD was assessed to confirm the hypotheses regarding phosphorus release (Figure
3-3B). The sCOD was reduced linearly to 64.2 ± 3.1 mg COD/L in the first 40 min. Specific sCOD
reduction rates were calculated through Eq. (3-7) with values of 13.4 and 7.1 mg COD/(g VSSˑh) for the
first 40 and subsequent 20 minutes, respectively. The reduction of sCOD in the first stage (first 40 min)
was attributed to uptake of influent VFAs by PAOs and GAOs, and the second stage (40 min to 60min)
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response was attributed to uptake of VFAs that were produced by yeast extract fermentation. The two-stage
sCOD reduction showed interrelationship with the two-stage phosphorus release. Most of sCOD reduction
was estimated to be stored as intracellular carbon with the CODintra efficiency of 77% using Eq. (3-3). Hence,
the use of complex carbon sources resulted in two stages of sCOD reduction and phosphorus release in the
anaerobic phase.
Using the 16S rRNA gene microbial community data, FAPROTAX analysis was performed to better predict
taxa responsible for yeast extract fermentation to VFAs. The definition of FAPROTAX categories and
terminology is presented in Appendix A-3. The values presented are based on the results obtained on the
days when the dynamic tests were conducted (days 128, 131, and 133; Figure 3-4). The results suggest that
3.6% ± 0.4% of microbial community with confident functional assignments were associated with
fermentation. Fermentation was predicted specifically for the genera Lactococcus and Tetrasphaera that
had relative abundances of 1% ±0.1% and 1.2% ±0.6% within the total community, respectively. Previous
study has shown that these genera can ferment carbohydrates to lactic acid, acetic acid, and formic acid
(Liu et al., 2019). These bacteria likely contributed to the fermentation that occurred in the anaerobic phase.
The ratio of P released to sCOD uptake was evaluated as an indicator of PAOs and GAOs in the SBR. The
average value of this ratio was 0.28 ±0.01 mg P/mg COD (0.25 ±0.01 mol P/mol C), which was consistent
with reported values of 0.3-0.43 mg P/ mg COD in PAO-rich systems (Kuba et al., 1997; Zaman et al.,
2021). The ability of PAOs to outcompete GAOs under low DO conditions has been attributed to the higher
oxygen affinity of PAOs as compared to GAOs (Zaman et al., 2021). Low temperatures (10℃) have also
been reported to favor the growth of PAOs over GAOs (Tian et al., 2017) because PAOs have lower
anaerobic maintenance requirements, and GAOs have lower growth rates at low temperatures (10-20℃)
(Lopez‐Vazquez et al., 2008). Based on the observed ratio of P released to sCOD uptake, it was anticipated
that PAOs were the dominant bacteria responsible for sCOD uptake in the anaerobic phase. This was further

48

evaluated in the activity tests where the roles of DGAOs and DPAOs in subsequent denitrification were
assessed.
The responses of PHA and glycogen in the anaerobic phase were assessed along with other substrates to
further evaluate the prevalence of PAOs in the system (Figure 3-3C). In this analysis, PHA concentrations
consisted of the sum of PHB, PHV, and PH2MV. The PHA concentration increased from 2.4 ±0.23 to 5.6
±0.11 mmolC/L and glycogen decreased from 1.77 ±0.12 to 0.56 ±0.11 mmolC/L in the anaerobic phase.
The increase of PHA concentrations has been associated with VFA uptake and glycogen consumption
(Metcalf et al., 2014). The ratios of P release to PHA generation (0.36 ±0.03 molP/molC), PHA generation
to glycogen consumption (2.69 ± 0.45 molC/molC), and PHA generation to COD storage (1.68 ± 0.28
molC/molC) were estimated to characterize the stoichiometry of the storage process. The estimated values
were found to be consistent with those reported for a PAO-rich system (0.38 molP/molC, 2.66 molC/molC,
and 1.33 molC/molC) (Smolders et al., 1994). In summary, PHA and glycogen data provided further
evidence to indicate that the SBR was a PAO-rich system.
In the aerobic phase, the responses of NH4-N, NO2-N, and NO3-N with time were assessed to investigate
AOB nitritation and NOB nitratation activities (Figure 3-3A). The NH4-N concentration decreased from
16.6 ± 0.1 to 0.6 ± 0.2 mg N/L within 4 h. In contrast, NO2-N concentrations reached a maximum at 5 h,
with an average value of 0.3 ± 0.1 mg N/L. The NO3-N concentration reached a maximum of 11.6 ± 0.3
mg N/L at 5.5 h, indicating active NOB nitratation. Although prior studies have suggested that low DO
concentrations could be used to washout NOB with nitrite accumulation (Zaman et al., 2021), NOB were
active in the current system, indicating that NOB adapt to low DO and were retained at the SRT of 30 days.
Viewed collectively, AOB nitritation and NOB nitratation were active in the system operated at a DO of
0.3 mg/L and 10℃; nitrate was the main product.
The FAPROTAX analysis revealed predicted metabolic functionality of the microbial community
associated with nitrification in the SBR (Figure 3-4). Aerobic ammonia oxidation and aerobic nitrite
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oxidation functions were predicted to represent 0.5% ± 0.1% and 0.4% ± 0.1% of the total community.
Specifically, the results indicate that ammonia oxidation (nitritation) within the SBR was likely performed
by AOB associated with the family Nitrosomonadaceae (0.61% ± 0.2%); members of this family are well
characterized AOB (Metcalf et al., 2014). Although the relative abundance of predicted aerobic ammonia
oxidation metabolism comprised a small proportion of the total community, full nitrification of ammonia
in the dynamic tests was established. The genera Nitrospira and Nitrotoga, representing 0.5% ± 0.1% and
0.3% ± 0.03% of the total microbial community respectively, were the dominant bacteria associated with
aerobic nitrite oxidation, and both are well-known NOB (Metcalf et al., 2014). The dominant presence of
Nitrospira and Nitrotoga under low DO conditions may be a result of their high affinity for oxygen (Metcalf
et al., 2014). Nitrospira uses carbon (CO2) fixation pathways that contain enzymes which are sensitive to
the presence of oxygen, so Nitrospira often favors lower oxygen concentration environments compared
with organisms that do not have oxygen sensitive carbon fixation pathways (Lücker et al., 2010). The
Nitrospira have also been observed to increase in winter seasons, implying adaptation at low temperatures
(Liu et al., 2019). Nitrification in the SBR appeared to be primarily due to genera Nitrosomonas, Nitrotoga,
and Nitrospira.
The nitrogen species responses in the aerobic phase were further analyzed to investigate the extent to which
SND was active (Figure 3-3A). The ratios of the accumulated NOx-N/oxidized NH4-N were calculated for
each hour in the aerobic phase as an indicator of SND activity. For the first and second hour of the aerobic
phase, the ratios were 12% ± 1% and 68% ± 4%, respectively, whereas the ratios were near 100% for
subsequent hours. Hence, a majority of SND appeared to occur in the initial portion of the aerobic phase.
In addition, the overall SND efficiency of the aerobic phase was calculated by Eq. (3-10) to evaluate SND
activity and determined to be 31%. The denitrification observed in the early portion of the aerobic phase
may have been conducted by denitrifying OHOs using residual rbCOD from the anaerobic phase and/or
DPAO and DGAO denitrification, because rbCOD, phosphorus, and PHA were available during this period.
Denitrification by DPAOs and DGAOs has been previously reported to occur under low DO conditions (Ji
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et al., 2020; Wang et al., 2016b). Separate tests, that are subsequently described (see Section 3.3.4.), were
conducted to delineate the contribution of bacterial populations to denitrification in the aerobic phase.
Phosphorus uptake in the aerobic phase was examined to gain insights into the activity of PAOs in the SBR
(Figure 3-3B). Phosphorus concentrations were reduced from 35.7 ± 1.3 to 0.5 ± 0.1 mg P/L in the first
hour (1 h-2 h), and this might be a result of aerobic and anoxic PAO uptake. Phosphorus concentrations
remained low for the remainder of the phase, suggesting minimal subsequent PAO activity. Biological
phosphorus removal was consistent with the high sCOD/TP ratio of 43 ± 1.2 mgCOD/mgP after
denitrification in the anaerobic phase and the high value of CODintra efficiency of 77% ± 1% that were
previously discussed. The presence of biological phosphorus removal indicates that biological phosphorus
removal can be sustained at a low DO of 0.3 mg/L and low temperature of 10℃ if substrate and operating
conditions (i.e., SRT) are appropriate.
For the aerobic phase, PHA and glycogen concentrations (Figure 3-3C) were assessed in combination with
the phosphorus response to further characterize the status of PAOs in the SBR. The ratios of phosphorus
uptake to PHA oxidized (0.36 ±0.03 molP/molC) and glycogen replenishment to PHA consumption (0.38
molC/molC) were estimated and found to be similar to ratios reported for a PAO-rich system (0.406
molP/molC and 0.42 molC/molC, respectively) (Smolders et al., 1994). These results provide further
evidence that the community established under low DO and temperature conditions was rich in PAOs.
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Figure 3-3. Transient responses observed in triplicate SBR cycles with the DO in the aerobic phase of 0.3
mg/L and at 10℃. A: nitrogen species profiles; B: phosphorus and soluble COD profiles; C: PHB, PHV,
PH2MV, PHAs, and glycogen profiles. Markers represent average values of triplicate tests, and error bars
represent associated standard deviations.
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Figure 3-4. Metabolic functions of bacteria based on FAPROTAX results for 15 consecutive days (the
numbers inside circles represent relative abundances in percent). Days 128, 131, and 133 were the days of
dynamic tests.
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3.3.3. Evaluation of denitrification under anoxic conditions
Tests 1-3 were conducted under anoxic conditions at 10℃ to investigate denitrifying OHO, DGAO, and
DPAO activities through observation of denitrification responses under different environments (Figure 35). Triplicate tests were conducted for each test to confirm the reproducibility and analyze the uncertainty
in these tests. The average CV values of each species in Tests 1-3 were in the range of 1%-2%, indicating
consistent results with high reproducibility.
Test 1 studied the metabolism of denitrifying OHOs using hydrolyzed carbon under anoxic conditions to
assess the existence of denitrifying OHOs in the SBR (Figure 3-5A). Nitrate was reduced linearly from 11.6
±0.5 to 8.1 ±0.1 mg N/L over two hours, yielding an SNRR value of 0.44 ±0.08 mg N/(g VSSˑh). Because
there was limited sCOD, NO2-N, PO4-P, and PHA in the system at the beginning of these tests, the reduction
of nitrate was attributed to denitrifying OHOs using hydrolyzed carbon. Cell decay can provide a source of
particulate biodegradable material, which can be converted to rbCOD through hydrolysis. The linear nitrate
response indicates that cell decay and hydrolysis were occurring at constant rates to provide rbCOD for
denitrifying OHO denitrification. In summary, denitrifying OHOs were demonstrated to exist with an
SNRR value of 0.44 mg N/(g VSSˑh) when hydrolyzed carbon was used as a carbon source under anoxic
conditions at 10℃.
Test 2 was designed to identify nitrate reduction by the combination of denitrifying OHOs using hydrolyzed
carbon and DGAOs using stored polymers under anoxic conditions. The presence of DGAO activity was
assessed by comparing Test 2 SNRR values that were calculated based on Eq. (3-4) with those of Test 1.
Nitrate was reduced linearly from 14.7 ± 0.2 to 12.9 ± 0.1 mg N/L with the SNRR values estimated to be
0.47 ± 0.06 mg N/(g VSSˑh) (Figure 3-5B), which was not significantly different from that of Test 1
(p>0.05), indicating limited DGAO activity in the system.
The microbial profile data were investigated to determine whether known DGAOs were detected in the
system. Prior studies have shown that Ca. Competibacter has the ability to reduce nitrate to nitrite under
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anoxic conditions and function as a DGAO (Lemaire et al., 2006; Rubio-Rincón et al., 2017). Hence, its
presence in the community was specifically examined. Although ASVs associated with Ca. Competibacter
were detected in the reactor (10.4% ±0.6%), reduction of nitrate was not observed in Test 2, indicating lack
of activity of Ca. Competibacter at 10℃. Prior studies have indicated that anaerobic carbon storage by Ca.
Competibacter was inactive at 10℃ (Lopez-Vazquez et al., 2009a), which supports limited DGAO activity
observed under anoxic conditions in Test 2 because DGAOs need stored carbon for denitrification (Wang
et al., 2016a). Overall, Ca. Competibacter existed in the system as a potential DGAO but it did not appear
to be active due to the low temperature (10℃).
Test 3 evaluated denitrification by the combination of denitrifying OHOs using hydrolyzed carbon and
DGAOs and DPAOs using PHA under anoxic conditions (Figure 3-5C). Hence, the activity of DPAOs was
assessed by comparing SNRR values that were calculated by Eq. (3-4) to those from Test 2. We observed
linear reduction in nitrate that yielded an SNRR value of 2.98 ± 0.07 mg N/(g VSSˑh). The difference in
SNRR values between Tests 3 and 2 was attributed to the addition of phosphorus in Test 3 that supported
DPAO activity in addition to the previously described mechanisms. Compared with SNRRs of Test 2,
SNRRs of Test 3 increased by 2.53 ± 0.1 mg N/(g VSSˑh), which was attributed to the substantial role of
DPAO denitrification (i.e., 559% increase from the average of Tests 3 and 2). Therefore, DPAO
denitrification was demonstrated as a dominant process for nitrogen removal under anoxic conditions in the
absence of rbCOD.
The members of the SBR microbial community that may have been associated with DPAO denitrification
were investigated using FAPROTAX analysis, which revealed that 9.8% of the predicted metabolic
function within the community was associated with nitrate reduction, a preliminary step in the
denitrification pathway (Figure 3-4). The genera Aeromonas (0.2%), Ideonella (0.6%), Thauera (0.3%),
Paracoccus (0.3% ±0.01%), Dechloromonas (9.5% ±0.9%), and Zoogloea (2.3% ±0.3%) have a predicted
nitrate reduction metabolism based on FAPROTAX analysis. Among these genera, Dechloromonas (9.5%
±0.9%), Zoogloea (2.3% ±0.3%), and Paracoccus (0.3% ±0.01%) have predicted metabolic functions for
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both nitrate reduction and phosphorus uptake, making them likely candidates as DPAOs in the SBR (Wang
et al., 2015). The high abundance of these genera likely resulted in the elevated SNRR observed under
anoxic conditions in Test 3. Many studies have also shown that Dechloromonas is the dominant DPAO at
low temperatures (He et al., 2020b; Wang et al., 2020). Therefore, reductions of nitrate and phosphorus in
Test 3 were likely mainly due to the activity of Dechloromonas as a DPAO.
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Figure 3-5. The status of denitrification by denitrifying OHOs using hydrolyzed carbon (A), DGAOs (B),
and DPAOs (C) in the SNDPR system under anoxic conditions at 10℃ (Tests 1-3) and denitrification by
denitrifying OHOs using hydrolyzed carbon (D), DGAOs and DPAOs (E), and denitrifying OHOs using
residual rbCOD from the anaerobic phase (F) under oxic conditions at a DO of 0.3 mg/L and 10℃ (Tests
4-6). Markers represent average values of triplicate tests, and error bars represent associated standard
deviations.
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3.3.4. Evaluation of denitrification under low dissolved oxygen conditions
Tests 4-6 were conducted to study the active denitrification pathways and the corresponding nitrogen
removal amounts during the aerobic phase which was operated at a low dissolved oxygen concentration
(i.e., 0.3 mg/L) and temperature (i.e., 10℃). As with Tests 1-3, the potential denitrification pathways that
were investigated included denitrifying OHOs using hydrolyzed carbon (Test 4), DPAOs using intracellular
PHA (Test 5), DGAOs using intracellular PHA (Test 5), and denitrifying OHOs using residual rbCOD from
the anaerobic phase (Test 6). The uncertainty of each substrate was assessed based on average CV of each
substrate. The average CV values were in the range of 1% to 21%, which revealed consistent results and
high reproducibility.
Test 4 was designed to study nitrogen removal by denitrifying OHOs using hydrolyzed carbon at a DO of
0.3 mg/L under conditions that were representative of the aerobic phase of the SBR (Figure 3-5D). Observed
nitrate concentrations remained constant at 11.3 ± 0.3 mg N/L. Compared to Test 1, which showed
denitrification by denitrifying OHOs using hydrolyzed carbon under anoxic conditions, the results of Test
4 indicate that denitrification by denitrifying OHOs using hydrolyzed carbon did not occur at a significant
rate when the DO was 0.3 mg/L, which was consistent with the results of the dynamic SBR tests (5.5 h to
7 h). Hence, this pathway likely did not contribute substantially to nitrogen removal in the SBR in the
aerobic phase.
Test 5 was divided into two periods based on the trends of TIN and phosphorus concentrations (Figure 35E), which allowed for separate investigation of denitrification by DPAOs and DGAOs using intracellular
PHA at a DO of 0.3 mg/L. Most of the TIN was present as NO3-N, with only 8% present as NH4-N at the
beginning of the test due to ammonification in the anaerobic phase. The STINRR and SPRR values were
calculated based on Eq. A5 and Eq. (3-6). During the period from 0 min to 50 min, TIN and phosphorus
were reduced linearly, yielding STINRR and SPRR values of 0.89 ±0.02 mg N/(g VSSˑh) and 9.01 ±0.24
mg P/(g VSSˑh), respectively. During the period from 50 min to 130 min, TIN and phosphorus
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concentrations remained constant around 12.0 ± 0.1 mg N/L and less than 1 mg P/L, respectively. The
results demonstrate that limited denitrification happened in the second period where phosphorus was absent.
Therefore, it is concluded that denitrification by DGAOs and denitrifying OHOs did not occur at a DO of
0.3 mg/L, which was consistent with the conclusions of the dynamic tests (3 h to 7 h) and Test 2.
The difference between the first (from 0 min to 50 min) and second (from 50 min to 130 min) periods in
Test 5 was employed to quantify denitrification by DPAOs at a DO of 0.3 mg/L. Because low
concentrations of sCOD were present (10.1 ± 2.4 mg/L) at the start of the first period, we conclude that
denitrifying OHOs using residual rbCOD did not contribute substantially to denitrification in this period.
Hence, the observed TIN reduction in the first period was attributed to DPAO denitrification because both
the reductions of TIN and phosphorus were observed and DGAO denitrification was found to be inactive.
In summary, with a DO of 0.3 mg/L, a temperature of 10℃, and limited rbCOD availability, nitrogen
removal in the initial period of the aerobic phase was attributed to DPAO denitrification with an STINRR
of 0.89 ±0.02 mg N/(g VSSˑh).
The ASV table was assessed to investigate whether the PO4-P uptake in the first period (from 0 min to 50
min) of Test 5 was due to both aerobic growth by PAOs and anoxic growth by DPAOs. As shown earlier,
PO4-P uptake by DPAOs was demonstrated by the reductions of PO4-P and NO3-N in the first period of
Test 5 and by the presence of recognized DPAOs in the community. In addition, the ASV table indicates
that Ca. Accumulibacter, a known aerobic PAO (Yuan et al., 2020), was detected in the system with a
relative abundance of 3.5% ± 0.3%. Further, Tetrasphaera, which has been identified to be capable of
fermentation, has also been acknowledged to act as an aerobic PAO (Close et al., 2021). Therefore, it was
concluded that the observed phosphorus reduction in the first period of Test 5 was due to both PAOs and
DPAOs.
Test 6 was used to quantify nitrate removal by denitrifying OHOs using residual rbCOD from the anaerobic
phase (Figure 3-5F). The STINRR and SPRR values were calculated based on Eq. (3-5) and Eq. (3-6) to
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facilitate interpretation of active processes in the test. The results show that in the first period (0 min to 30
min) sCOD, PO4-P, and TIN were reduced linearly with specific reduction rates of 16.9 ± 0.4 mg COD/(g
VSSˑh), 9.05 ±0.5 mg P/(g VSSˑh), and 2.59 ±0.1 mg N/(g VSSˑh), respectively. In the second period (30
min to 60 min), phosphorus uptake continued at the same SPRR, the STINRR was reduced to 0.74 ± 0.05
mg N/(g VSSˑh), and sCOD concentrations (9.4 ± 1.1 mg/L) did not change. The reduction in STINRR
values between the first and second periods of the test appeared to correspond to depletion of rbCOD in the
second period. Hence, enhanced denitrification in the first period was attributed to denitrifying OHOs using
residual rbCOD from the anaerobic phase. The SPRR value of 9.05 ± 0.5 mg P/(g VSSˑh) was similar to
that of Test 5 (9.01 ± 0.24 mg P/(g VSSˑh)), suggesting a similar mechanism of P uptake despite the
increased rbCOD available in Test 6. The STINRR value of 0.74 ± 0.05 mg N/(g VSSˑh) in the second
period of Test 6 was similar to that observed in Test 5 (0.89 ± 0.02 mg N/(g VSSˑh)), which had been
attributed to DPAO activity. The STINRR value associated with denitrifying OHO denitrification using
residual rbCOD was estimated as the difference between those from periods 1 and 2 of Test 6 and
determined to be 1.84 ± 0.16 mg N/(g VSSˑh). Overall, the reduction of nitrogen is dependent on both
denitrification by denitrifying OHOs using residual rbCOD and DPAOs with the denitrification by
denitrifying OHOs as the dominant process.
Nitrogen mass balance was performed to study the nitrogen removal pathways in the SNDPR system (Table
3-2). In the analysis, nitrogen entered from the influent, and left through four ways: 1) decanting; 2) biomass
synthesis; 3) denitrification by denitrifying OHOs in the anaerobic phase; and 4) denitrification by
denitrifying OHOs using residual rbCOD and DPAOs in the aerobic phase. The detailed calculations to
obtain the values in Table 3-2 are shown in Appendix A. The relative error in the mass balance closure
using this approach was 7% ± 1.6%, which was deemed to be acceptable as it was within the range of
measurement errors. The mass balance closure provided a high level of confidence in the estimated nitrogen
fate mechanisms.
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The fate of nitrogen through the SBR in each cycle was estimated on the basis of observed influent and
effluent mass flows, and estimates of the contributions of each denitrification process to nitrogen removal
that were derived from the activity tests (Table 3-2). The results show that 27% ± 1% of influent nitrogen
was removed through SND in the aerobic phase by denitrifying OHO denitrification using residual rbCOD
(15% ±1%) and DPAO denitrification (12% ±1%). It was predicted that more nitrogen might be removed
in the aerobic phase if the DO was maintained at a value lower than 0.3 mg/L to trigger denitrification by
denitrifying OHOs using hydrolyzed carbon. However, the nitrification rate would be reduced at a lower
DO level, resulting in the need for a longer hydraulic retention time. Nitrogen removal through cell
synthesis accounted for 18% ± 1% of the total influent nitrogen, which is similar to 24% if the bacteria
formula was assumed to be C5H7O2N (Metcalf et al., 2014). Due to the presence of sufficient rbCOD from
the influent, all the residual nitrate from the prior cycle was denitrified in the anaerobic phase, which
represented 22% ± 1% of the influent nitrogen mass. The nitrogen removal mass in the anaerobic phase
was less than that in the aerobic phase due to denitrification and cell growth, which indicated that SND in
the aerobic phase removed a substantial nitrogen in the system, leading to an improvement of nitrogen
removal efficiency. During the decant stage, 50% of liquid volume was decanted, in which nitrate and
soluble organic nitrogen were the main nitrogen components, resulting in 33% ±1% of the influent nitrogen
removal. Overall, 45% of the influent nitrogen was removed through cell synthesis and SND in the aerobic
phase, indicating the level of success of the SNDPR process.
The potential for nitrous oxide (N2O) emissions were considered when determining whether nitrogen
removed through N2O emission should be included in the nitrogen mass balance. Even though many studies
have found that N2O could be generated when operating under low DO conditions, most reports have
indicated that nitrogen removed through N2O emission is less than 3% of the nitrogen load (Kampschreur
et al., 2009). Liu et al. (2021) demonstrated nitrogen removed through N2O emission was 0.11% when a
system was operated at a DO of 0.41mg/L for an extended period of time. Therefore, nitrogen removal
through N2O emission was deemed to be too low to be considered in the nitrogen mass balance.
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Table 3-2. Nitrogen mass balance for a typical cycle with the DO in the aerobic phase of 0.3 mg/L and at
10℃.
Mass1

N mass component

(mg N)

Proportion
(%)

N mass in from influent

441 ±22

N mass used for cell synthesis

87 ±4

18 ±1

N mass decant from the system

157 ±12

33 ±1

N mass denitrified in the anaerobic phase

103 ±5

22 ±1

N mass removed through denitrifying OHOs using residual carbon in the 70 ±6
aerobic phase

15 ±1

N mass removed through DPAOs using PHA in the aerobic phase

56 ±4

12 ±1

Calculated N mass in from influent

472 ±18

Note: The calculation of values is shown in Appendix A. Relative error is 7% ±2%.
1

Volume of the SBR was 18 L, and the volume of feed and decant was 9 L.

3.4.

Conclusions

The results of this study demonstrate that SNDPR was achieved at 10℃ with TIN and PO4-P removal
efficiencies of 62.6% and 97%, respectively. Fermentation was not the rate-limiting process for SNDPR at
low temperatures in this study. SND in the aerobic phase was due to denitrifying OHOs using residual
rbCOD and DPAOs. A PAO-rich system was supported by both stoichiometric ratios and 16S rRNA gene
analysis, with Dechloromonas, Zoogloea, and Paracoccus predicted as DPAOs, and Ca. Accumulibacter
and Tetrasphaera as PAOs. This demonstrated that PAOs are favor to grow at low temperatures. Ca.
Competibacter (10.4%) was detected, whereas limited DGAO denitrification was observed, which might
be due to low temperatures. This research was the few researches that investigated the SNDPR process at
10℃ by using a complex synthetic wastewater, investigated the nitrogen removal pathways in the aerobic
phase using an experimental method, and integrated microbial community analysis with experimental
findings.
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Chapter 4 Simultaneous

nitrification,

denitrification,

and

phosphorus removal to treat real municipal wastewater in an
activate sludge system at a low temperature
Abstract
The feasibility of simultaneous nitrification, denitrification, and phosphorus removal (SNDPR) at a low
temperature (10℃) when treating real municipal wastewater was explored by implementing two process
configurations (anaerobic/aerobic and anaerobic/aerobic/anoxic). It was found that SNDPR in the
anaerobic/aerobic configuration failed, however, SNDPR in the anaerobic/aerobic/anoxic configuration
was achieved with total nitrogen removal, phosphorus removal, and simultaneous nitrification and
denitrification (SND) efficiencies of 91.1%, 92.4%, and 28.5%, respectively. The main nitrogen removal
pathways were denitrification by denitrifying phosphorus accumulating organisms (DPAOs) in the aerobic
phase and denitrifying ordinary heterotrophic organisms using hydrolyzed carbon in the anoxic phase,
which accounted for 16% and 56% of influent nitrogen, respectively. A phosphorus accumulating organism
(PAO)-rich system was indicated by stoichiometric ratios and supported by 16S rRNA gene analysis, with
Dechloromonas and Ca. Accumulibacter as dominant DPAOs and PAOs. Ca. Competibacter was detected,
whereas limited denitrifying glycogen accumulating organism denitrification was observed, which might
be due to low temperatures. This research was the first to 1) investigate the performance of SNDPR when
real municipal wastewater was treated under low temperature conditions (10℃); 2) investigate whether
operational conditions that have been successfully employed to treat synthetic wastewaters can also be
applied to real municipal wastewaters; 3) compare the performance of SNDPR when operated in different
process configurations (AO and AOA).
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4.1.

Introduction

Simultaneous nitrification, denitrification, and phosphorus removal (SNDPR) has been demonstrated to be
a successful advanced nutrient removal technology (Ji et al., 2020; Yuan et al., 2020). The advantages of
SNDPR include low energy consumption, reduced chemical requirements, and reduced footprint (Ju et al.,
2007). SNDPR has been successfully employed to treat a variety of wastewaters including those from
abattoirs (Yilmaz et al., 2008), food-processing (Cheng et al., 2021), and aniline production (Yang et al.,
2021)). In addition, performance under a range of operating conditions including low C/N ratio (Wang et
al., 2016c), low organic loadings due to wet weather (Li et al., 2021), and low atmosphere pressure (Chen
et al., 2020) has been reported. Viewed collectively, it is apparent that SNDPR is a promising technology
for removing carbon, nitrogen, and phosphorus in a broad range of applications.
Even though SNDPR has been demonstrated in room temperatures, low-temperature operation (lower than
15℃) is still not fully understood. At low temperatures, the activities of biological processes including
hydrolysis of biodegradable particulate matter, fermentation, nitrification, denitrification, and phosphorus
release and uptake are significantly reduced or inhibited (Henze et al., 2000). Of particular significance to
SNDPR processes is the low reaction rates for hydrolysis and fermentation at low temperatures that can
limit the availability of readily biodegradable organics to support nitrogen and phosphorus removal (Yuan
et al., 2011). Hence a detailed understanding of carbon transformations in low temperature conditions is
critical for optimizing SNDPR processes for winter operations.
At low temperatures, successful SNDPR has been reported in studies that have used synthetic wastewaters
(Li et al., 2019; Bai et al., 2022); however, few reports describing use of real municipal wastewaters have
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been published. Typically, synthetic and municipal wastewaters differ in the complexity of the organic
matter (He et al., 2016; Zaman et al., 2021). Most of the carbon sources employed in studies using synthetic
wastewaters have been composed of simple volatile fatty acid mixtures (VFAs) (Li et al., 2019). In
comparison, VFAs represent only 5%-18% of the total chemical oxygen demand (COD) in real municipal
wastewaters, and additional VFAs need to be generated through fermentation of readily biodegradable COD
(rbCOD), that typically accounts for 47%-53% of total COD (Henze & Comeau, 2008). Additionally,
slowly biodegradable COD needs to be hydrolyzed before utilization for nitrogen and phosphorus removal.
Besides carbon substrates, real municipal wastewaters contain organic nitrogen that releases ammonia
through hydrolysis. The additional ammonia generated from hydrolysis increases the required nitrification
capacity and biodegradable COD needed for denitrification in the SNDRP process (Zhu et al., 2021). The
increased complexity of real municipal wastewaters creates some uncertainty about whether SNDPR
operational strategies that were developed with synthetic wastewaters can be directly transferred to real
municipal wastewater applications. Therefore, it is necessary to investigate whether real municipal
wastewaters can be treated with the same SNDPR operational strategies that were found to work for
synthetic wastewaters.
Besides operational temperature and influent characteristics, the process configuration and redox cycling
should be considered in the adoption of SNDPR for real municipal wastewater treatment. SNDPR has been
reported during treatment of municipal wastewaters in both anaerobic/aerobic (AO) and
anaerobic/aerobic/anoxic (AOA) process configurations. In the AO configuration, intracellular carbon
storage (polyhydroxyalkanoates (PHA) and glycogen) is enhanced by extending the anaerobic phase, and
SND is conducted by both denitrifying phosphorus accumulating organisms (DPAOs) and denitrifying
ordinary heterotrophic organisms (OHOs) in the aerobic phase that is operated with low dissolved oxygen
(DO) concentrations (lower than 0.5 mg/L) (Wang et al., 2015; Zaman et al., 2021). In the AOA
configuration, SND can occur in the aerobic phase when operated with low DO concentrations, and further
nitrogen removal is achieved by denitrification in the post anoxic phase using hydrolyzed carbon or stored
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carbon (Wang et al., 2016c; Winkler et al., 2011; Zhao et al., 2018). The reduction of nitrate and oxygen in
the post anoxic phase further enhances the uptake of influent rbCOD by PAOs in the anaerobic phase to
maintain stable enhanced biological phosphorus removal (EBPR). Typically, the AOA configuration can
achieve higher total inorganic nitrogen (TIN) and phosphorus removal efficiencies (above 80% and 90%)
than the AO configuration (around 70% and 90%) (Wang et al., 2015; Wang et al., 2016c; Winkler et al.,
2011; Zaman et al., 2021; Zhao et al., 2018). While AO and AOA operations have received considerable
attention at room temperatures, limited research has been conducted to treat real municipal wastewaters at
low temperatures. Hence, there is a need to understand the performance of the two configurations when
treating real municipal wastewaters at low temperatures.
Quantifying the nitrogen removal pathways in the aerobic phase can lead to an improved understanding of
nitrogen removal mechanisms that could be employed to improve nutrient removal performance in SNDPR.
In the aerobic phase with low DO concentrations, denitrification can be performed by denitrifying OHOs
using rbCOD, DPAOs, and denitrifying glycogen accumulating organisms (DGAOs) (Ji et al., 2020; Wang
et al., 2021; Yuan et al., 2020). Several studies have used a modeling method to investigate the nitrogen
removal pathways. However, the model parameters have been found to differ between studies (Kuba et al.,
1996; Wang et al., 2016b), and hence a comprehensive experimental methodology has been developed to
investigate the nitrogen removal pathways in SNDPR to treat synthetic wastewater (Bai et al., 2022). These
methods have not yet been employed to investigate nitrogen removal pathways in SNDPR treating real
municipal wastewaters although it could be anticipated that there will be differences in the contributions of
the various pathways due to the differences in wastewater composition.
Microbial community analysis can be employed to investigate the corresponding functional
microorganisms that are responsible for SNDPR. Several studies have identified key microorganisms in
SNDPR, including ammonia-oxidizing bacteria (AOB) (e.g., Nitrosomonas and Nitrosomonadaceae),
nitrite-oxidizing bacteria (NOB) (e.g., Nitrospira), PAOs (e.g., Ca. Accumulibacter), GAOs (e.g.,
Deflviicoccus), DPAOs (e.g., Dechloromonas and Pseudomonas), and DGAOs (e.g., Ca. Competibacter)
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(Chen et al., 2020; Liu et al., 2019; Yuan et al., 2020). Bai et al. (2022) investigated the microorganisms
responsible for SNDPR when a complex synthetic wastewater was treated at 10℃. However, limited
research has been conducted to study the microbial community structure in the SNDPR system when
treating real municipal wastewater at low temperatures. It can be anticipated that the microbial structure of
SNDPR will differ when treating real municipal wastewaters due to the differences in wastewater
composition and the continual seeding of organisms from the raw wastewater. Hence, concurrent
investigation of nitrogen removal pathways and microbial community composition can provide enhanced
insight into these complex systems.
The objectives of this study are to 1) investigate the performance of SNDPR when real municipal
wastewater was treated under low temperature conditions (10℃); 2) investigate whether operational
conditions that have been successfully employed to treat synthetic wastewaters can also be applied to real
municipal wastewaters; 3) compare the performance of SNDPR when operated in different process
configurations (AO and AOA). To achieve these objectives, a bench-scale sequencing batch reactor (SBR)
was operated in continuous and batch modes under low temperature conditions (10℃). Period 1 involved
operation in the AO configuration under similar operational conditions as a prior study where a complex
synthetic wastewater was treated (Bai et al., 2022). The SNDPR performance in Period 1 was compared
with the results of the prior study (Bai et al., 2022) to assess whether the conditions that provided successful
treatment of synthetic wastewaters could be applied to real municipal wastewaters. In Period 2 the AOA
configuration was used to determine whether the SNDPR performance in this configuration could improve
upon the AO configuration. Activity tests were conducted to investigate the nitrogen removal pathways in
the aerobic phase of the AOA configuration. Microbial community composition was analyzed in parallel
with the activity tests to explore the microorganisms that were contributing to N removal in the AOA
configuration when treating real municipal wastewaters.
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4.2.

Materials and methods

4.2.1. Reactor setup and operation
A bench-scale SBR with a working volume of 18 L was used to study the performance of SNDPR to treat
real municipal wastewater at 10℃. A detailed description of the SBR was reported by Bai et al. (2022).
The SBR system was equipped with a mechanical mixer, an air pump, a luminescent DO probe with
temperature sensing (Hach LDO probe, Product #5790000, Hach Company, Loveland, CO, USA), and a
Bubble Mist – Bendable Air Wall air diffuser (Big Al’s Canada, Woodbridge, ON, Canada). Three
peristaltic pumps (MASTERFLEX Console Pump Drives, Model #77521-40 and Model #77521-50, ColeParmer Instrument Company, Vernon Hills, IL, USA) were used to feed the wastewater, pump out wasted
MLSS, and decant treated wastewater. LabVIEW (National Instruments, Austin, TX, USA) was used to
control the operation of these devices. During the whole operation, the temperature in the SBR was
controlled at 10 ± 1℃ through an external water jacket (Li et al., 2011). The DO in the aerobic phase was
controlled at 0.3 ±0.1 mg/L. The volume exchange ratio was 50%.
The operation of the SBR was divided into 2 periods based on different process configurations. Period 1
(Day 1 to 67) was operated in the AO configuration with the same operational parameters as described by
Bai et al. (2022). The comparison of SNDPR performance observed in Period 1 and a prior study that
employed a complex synthetic wastewater (Bai et al. 2022) was used to assess whether the same operational
parameters developed to treat synthetic wastewaters could also be used for real municipal wastewaters. The
total cycle time was 8 hours, including 1 h of anaerobic operation (including 12 min of feeding time), 6 h
of aerobic operation (including 5 min of wasting time at the end of the phase), and 1 h of settling and
decanting. The sludge retention time (SRT) and hydraulic retention time (HRT) were controlled at 30 days
and 16 hours by wasting 200 mL of mixed liquor and feeding 9 L of real municipal wastewater per cycle,
respectively.
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In Period 2 (Day 67 to 158) the SBR was operated in the AOA configuration. The results obtained in Period
2 were compared to those from Period 1 to assess the impact of operational configuration on SNDPR
performance. The total cycle time was 16 hours with 1 h of anaerobic operation (including 12 min of feeding
time), 6 h of aerobic operation, 8 h of anoxic operation (including 5 min of wasting time at the end of the
phase), and 1 h of settling and decanting. The SRT and HRT were controlled at 60 days and 32 hours by
wasting 200 mL of mixed liquor and feeding 9 L of real municipal wastewater per cycle, respectively.
The municipal wastewater that was fed into the SBR was collected from the City of Waterloo sewer system
and filtered through a 2 mm mesh to eliminate large particles. It was then stored in a 90 L feed tank at 10℃
for up to two days before being fed to the SBR. Total suspended solids (TSS), volatile suspended solids
(VSS), Total COD, NH4-N, NO2-N, NO3-N, and PO4-P were measured in the influent, and soluble COD
(sCOD), NH4-N, NO2-N, NO3-N, and PO4-P were measured in the effluent three times per week to monitor
the SBR performance. Mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids
(MLVSS) were measured at the end of the reaction phase at the same frequency to monitor any changes in
the sludge concentration.

4.2.2. Dynamic tests
Dynamic tests were conducted over three consecutive cycles of the SBR, during steady state operation, to
observe the responses of nitrogen species, phosphorus, sCOD, PHA, and glycogen with time. The dynamic
tests involved collecting mixed liquor samples at discrete time intervals of 10 min for the first 2 hours and
then 30 min for the remainder of the reaction period. Collected samples were filtered through a 0.45-µm
filter (VWR, USA) to separate solids and liquid. Solids were collected and stored at -70℃ prior to analysis
of poly-β-hydroxybutyrate (PHB), poly-β-hydroxyvalerate (PHV), poly-β-hydroxy-2-methylvalerate
(PH2MV), and glycogen. Filtered liquid was used to measure soluble parameters. sCOD, PHB, PHV,
PH2MV, and glycogen were measured to study the carbon conversion pathways. PO4-P concentrations
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were measured to establish the extent of phosphorus release in the anaerobic phase and phosphorus uptake
in the aerobic/anoxic phase. NH4-N, NO2-N, and NO3-N were tested to study the performance of SND in
the aerobic/anoxic phase. MLSS and MLVSS concentrations were measured at the end of reaction to
facilitate calculations of specific uptake/release rates of selected species (sCOD, NH4-N, NO3-N, and PO4P). Total nitrogen (TN) and total phosphorus (TP) concentrations in the influent and effluent were measured
to calculate TN and TP removal efficiencies. Coefficients of variation (CV) were calculated for all values
and then averaged over the time frame of the tests to quantify the variability among triplicate tests. The DO,
pH, and temperature were recorded continuously during the dynamic tests. Mixed liquor samples were
taken from the SBR during the dynamic tests conducted in Period 2 (Days 139 and 140) for microbial
community analysis. The microbial community analysis was used to investigate the microorganisms that
were predicted to have corresponding functionality for SNDPR, and link the microorganisms with the
nutrient transformations in the dynamic tests and the following activity tests.

4.2.3. Activity tests
Three activity tests were conducted in the SBR. Test 1 was conducted to determine the duration of the post
anoxic phase that was required to achieve negligible nitrate (NO3-N<0.2 mg N/L). Tests 2 and 3 were
conducted to gain insight into the nitrogen removal pathways that were active in the aerobic phase of
operation. All activity tests were conducted in triplicate to assess reproducibility and analyze uncertainty.
CVs were calculated to quantify the variability among triplicate tests.
Activity Test 1: Test 1 was conducted upon completion of the dynamic tests in Period 1. During the test,
the SBR cycle was extended by four hours without any aeration to promote denitrification by denitrifying
OHOs using hydrolyzed carbon. The dynamic tests conducted in Period 1 revealed negligible quantities of
sCOD and PHA after 7 hours of aerobic operation, and hence any denitrification was attributed to
denitrifying OHOs using hydrolyzed carbon. Mixed liquor samples were collected every 30 min for NH470

N, NO2-N, NO3-N, and PO4-P measurements. The NO3-N removal rate was estimated through linear
regression of nitrate concentrations with time.
Activity Test 2: Test 2 was conducted upon completion of the dynamic tests in Period 2 to measure the rate
of denitrification by denitrifying OHOs using hydrolyzed carbon from the aerobic phase (DO of 0.3 mg/L).
The test extended the aerobic cycle of the SBR for an additional two hours while maintaining a consistent
DO concentration (i.e., 0.3 mg/L). Test 2 had similar assumptions and conditions as described in Test 1,
except that Test 2 was conducted under aerobic conditions with a DO of 0.3 mg/L while Test 1 was under
anoxic conditions. Any nitrogen removal observed in this test was attributed to denitrification by
denitrifying OHOs using hydrolyzed carbon at a DO of 0.3 mg/L. Samples of the mixed liquor were
collected at a 15-min interval for NH4-N, NO2-N, NO3-N, and PO4-P measurements. The specific NO3-N
removal rate was calculated based on Eq. (4-4).
Activity Test 3: Test 3 was conducted in the SBR to determine the rate of denitrification by DGAOs and
DPAOs in the aerobic phase of the AOA configuration. Test 3 was conducted triplicate with a synthetic
wastewater (see Appendix B) containing a mixture of VFAs with a total concentration of 100 mg COD/L
and NH4-N and PO4-P concentrations of 1 mg N/L and 2 mg P/L, respectively. The synthetic wastewater
was fed for three cycles, and then real municipal wastewater was fed to the SBR again. The synthetic
wastewater was employed to establish conditions where the quantity of stored PHAs were sufficient for
denitrification by DPAOs and DGAOs in the aerobic phase while there were minimal quantities of VFAs
remaining after the anaerobic phase. Before the start of the test cycle, the settled sludge was washed three
times with deionized water to minimize NH4-N concentration at the beginning of the test cycle in order to
minimize NO3-N generation in the aerobic phase. The anaerobic phase was extended to 1.5 h to maximize
VFA uptake, thereby eliminating denitrification by denitrifying OHOs using residual VFAs. NaNO3 and
KH2PO4 were added to the SBR at the beginning of the aerobic phase to achieve NO3-N and PO4-P initial
concentrations of 10 mg N/L and 20 mg P/L, respectively in the SBR. In the aerobic phase (DO of 0.3
mg/L), mixed liquor samples were taken every 15 min for 2.5 hours to measure PO4-P and NO3-N. The
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profiles of PO4-P and NO3-N with time were used to assess denitrification by DGAOs and DPAOs.
Reduction of NO3-N without PO4-P uptake was attributed to denitrification by DGAOs. Simultaneous
reductions of NO3-N and PO4-P were attributed to denitrification by DPAOs and DGAOs. The specific
NO3-N removal rate was calculated based on Eq. (4-4).

4.2.4. Analytical methods
In the SBR, DO and temperature were monitored using a Hach LDO® probe (Hach Company, Loveland,
CO, USA). The pH was measured using a symPhony BENCHTOP pH meter (VWR, USA). The COD,
MLVSS, MLSS, TSS, and VSS analyses were conducted as per Standard Methods (Eaton et al., 2005).
Filtered COD was determined on samples after filtration through 1.2-µm filters (Whatman filter paper),
while flocculant filtered COD was determined on samples that were initially flocculated by adding 1 mL
of 100 g/L zinc sulfate solution, adjusted pH to 10.5 using 6 M sodium hydroxide solution, and then filtered
through 0.45-µm cellulose filter (VWR) (Melcer, 2004). The NO2-N, NO3-N, and PO4-P were analyzed by
ion chromatography (Lachat Quik-Chem8000, Lachat Instrument, USA) after filtration through 0.45-µm
cellulose filters. The NH4-N, TP and TN were measured using HACH kits, which were accepted by USEPA
and equivalent to Standard Methods. Mixed liquor solids were collected on 1.2-µm filters and stored at 70℃. Frozen samples were dried using a vacuum freeze dryer (LABCONCO Freeze Dryer System, Model
76700 Series, USA) for PHA and glycogen measurements. PHA is the combination of PHB, PHV, and
PH2MV, which were measured using gas chromatography as described in Wang et al. (2009). For glycogen,
the phenol method as described in Reddy et al. (2007) was used.

4.2.5. Microbial community analysis
The microbial community in the SNDPR process wastewater was investigated to gain insight into the
organisms responsible for nutrient transformations in the SBR. Mixed liquor samples were taken during the
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dynamic tests of Period 2 (Days 139 and 140) for microbial community analysis. DNeasy PowerSoil Pro
Kit (Qiagen) was used for total DNA extraction. Then 16S rRNA gene sequencing was conducted to
determine the overall microbial community composition. The detailed procedures are shown in Bai et al.
(2022). An amplicon sequence variant (ASV) table was generated from 16S rRNA gene sequencing.
Functional annotation of prokaryotic taxa (FAPROTAX) (1.2.4) was generated to predict functionality of
ASVs by running through QIIME2 version 2020.6.

4.2.6. Equations
TN, TP, and TIN removal efficiencies through the SBR were calculated to assess the nitrogen and
phosphorus removal performance as per Eq. (4-1) – Eq. (4-3).
TN in the effluent

TN removal efficiency = 1 − TN in the influent

Eq. (4-1)

TP in the effluent

TP removal efficiency = 1 − TP in the influent

Eq. (4-2)

TIN in the effluent

TIN removal efficiency = 1 − TIN in the influent

Eq. (4-3)

Where TN is total nitrogen, mg N/L; TP is total phosphorus, mg P/L; TIN is total inorganic nitrogen, which
included NH4-N, NO2-N, and NO3-N, mg N/L.
The rate of increase or reduction of each substrate (sCOD, NH4-N, NO3-N, and PO4-P) in dynamic tests
and activity tests was estimated based on linear regression of measured substrate concentrations with time.
The specific increase or reduction rate of each substrate was calculated by the increase or reduction rate of
each substrate divided by MLVSS (Eq. (4-4)).
The specific increase or reduction rate =

The increase or reduction rate
MLVSS

Where MLVSS is the mixed liquor volatile suspended solids, mg/L.
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Eq. (4-4)

The SND efficiency (Eq. (4-5)) in the SBR at steady state was defined as the percentage of TIN loss in the
aerobic phase either due to denitrification or cell synthesis (Wang et al., 2015).

SND = (1 −

−
−
NH+
4,e +NO2,e +NO3,e
+
NH+
4,i −NH4,e

) × 100%

Eq. (4-5)

+
+
Where, NH4,i
is the NH4-N concentration at the beginning of the aerobic phase, mg/L; NH4,e
is the NH4-N

concentration at the end of the aerobic phase, mg/L; NO−
2,e is the NO2-N concentration at the end of the
aerobic phase, mg/L; NO_3,e is the NO3-N concentration at the end of the aerobic phase, mg/L.
Eq. (4-6) to Eq. (4-8) were used to quantify the fate of carbon in the anaerobic phase (Wang et al., 2016b).
It was assumed that organic carbon was consumed for denitrification of residual NOx from prior cycle first
and then used for PAO and GAO storage as PHA (Eq. (4-6)). Eq. (4-7) represents the COD used for
denitrification. Intracellular storage efficiency (CODintra efficiency) was defined as the percentage of COD
stored as intracellular products over total COD consumed in the anaerobic phase.
CODconsum = CODdn + CODintra = CODi - CODana,end

Eq. (4-6)

CODdn = 2.86/(1-YOHO,VFA,anox) × NO3-Nana + 1.71/(1-YOHO,VFA,anox) × NO2-Nana

Eq. (4-7)

CODintra efficiency = CODintra/CODconsum × 100%

Eq. (4-8)

Where, CODconsum is the amount of soluble COD consumed in the anaerobic phase, mg/L; CODintra is COD
stored by PAOs and GAOs as PHA and glycogen, mg/L; CODdn is COD used for OHO denitrification,
mg/L; 2.86 is the oxygen equivalent of nitrate, mg COD/mg N; 1.71 is the oxygen equivalent of nitrite, mg
COD/mg N; CODi, NO3-Nana, and NO2-Nana are the initial concentration of sCOD, nitrate, and nitrite at the
beginning of the anaerobic phase. CODana,end is the sCOD concentration at the end of the anaerobic phase.
YOHO,VFA,anox is the OHO yield using VFAs for denitrification, which was assumed to be 0.45 mg
CODOHO/mg CODVFA (Metcalf et al., 2014).
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The mass of nitrogen removed through DPAO denitrification in the aerobic phase of Period 2 was calculated
as the product of the specific NO3-N reduction rate, MLVSS, liquid volume, and reaction time as shown in
Eq. (4-9).
Mass of Nitrogen Removed = SNRR × MLVSS × V × dt

Eq. (4-9)

Where mass of nitrogen removed is the mass of nitrogen removed through DPAOs using PHA in the aerobic
phase of a typical cycle, mg N; SNRR is the specific NO3-N removal rate of DPAO denitrification in the
aerobic phase as determined by Eq. (4-4), mg N/(g VSSˑh); MLVSS is the MLVSS in the SBR, g VSS/L;
V is liquid volume, 18 L; dt is the time of DPAO denitrification in the aerobic phase, which was 1.5 h in
this study based on the results of dynamic tests in Period 2, h.

4.2.7. Statistical analysis
Normality of data was initially assessed with Excel software 2016 (Microsoft) to validate subsequent use
of t-tests. T-tests were conducted with Excel to distinguish differences between two sets of data with a
confidence interval of 95%. Average, standard deviation, and CV calculations were performed in Excel
software 2016 (Microsoft).

4.3.

Results and discussion

4.3.1. Long term reactor performance
In Period 1, C, N, and P species (Figure B-1) were evaluated to assess the performance of SNDPR in the
AO configuration, and compare with a prior study (Bai et al., 2022) to determine whether the operational
conditions that were employed to treat synthetic wastewaters could be applied to a real municipal
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wastewater. The effluent sCOD was lower than 30 mg COD/L consistently (not shown in Figure B-1),
indicating at least 90% COD removal throughout the experiment. At steady state, the effluent NH4-N
concentrations, and the TIN removal, SND, and PO4-P removal efficiencies were 0.4 ±1.0 mg N/L, 51.9%
± 7.9%, 3.8% ± 15.8%, and 36.1% ± 24%, respectively (Figure 4-1). The results showed full ammonia
oxidation but unstable N and P removal which was inconsistent with the prior study that treated a synthetic
wastewater.
The composition of the wastewaters was compared to identify the cause of the different performances. It
was determined that only 22% ± 6.7% of the TCOD of the real municipal wastewater could be considered
as rbCOD. Approximately 84% ± 34% of this rbCOD (as calculated by Eq. (4-7)) was used for
denitrification by OHOs in the anaerobic phase. Hence, it was estimated that only a small fraction of the
rbCOD (16% ± 34%) was available for storage as PHA in PAOs. Without sufficient PHA accumulation,
EBPR and SND were limited in the AO configuration. The results of this analysis suggest that prior studies
which indicated successful SNDPR performance using an AO configuration at low temperatures with
simple synthetic wastewaters may need to be re-examined.
In Period 2, C, N, and P species (Figure B-1) were evaluated to compare the performance of SNDPR in the
AOA configuration with that in the AO configuration. The effluent sCOD was lower than 30 mg COD/L
consistently, which was consistent with Period 1 (not shown in Figure B-1). At steady state, effluent NH4N concentrations in Period 2 were always below 0.5 mg N/L. The effluent NO3-N concentrations in Period
2 were 77.4% ±19.2% less than those with the AO configuration in Period 1. The TIN removal efficiency
increased from 51.9% ±7.9% in Period 1 to 86.8% ±4.8% in Period 2. PO4-P concentrations in the effluent
were less than 0.4 mg P/L with the PO4-P removal efficiency of 92.8% ± 7.7%, demonstrating effective
EBPR. Viewed collectively, the AOA configuration showed similar COD removal efficiency (p>0.05),
enhanced EBPR (p<0.05), and enhanced TIN removal efficiency (p<0.05) when compared with the AO
configuration.
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The significant improvement in SNDPR performance was attributed to the 8-hour post anoxic phase, which
reduced the effluent nitrate concentration and the associated consumption of influent rbCOD for
denitrification. Several studies have also shown successful EBPR with P removal efficiencies above 90%
in the AOA configuration when operated at room temperature (Wang et al., 2016c; Winkler et al., 2011;
Zhao et al., 2018). The results of the current study indicate that this performance can be achieved at lower
temperatures when the operating parameters are properly established. The nutrient removal pathways that
were active in the AOA configuration were investigated in detail using data gathered in the activity tests
and are subsequently discussed.
In this study, the potential for bulking sludge was considered due to the long SRT and low DO conditions.
Previous studies have shown that low DO and long SRTs could lead to serious sludge bulking due to
filamentous bacteria growth (Kunst and Reins, 1994; Gabb et al., 1991), however this sludge was not
observed in the current study. This was attributed to the limited loading of rbCOD to the aerobic phase
(Figure 4-2) (Jenkins et al., 1993). The results suggest that rbCOD consumption in the anaerobic phase
eliminated any bulking sludge development.
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Figure 4-1. Steady state performance of SBR in Periods 1 and 2 (A: Effluent NH4-N, effluent NO3-N,
effluent PO4-P; B: TIN removal efficiency, SND efficiency, PO4-P removal efficiency).
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4.3.2. Dynamic nutrient responses in Period 1
Dynamic tests were conducted while the system was operated in AO to obtain insight into the causes of
poor SNDPR performance with the goal of using this information to inform the design of an improved
operation. The dynamic tests sought to obtain increased insight into the pathways contributing to carbon,
nitrogen, and phosphorus transformation in the SBR. The profiles of NH4-N, NO2-N, NO3-N, TIN, PO4-P,
sCOD, PHA, PHB, PHV, PH2MV, and glycogen that were observed in the dynamic tests are shown in
Figures 4-2A, 4-2B, and 4-2C. Triplicate dynamic tests were performed to account for uncertainty and show
the reproducibility of the tests. Average CVs of each substrate were calculated in the range of 5%-16%,
indicating the high reproducibility of results.
In the anaerobic phase, sCOD, PO4-P, PHA, and glycogen (Figures 4-2B and 4-2C) were analyzed together
to quantify carbon utilization pathways and show the status of phosphorus release in this phase. sCOD was
reduced linearly from 38.3 ± 4.7 to 18.3 ± 4.3 mg COD/L with a specific removal rate of 8.0 ± 2.1 mg
COD/g VSS/h (Eq. (4-4)). During this period, most of the sCOD was used to denitrify NO3-N that remained
from the prior cycle with low CODintra efficiency of 4% ± 2% based on Eq. (4-8). PHA and glycogen
concentrations were around 1.6 ± 0.3 mmolC/L and 0.3 ± 0.02 mmolC/L, which indicated limited carbon
storage by PAOs and GAOs. This result also aligned with the low CODintra efficiency. In addition, PO4-P
was not released in the anaerobic phase, indicating limited EBPR. The low CODintra efficiency and limited
PHA accumulation in the anaerobic phase forecasted the failure of phosphorus release. Overall, most of the
influent biodegradable COD was used for denitrification to remove nitrate from prior cycle, leading to the
deterioration of EBPR.
In the aerobic phase, PO4-P, PHA, and glycogen responses were analyzed together to assess the status of
EBPR. Figure 4-2B and Figure. 4-2C show PO4-P, PHA, and glycogen were consistently around 2-3 mg
P/L, 1.6 ± 0.3 mmolC/L, and 0.3 ± 0.03 mmolC/L, respectively. This strongly suggested limited PHA
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utilization and PO4-P uptake. Overall, limited PHA accumulation in the anaerobic phase was responsible
for the limited phosphorus uptake in the aerobic phase.
In the aerobic phase, nitrogen species (NH4-N, NO2-N, and NO3-N) (Figure 4-2A) were assessed to
establish the status of nitrification in the SBR. NH4-N was reduced from 12.0 ± 0.3 to 0.2 ± 0.1 mg N/L
within 4.5 h with a specific NH4-N removal rate of 0.8 ±0.01 mg N/g VSS/h (Eq. (4-4)). With the reduction
of NH4-N, a small amount of NO2-N (less than 0.5 mg N/L) was generated, and NO3-N was the main
product of nitrification with the specific increase rate of 0.7 ±0.01 mg N/g VSS/h (based on Eq. (4-4)). Full
nitrification was also observed when the system was operated under the same conditions to treat synthetic
wastewater (Bai et al., 2022). Overall, nitrification in the AO process was consistent when treating synthetic
and municipal wastewaters.
In the aerobic phase, the SND efficiency and the ratios of the accumulated NOx-N/oxidized NH4-N of each
hour were calculated to assess whether SND was occurring in the SBR. The SND efficiency was calculated
to be 0.3% ± 3.8% (based on Eq. (4-5)), revealing negligible SND in the aerobic phase. Bai et al. (2022)
stated that main pathways for SND in the aerobic phase were through denitrification by denitrifying OHOs
using residual carbon from the anaerobic phase and DPAOs at a DO of 0.3 mg/L. In this study, these two
denitrification pathways were not active due to limited sCOD reduction and phosphorus uptake in the
aerobic phase, which were required for OHO and DPAO denitrification, respectively. Therefore, limited
storage of carbon in PAOs and a lack of residual rbCOD from the anaerobic phase were likely responsible
for the lack of SND.
The results of Period 1 were compared with the results of a prior study to obtain insight into why the
operational conditions that were successfully employed to treat a synthetic wastewater were not effective
for the real wastewater. Employing the same operational strategy for the AO configuration, Bai et al. (2022)
achieved successful SNDPR as indicated by TIN removal, phosphorus removal, and SND efficiencies of
62.6%, 97%, and 31%, respectively, when treating a complex synthetic wastewater. However, SNDPR was
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not achieved in the current study as illustrated by TN and TP removal efficiencies of 56.7% ±1% and 12.8%
± 1.7%, respectively. Denitrification of NO3-N that remained from the prior cycle consumed most of the
influent rbCOD (96% ± 2%) and hence a limited amount of rbCOD was stored by PAOs and GAOs,
resulting in limited EBPR. The lack of phosphorus uptake and limited rbCOD from the anaerobic phase
resulted in limited SND in the aeration phase. In order to promote SNDPR, it was deemed necessary to
reduce the nitrate concentration in the effluent, such that more rbCOD could be stored by PAOs and GAOs
thereby promoting EBPR and SND.
Test 1 (Figure 4-3A) was conducted upon completion of the dynamic tests of Period 1 to investigate the
time needed for denitrification by OHOs using hydrolyzed carbon to reduce NO3-N concentrations to
negligible levels (NO3-N<0.2 mg N/L) and thereby promote SNDPR. From Fig 3A it can be seen that NO3N concentrations were reduced linearly at a specific rate of 1.85 mg N/L/h (based on Eq. (4-4)). sCOD and
PO4-P concentrations remained at low values (20.2 ± 5 mg COD/L and 0.9 ± 0.5 mg P/L, respectively),
indicating limited denitrification by either OHOs or DPAOs. In addition, the dynamic tests conducted in
Period 1 showed limited PHA storage (1.6 ±0.3 mmolC/L), eliminating the likelihood of denitrification by
DGAOs. Therefore, the reduction of NO3-N was attributed to OHO denitrification using hydrolyzed carbon.
The generation of hydrolyzed carbon that comes from the hydrolysis of cell decay products was deemed to
be the rate-limiting process (Drewnowski & Makinia, 2013). Based on the specific NO3-N removal rate of
1.9 mg N/L/h and initial NO3-N of 14.8 mg N/L, it was concluded that 8 hours would be required to reduce
NO3-N to negligible.
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Figure 4-2. Transient responses observed in triplicate SBR cycles. A: nitrogen species profiles in Period
1; B: phosphorus and soluble COD profiles in Period 1; C: PHB, PHV, PH2MV, PHAs, and glycogen

profiles in Period 1; D: nitrogen species profiles in Period 2; E: phosphorus and soluble COD profiles in
Period 2; F: PHB, PHV, PH2MV, PHAs, and glycogen profiles in Period 2. Markers represent average
values from triplicate tests and error bars represent associated standard deviations.
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Figure 4-3. The status of denitrification by denitrifying OHOs using hydrolyzed carbon (A) under anoxic
conditions at 10℃ in Period 1, denitrifying OHOs using hydrolyzed carbon (B), and DGAOs and DPAOs
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4.3.3. Dynamic nutrient responses in Period 2
The biological processes responsible the successful SNDPR in Period 2 were investigated through dynamic
tests. In addition, the microbial community composition was assessed to gain insight into the key organisms
contributing to SNDPR. Figures 4-2D, 4-2E, and 4-2F shows the profiles of NH4-N, NO2-N, NO3-N, TIN,
PO4-P, sCOD, PHA, PHB, PHV, PH2MV, and glycogen that were observed over the SBR cycle. Triplicate
dynamic tests were performed to analyze reproducibility and uncertainty. Average CVs of each substrate
over the reaction period were calculated and found in the range of 3% to 23%, implying the high
reproducibility of results.
In the anaerobic phase, sCOD (Figure 4-2E) was measured to quantitatively study the consumption
pathways. From the Figure it can be seen that the reduction of sCOD could be distinguished into two stages.
During the first stage (first 40 min), sCOD was reduced from 70.3 ± 3.5 to 35.8 ± 3.1 mg COD/L with a
specific removal rate of 23.7 ± 0.5 mg COD/g VSS/h as calculated by Eq. (4-4). During the second stage
(later 20 min), sCOD was reduced from 35.8 ±3.1 to 29.2 ±1.2 mg COD/L with a reduced specific removal
rate of 8.3 ± 1.1 mg COD/g VSS/h as calculated by Eq. (4-4). The reduction in the specific removal rate
was attributed to exhaustion of rbCOD and the relatively slow hydrolysis of the remaining COD
(Drewnowski & Makinia, 2013).
The sCOD that was removed in the anaerobic phase was investigated. Based on Eq. (4-7), the sCOD that
was used for denitrification was estimated to be 0.7 ±0.3 mg COD/L, which accounted for only 2% ± 1%
of the COD consumed in the anaerobic phase. The CODintra efficiency was calculated to be 98% ± 1% as
calculated by Eq. (4-8), which was significantly higher than that in Period 1 (4% ± 2%). The increased
storage of COD in Period 2 would support the improved EBPR performance when compared to Period 1.
A FAPROTAX analysis was conducted to investigate microorganisms that could be predicted to contribute
to fermentation in the anaerobic phase. The FAPROTAX results show that 10.1% ± 0.8% of the microbial
community (Figure 4-4) was predicted to perform fermentation, with the main genera including Rhodoferax
83

(5.2% ± 0.7%), Trichococcus (1.5% ± 1.1%), Lautropia (1.2% ± 0.2%), and Romboutsia (1.1% ± 0.1%)
(Figure B-2). The prominence of fermentation-related microorganisms in this study were higher than that
(3.6% ± 0.4%) reported by Bai et al. (2022) when a complex synthetic wastewater was treated. The
increased fraction of fermentation bacteria when treating real municipal wastewater may have been due to
the introduction of fermentation bacteria from the municipal wastewater. It is believed that the high
proportion of fermentative bacteria in the system promoted the conversion of rbCOD to VFAs, leading to
the success of EBPR. Overall, fermentation-related bacteria accounted for a large proportion of the
community when treating real municipal wastewater, which was benefit for the generation of fermented
VFAs and EBPR.
In the anaerobic phase, the response of PO4-P (Figure 4-2E) was investigated to quantify the phosphorus
release as an indicator of the activity of PAOs in this phase. The increase of PO4-P was observed to occur
in two stages, which corresponded to the two-stage sCOD removal. During the first stage (first 40 min),
PO4-P increased from a negligible concentration to 16.7 ±1.4 mg P/L with a specific increase rate of 7.3 ±
0.7 mg P/g VSS/h as calculated by Eq. (4-4). The increase of PO4-P was attributed to the uptake of influent
VFAs and fermented rbCOD. During the second stage (later 20 min), the PO4-P concentration increased
from 16.7 ±1.4 mg P/L to 19.1 ±1.1 mg P/L with a lower specific increase rate of 2.2 ±0.3 mg P/g VSS/h
as calculated by Eq. (4-4). The reduction in the rate of increase in the second stage was attributed to
relatively slow hydrolysis of slowly biodegradable COD. Compared to Period 1, Period 2 showed obvious
phosphorus release, which was due to the high CODintra efficiency. Overall, the AOA configuration was
found to promote phosphorus release in the anaerobic phase, which likely contributed to SND in the
subsequent aerobic phase due to the storage of carbon.
Several stoichiometric ratios (involving sCOD, PO4-P, PHA, and glycogen) in the anaerobic phase were
calculated to evaluate whether PAOs or GAOs were the dominant bacteria contributing to sCOD removal.
The ratios of PO4-P release to sCOD uptake in the two stages were 0.3 ±0.03 and 0.3 ±0.02 mg P/mg COD,
which were consistent with reported values in PAO-rich systems (0.3-0.43 mg P/mg COD (Kuba et al.,
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1997; Zaman et al., 2021)). The ratios of P release to PHA generation (0.4 ± 0.05 mol P/mol C), PHA
generation to glycogen consumption (2.4 ± 0.3 mol C/mol C), and PHA generation to COD storage (1.7 ±
0.2 mol C/mol C) were found to be consistent with those (0.38 mol P/mol C, 2.66 mol C/mol C, and 1.33
mol C/mol C) reported in a PAO-rich system (Smolders et al., 1994). The dominance of PAOs over GAOs
in systems with low DO and temperature has been reported to be associated with the higher oxygen affinity
of PAOs when compared to GAOs (Zaman et al., 2021). In addition, GAOs have been reported to have
lower growth rates at low temperatures (10-20℃) (Tian et al., 2017b; Bai et al., 2022). In summary, these
stoichiometric ratios suggested that an active PAO-community was present in the SBR in the AOA
configuration. This was further investigated by assessing 16S rRNA gene microbial community data as
subsequently discussed.
In the aerobic phase, the responses of key nitrogen species (NH4-N, NO2-N, and NO3-N) (Figure 4-2D)
were examined to assess the existence of SND in the SBR. NH4-N concentrations were reduced from 15.0
±0.4 to 0.01 ±0.02 mg N/L within 7 hours with a specific removal rate of 0.8 ±0.03 mg N/g VSS/h (based
on Eq. (4-4)). With the reduction of NH4-N, limited NOx was generated from 1 h to 2.5 h, indicating the
existence of SND. Then NO3-N was generated as the main product with a specific increase rate of 0.7 ±
0.01 mg N/g VSS/h (based on Eq. (4-4)). The similar specific NH4-N removal rate and the NO3-N increase
rate indicated limited SND after 2.5 h in the aerobic phase. Overall, SND was demonstrated in the aerobic
phase.
The FAPROTAX analysis was used to investigate the predicted nitrification metabolic functionality and
the associated microorganisms in the SBR (Figure 4-4). The predicted nitrification function (3.5% ±0.8%)
included aerobic ammonia oxidation (3.0% ± 0.1%) and aerobic nitrite oxidation (0.8% ± 0.7%). The
dominant microorganisms associated with aerobic ammonia oxidation and aerobic nitrite oxidation were
associated with the genus Nitrosomonas (3.2% ±0.2%), and genera Nitrospira (0.1% ±0.1%) and Nitrotoga
(0.4% ± 0.6%), respectively. These microorganisms are acknowledged to be AOB and NOB, respectively
(Metcalf et al., 2014). The dominant presence of these microorganisms was also observed in similar studies
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at a DO of 0.3 mg/L and 10℃ when treating synthetic wastewater (Bai et al., 2022), indicating the minor
impact of wastewater composition on nitrifier community. Overall, nitrification in the system was appeared
to be primarily due to the activity of Nitrosomonas, Nitrospira, and Nitrotoga.

Day 139

Day 140 (1)

Day 140 (2)

Figure 4-4. Metabolic functions of bacteria based on FAPROTAX results for three dynamic tests in
Period 2 (the numbers inside circles represent relative abundances in percent).
In the aerobic phase, the SND efficiency and the ratios of the accumulated NOx-N/oxidized NH4-N of each
hour were quantified to evaluate whether SND existed in Period 2. The SND efficiency was determined to
be 28.5% ±1% (based on Eq. (4-5)), indicating substantial SND activity in the aerobic phase. The ratios of
the accumulated NOx-N/oxidized NH4-N in each hour of the aerobic phase were used to assess when SND
occurred in the aerobic phase, and were calculated to be 0.2 ± 0.01 and 0.6 ± 0.06 for the first two hours
and approximately one for the rest of time. On the basis of these ratios, it appeared that SND occurred in
the first two hours of the aerobic phase, which corresponded to the reduction of TIN at the first 1.5 hours.
The SND in the aerobic phase might result from denitrification by OHOs and DPAOs as indicated by Bai
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et al. (2022). Overall, the AOA configuration can promote SND at a DO of 0.3 mg/L and 10℃ when treating
real municipal wastewater.
In the aerobic phase, the response of PO4-P (Figure 4-2E) was assessed to gain insight into the progress of
phosphorus uptake by PAOs with reaction time. Phosphorus was reduced from 19.1 ± 1.1 to 0.6 ± 0.4 mg
P/L in the first 1.5 hours and then remained at minimal concentrations for the remainder of the aerobic
phase. The specific removal rate was 4.2 ± 0.2 mg P/g VSS/h (based on Eq. (4-4)). When compared with
Period 1, Period 2 demonstrated successful phosphorus uptake, which was due to the high COD intra
efficiency (98% ±1%) in the anaerobic phase. Hence, the success of EBPR demonstrated the necessary of
the implementation of the AOA configuration when treating real municipal wastewater at 10℃.
In the aerobic phase, PHA and glycogen (Figure 4-2F) were analyzed together with phosphorus to assess
the dominant microbial group contributing to EBPR. PHA was reduced from 4.2 ± 0.08 to 2.5 ± 0.09
mmolC/L while glycogen increased from 0.4 ±0.09 to 1.0 ±0.06 mmolC/L in the first 1.5 h of the aerobic
phase. Subsequently, PHA and glycogen remained at 2.5 ± 0.2 mmolC/L and 1.1 ± 0.1 mmolC/L,
respectively. The timing of the changes in PHA and glycogen concentrations were aligned with the P uptake,
indicating active PAO activity. In addition, the ratios of phosphorus uptake to PHA consumption (0.4 ±
0.05 mol P/mol C) and glycogen replenishment to PHA consumption (0.4 ±0.05 mol C/mol C) were found
to be similar to ratios reported for a system with active PAOs (0.41 mol P/mol C and 0.42 mol C/mol C)
(Smolders et al., 1994). Overall, these ratios indicated again the system under low DO and temperature
conditions was rich in PAOs.
In the post anoxic phase, PHA, glycogen, and PO4-P concentrations (Figures 4-2E and 4-2F) were examined
to assess whether stored carbons (PHA and glycogen) might contribute to N removal and to evaluate
whether the anoxic conditions had a detrimental effect upon EBPR performance. PHA and glycogen
concentrations were found to remain stable around 2.4 ±0.2 mmolC/L and 1.0 ±0.1 mmolC/L, respectively,
and therefore it was concluded that PAOs and GAOs were not contributing to denitrification in this phase.
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PO4-P concentrations remained below 0.3 mg P/L, indicating limited secondary phosphorus release. The
results were consistent with prior studies that reported stable EBPR when operated with a post anoxic phase
(Coats et al., 2011; Wang et al., 2016c). Overall, EBPR was maintained when a post anoxic phase was
employed, and PAOs did not contribute to denitrification in the anoxic phase.
In the post anoxic phase, nitrogen species (Figure 4-2D) were studied to evaluate the processes leading to
nitrate removal. Overall, NO3-N was reduced from 10.4 ±0.09 to 0.1 ±0.06 mg N/L, and NH4-N increased
from 0.01 ± 0.02 to 0.5 ± 0.07 mg N/L. Since stable PHA, glycogen, and PO4-P concentrations were
maintained in the post anoxic phase, the reduction of NO3-N was attributed to OHO denitrification using
hydrolyzed carbon.
In summary, the AOA configuration achieved improved SNDPR as compared to the AO configuration
when the aerobic phase was operated at a DO of 0.3 mg/L and 10℃ to treat real municipal wastewater. TN
and TP removal efficiencies were calculated to be 91.1% ± 1.3% and 92.4% ± 0.7%, respectively. The
addition of the post anoxic phase resulted in the reduction of NO3-N to a low value at the end of the reaction,
resulting in less rbCOD from the influent being used for denitrification and more rbCOD from the influent
stored by PAOs and GAOs. The storage of rbCOD promoted EBPR and SND in the SBR.
Additional activity tests (Tests 2 and 3) were conducted to investigate whether denitrification in the aerobic
phase was performed by OHOs, DGAOs, and DPAOs. Triplicate tests were performed to allow for the
assessment of reproducibility. The values and error bars in Figsure. 4-3B and 4-3C represent average values
and standard deviations. The average CVs of each component were in the range of 1%-8% with an exception
of 66% of PO4-P in Test 2. The high CV of PO4-P in Test 2 was due to low values of PO4-P, which had
limited impact on analysis. Overall, triplicate tests revealed high reproducibility.
The results of the previously described dynamic tests revealed that sCOD concentrations underwent
minimal change in the aerobic phase (Figure 4-2E), and hence it was concluded that denitrification by
denitrifying OHOs using residual rbCOD from the anaerobic phase was negligible. Therefore, Test 2 was
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conducted to assess whether denitrification by denitrifying OHOs using hydrolyzed carbon was active in
the aerobic phase. Figure 4-3B shows stable NO3-N and PO4-P concentrations around 11.7 ± 0.2 mg N/L
and 0.2 ±0.2 mg P/L. At the beginning of the test, sCOD and PO4-P were 17.5 ±2.5 mg COD/L and 0.3 ±
0.2 mg P/L, eliminating denitrification by denitrifying OHOs using residual rbCOD and DPAOs. PHA
concentrations were maintained stable at the end of the aerobic phase in the dynamic tests (Figure 4-2F),
which indicated denitrification by DGAOs was not possible. The stable NO3-N and PO4-P indicated limited
denitrification by denitrifying OHOs using hydrolyzed carbon at a DO of 0.3 mg/L, which also has been
demonstrated in Bai et al. (2022). Hence, denitrification by denitrifying OHOs using hydrolyzed carbon
was not considered to be a significant pathway of nitrogen removal in the aerobic phase.
Test 3 assessed the contribution of DPAOs and DGAOs to nitrogen removal in the aerobic phase. The test
responses (Figure 4-3C) were divided into two stages with the first stage from 0 h to 1.5 h (with the presence
of both NO3-N and PO4-P) and the second stage from 1.5 h to 2.5 h (with the presence of NO3-N but with
minimal PO4-P). In the test, sCOD concentrations were low (15.5 ± 2.5 mg COD/L), indicating that
denitrifying OHOs using residual rbCOD from the anaerobic phase did not contribute to denitrification. In
the first stage, both NO3-N and PO4-P were linearly reduced with SNRR and specific PO4-P removal rates
of 0.6 ± 0.03 mg N/g VSS/h and 4.4 ± 0.1 mg P/g VSS/h, respectively (based on Eq. (4-4)). At the end of
the first stage, PO4-P was reduced to minimal concentrations, eliminating the chance of denitrification by
DPAOs in the second stage. During the second stage, PO4-P had constant concentration of 0.2 ± 0.2 mg
P/L, indicating limited DPAO denitrification. Therefore, denitrification by DGAOs was the only potential
pathway for nitrogen removal, however, denitrification by DGAOs was demonstrated inactive by limited
NO3-N reduction (around 11.7 ± 0.2 mg N/L) in the second stage. Overall, denitrification by DPAOs was
active with the SNRR of 0.6 ±0.03 mg N/g VSS/h, while denitrification by DGAOs was not active.
Microbial community analysis was conducted to further investigate the presence of potential DGAOs in the
system. The ASV table shows the relative abundance of Ca. Competibacter, a well-known DGAO that has
the ability to reduce nitrate to nitrite under anoxic conditions, was 1.6% ± 0.2%. Even though Ca.
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Competibacter was detected in the system, denitrification by DGAOs was not observed. The lack of activity
may have been due to the low temperature of the system since anaerobic carbon storage by Ca.
Competibacter has been reported to be inactive at 10℃ (Lopez-Vazquez et al., 2009a). Overall, the inactive
denitrification by DGAOs was not due to the absense of Ca. Competibacter, a known DGAO, but might
due to the low temperature (10℃).
Microbial community analysis and FAPROTAX analysis were conducted to study the existence of DPAOs
in the system. Figure 4-4 shows that the microorganisms which were predicted to have denitrification
function accounted for 5.1% ± 0.4% of total microorganisms. Within these microorganisms, the genera
Dechloromonas (4.9% ± 0.7%), Thauera (0.2% ± 0.3%), Pseudomonas (0.1% ± 0.1%), and Paracoccus
(0.1% ± 0.1%) were predicted to be capable of nitrate and phosphorus reduction, indicating likely
candidates as DPAOs (Bai et al., 2022). The dominant genus of Dechloromonas (4.9% ± 0.7%) was also
observed in Bai et al. (2022), indicating that the process configuration and wastewater composition did not
present an important for DPAO community. Therefore, the denitrification by DPAOs under aerobic
conditions was performed mainly by Dechloromonas.
The results of the microbial community analysis were also examined to assess whether aerobic PAOs could
have been responsible for PO4-P uptake in the aerobic phase. The ASV table shows the relative abundance
of Ca. Accumulibacter was 0.2% ±0.2%. Ca. Accumulibacter was acknowledged to take up phosphorus in
the aerobic phase and accepted as an aerobic PAO (Bai et al., 2022). Compared with DPAOs, PAOs
established low abundance, indicating DPAOs could be the dominant bacteria for PO4-P uptake in the
aerobic phase. Overall, Ca. Accumulibacter, an aerobic PAO, was detected and responsible for PO4-P
uptake in the aerobic phase.
Nitrogen mass balances (Table 4-1) were conducted in the SBR system to understand the pathways
responsible for nitrogen removal. In the mass balances nitrogen was assumed to exit the SBR through 1)
cell synthesis; 2) decant; 3) denitrification in the anaerobic phase; 4) DPAO denitrification in the aerobic
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phase; 5) denitrifying OHO denitrification using hydrolyzed carbon in the post anoxic phase. The detailed
calculations employed to create the mass balances are described in Appendix B. The relative error of the
mass balance was -3% ±2%, which demonstrated good closure. Overall, the low relative error of the mass
balance provided a high level of confidence to accurately and quantitatively investigate the mass of nitrogen
removed from each pathway.
The potential for nitrous oxide (N2O) emissions was considered when identifying nitrogen removal
pathways for inclusion in the mass balances. N2O emissions can result from nitrifier nitrification, nitrifier
denitrification, and heterotrophic denitrification (Kampschreur et al., 2009). Kampschreur et al. (2009)
summarized that 0.05% to 25% of the nitrogen load could be removed through N2O emission. The high
variation in values was attributed to differences in testing methods. Most reports have indicated that
nitrogen removed through N2O emission was less than 3% of the nitrogen load (Kampschreur et al., 2009).
Further, while several studies have shown that low DO operation leads to high N2O emission, Liu et al.
(2021) demonstrated that long-term operation at a DO of 0.41 mg/L had lower N2O emissions (0.11%)
when compared to a DO of 2 mg/L (0.24%). It was hypothesized that long term operation at low DO led to
growth of ammonia-oxidizing archaea that do not produce N2O due to the lack of canonical nitric oxide
reductase genes that convert NO to N2O. In summary, while low DO operation leads to N2O emissions they
were not considered as a major nitrogen removal pathway and hence were not included in the nitrogen mass
balances.
A summary of the mass balance analysis is presented in Table 4-1. The nitrogen removed through OHO
denitrification using hydrolyzed carbon in the post anoxic phase, DPAO denitrification in the aerobic phase,
and denitrification in the anaerobic phase were 56%, 16%, and 0.3% of influent total nitrogen mass,
respectively. Among these denitrification pathways, denitrifying OHO denitrification using hydrolyzed
carbon in the post anoxic phase was the most significant contributor to remove nitrogen. Due to the
substantial removal of nitrogen in the post anoxic phase, the nitrate concentration at the end of the post
anoxic phase was low, leading minimal (0.3%) nitrogen removal through denitrification in the anaerobic
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phase. Due to the low COD consumption for denitrification in the anaerobic phase, most of the COD was
stored by PAOs and GAOs to promote SNDPR. In the aerobic phase, nitrogen mass removed through
DPAO denitrification using PHA was 16% of the influent nitrogen. Approximately 20% of influent nitrogen
was employed for cell synthesis. Compared with the nitrogen removal pathways in Bai et al. (2022), the
nitrogen removal pathways in this study showed similar nitrogen proportion for cell synthesis, higher
nitrogen proportion for denitrification in the anoxic phase, and lower nitrogen proportion for denitrification
in the anaerobic and aerobic phases and decant. All differences were caused by the implementation of post
anoxic, which further reduced NO3-N in the effluent, leading to the reduction of nitrogen removed through
decant and denitrification in the anaerobic phase. In order to implement SNDPR successfully at low
temperatures, it is necessary to determine the post anoxic time to reduce NO3-N to a certain level that would
not consume substantial rbCOD from the influent and leave enough rbCOD for PAO storage.
Table 4-1. Nitrogen mass balance for a typical cycle of Period 2 at a DO of 0.3 mg/L and 10℃
N mass component

Mass (mg N)

Proportion (%)

N mass in from influent

324 ±9

N mass used for cell synthesis

66 ±9

20 ±3

N mass decant from the system

17 ±7

5 ±2

N mass denitrified in the anaerobic phase

1 ±1

0.3 ±0.2

51 ±2

16 ±1

hydrolyzed carbon in the post anoxic phase

181 ±2

56 ±1

Calculated N mass in from influent

316 ±14

N mass removed through DPAOs using PHA in the aerobic
phase
N mass removed through denitrifying OHOs using

Note: The calculation of values is shown in Appendix B. Relative error is -3% ±2%.
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4.4.

Conclusions

The operational conditions that were successfully employed to achieve SNDPR when treating synthetic
wastewaters could not achieve SNDPR when treating real municipal wastewaters due to most of the influent
rbCOD being used for denitrification and thereby only a limited amount of rbCOD was stored by PAOs.
When compared to the AO configuration, the AOA configuration was able to achieve SNDPR to treat real
municipal wastewater at a low temperature (10℃) with TN removal, TP removal, and SND efficiencies of
91.1%, 92.4%, and 28.5%, respectively. The SND in the aerobic phase was found to be achieved through
denitrification by DPAOs (Dechloromonas). The system was rich in PAOs as demonstrated by
stoichiometric ratios and 16S rRNA gene analysis. Even though DGAOs (Ca. Competibacter) were detected
in the system, denitrification by DGAOs was not active, which might be due to low temperatures. This
research was the first to 1) investigate the performance of SNDPR when real municipal wastewater was
treated under low temperature conditions (10℃); 2) investigate whether operational conditions that have
been successfully employed to treat synthetic wastewaters can also be applied to real municipal wastewaters;
3) compare the performance of SNDPR when operated in different process configurations (AO and AOA).
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Chapter 5 A comprehensive floc model with application to
simultaneous nitrification, denitrification, and phosphorus
removal at a low temperature
Abstract
A comprehensive floc model was designed to investigate simultaneous nitrification, denitrification, and
phosphorus removal (SNDPR) at 10℃. The floc model was the first to incorporate phosphorus
accumulating organisms (PAOs) and glycogen accumulating organisms (GAOs), intrinsic half-saturation
coefficients of each microorganism, external mass transfer terms, internal diffusion, and intra-floc
movement. Results show that only boundary layer thickness in the floc-related parameters established a
minor impact on nitrite, and seven new incorporated parameters (fP,VFA, fPP,PHA,ox, and intrinsic halfsaturation coefficients of oxygen of ammonia oxidizing bacteria (AOB), nitrite oxidizing bacteria (NOB),
ordinary heterotrophic organisms (OHOs), PAOs, and GAOs) were deemed as sensitive parameters. The
model calibration and validation were demonstrated successful based on R2, mean square relative error, and
residual analysis. After model validation, intrinsic KO values of AOB, NOB, OHOs, PAOs, and GAOs were
estimated to be 0.08, 0.18, 0.03, 0.1, and 0.07 mg/L, respectively. Based on model analysis, 87% of volatile
fatty acids were stored by PAOs and GAOs, leading to successful PO4-P uptake through PAO aerobic
growth (85%) and PAO denitrification via nitrite (12%). In the aerobic phase, 93% and 5% of consumed
readily biodegradable chemical oxygen demand were used for OHO aerobic growth and OHO
denitrification via nitrite, respectively. Regarding to SND, nitrite was the dominant electron acceptor for
denitrification by PAOs (75%) and OHOs (25%), indicating NO2-N was easier to be used by PAOs and
OHOs for denitrification than by NOB for nitrification. Microbial and dissolved oxygen profiles within the
floc demonstrated that PAOs were the dominant bacteria and that SND in the aerobic phase resulted for the
large DO difference between the bulk liquid and the inner layer of the floc at the beginning of the aerobic
phase. This study was the first to design a comprehensive floc model that incorporated PAOs and GAOs,
intrinsic half-saturation coefficients of each microorganism, external mass transfer terms, internal diffusion,
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and intra-floc movement, to simulate SNDPR. A set of intrinsic half-saturation coefficients of oxygen of
each microorganism was estimated for the first time.
Keywords: Floc model; Simultaneous nitrification, denitrification, and phosphorus removal; Sumo; Low
temperature; Intrinsic half-saturation coefficient

5.1.

Introduction

Wastewater treatment processes that employ simultaneous nitrification, denitrification, and phosphorus
removal (SNDPR) have been developed to improve upon traditional biological nutrient removal methods.
In these processes nitrogen is removed through simultaneous nitrification and denitrification (SND) under
low dissolved oxygen (DO) conditions with nitrification and denitrification occurring within the outer layer
and inner regions of flocs, respectively (Collivignarelli & Bertanza, 1999). Low DO concentrations are
essential for the occurrence of SNDPR and may support short-cut nitritation and denitritation (Kunapongkiti
et al., 2020). The removal of phosphorus is achieved by providing alternating anaerobic and aerobic
environments, promoting the growth of phosphorus accumulating organisms (PAOs). The potential
advantages of SNDPR include reductions in the consumption of energy, carbon, and oxygen (Wang et al.,
2015; Zaman et al., 2021). Therefore, SNDPR is a promising alternative for nutrient removal, however the
integration of the various biological processes with advanced process flowsheets is complex.
Modeling is increasingly being employed to understand active mechanisms, optimize systems, and simulate
alternative scenarios in support of process design (Rieger et al., 2012). As an example, the activated sludge
models (ASMs) created by International Water Association's (IWA) have been widely acknowledged and
used to describe carbon, nitrogen, and phosphorus transformation in flocculent sludge and biofilm systems
(Eberl et al., 2006; Melcer, 2004). Modeling has been proven to be a convenient and economically attractive
method to understand complex systems.
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One of the challenges of modelling SNDPR systems with ASMs is the half-saturation coefficients (Ks) in
ASMs can not describe systems where diffusion limitations are present. The half-saturation coefficients in
ASMs are considered as “extant” parameters, which reflect the effects of advection and diffusion (Arnaldos
et al., 2015). Many factors can impact extant Ks values, including mixing conditions and hydraulics that
impact advective transport (Liu et al., 2010; Münch et al., 1996), and floc size, density, and porosity which
impact diffusion (Manser et al., 2005; Pochana et al., 1999; Wang et al., 2007). Half-saturation coefficients
for oxygen (Ko) are particularly important in SNDPR systems due to the low DO values employed and the
importance of low DO values in determining several key biological reaction rates (Daigger et al., 2007).
Therefore, there is a need to develop a new model to simulate the SNDPR process with diffusion limitations.
It is expected that employing intrinsic Ks parameters in a model that includes explicit mass transfer terms
would better reflect diffusion-limiting (i.e., SNDPR) systems. In this context the term “intrinsic” refers to
the actual Ks of a specific biomass species in the absence of substrate diffusion limitations. An intrinsic Ks
has a constant value, which avoids the variability of extant Ks in traditional simulations. The intrinsic Ks
approach has been employed to simulate the transformations of carbon and nitrogen in activated sludge
(AS) systems (Eberl et al., 2006; Pérez et al., 2005; Pochana et al., 1999; Shaw et al., 2013; Wang et al.,
2007). The intrinsic Ks parameters have also been used to simulate aerobic and anaerobic granular systems
(Baeten et al., 2019). Therefore, the application of intrinsic Ks parameters and explicit mass transfer terms
has been demonstrated to be successful for modeling diffusion-limited systems, however, two microbial
groups (PAOs and glycogen accumulating organisms (GAOs)) that can contribute to SNDPR have not been
integrated into such models.
Several floc models have been used to simulate carbon and nitrogen compounds in diffusion-limited
systems with low bulk phase DO concentrations (Pochana et al., 1999; Wang et al., 2007). Common
simplifying assumptions of these floc models include negligible mass transfer limitations in the external
boundary layer, uniform distribution of microbes through the floc, and limited movement of solids within
a floc. However, these simplifying assumptions may not be applicable when simulating SNDPR systems.
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It is hypothesized that a more comprehensive floc model should include boundary layer mass transfer,
particulate component movement within the floc, and biological phosphorus removal processes to
adequately simulate SNDPR. The inclusion of boundary layer mass transfer will allow mixing intensity to
be considered in the model, since low mixing intensity that happens in SNDPR systems might have a
significant impact on SNDPR performance (Nogueira et al., 2015). The incorporation of particulate
component movement within a floc can be used to prevent inert component accumulation in the inner core
of a floc and facilitate a dynamic microbial population distribution, which is important for SNDPR due to
impact of differing impacts of redox conditions on the various microbial groups (Baeten et al., 2019).
Finally, PAOs and GAOs should be included to simulate SNDPR, in which phosphorus and nitrogen
removal occurs under low DO conditions (Rubio-Rincón et al., 2017). Therefore, these aspects were
incorporated in a floc model in the current study to permit comprehensive analysis of SNDPR systems.
In this study, the previously mentioned elements were developed in the Sumo© process simulator (Dynamita,
2017). After development, a sensitivity analysis was conducted on the floc model, when configured to
reflect an SNDPR process, in order to identify the parameters that have the most impact upon simulated
values. The floc model was then calibrated and validated using experimental data obtained from a benchscale sequencing batch reactor (SBR) operated for SNDPR (Bai et al., 2022). After validation, the model
was employed to quantify the active pathways of carbon, nitrogen, and phosphorus transformation in the
SNDPR system. The profiles of microorganisms and dissolved oxygen within the floc was studied to further
understand the causes of SNDPR.
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5.2.

Materials and methods

5.2.1. Floc model description
A floc model was developed to study the mechanisms of SNDPR and was assembled in the Sumo© software.
Figure 5-1 shows the key processes incorporated in the floc model, including diffusion, biological reactions,
and intra-floc movement. The floc model was divided into biological, floc-related biofilm, and reactor submodels based on these processes. The details of each sub-model are described in the following sections.

P1: Fstr,tc,i,2+Fdmp,tc,XTSS,2× fXTSS,i,2
P2: Fdmp,tb,XTSS,3× fXTSS,i,3

P3: Fstr,tc,i,3+Fdmp,tc,XTSS,3× fXTSS,i,3

Substrate
concentration

Bulk
Boundary layer

P4: Fdmp,tb,XTSS,4× fXTSS,i,4

Substrate
Fatt,i,1
Fdet,i,1

P1
P2

Influent

Diffusion and
biological reactions

P3

Effluent

P4

R
Intra-floc movement

Layer 1 of floc
Layer 2 of floc
Layer 3 of floc

SBR
Floc size distribution

Figure 5-1. Key processes in the floc model
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5.2.1.1.

Biological sub-model

The biological sub-model used in this study consisted of the Sumo2 model that includes common functional
microbial groups that are commonly associated with SNDPR processes including ammonia-oxidizing
bacteria (AOB), nitrite-oxidizing bacteria (NOB), ordinary heterotrophic organisms (OHOs), PAOs, and
GAOs (Bryant & Coats, 2021; Gazsóet al., 2017; Igos et al., 2017; Layer et al., 2020; Varga et al., 2018).
The main differences between Sumo2 and ASM2d are the inclusion of GAOs, two-step nitrification by
AOB and NOB, and two-step denitrification by OHOs, PAOs, and GAOs. Therefore, several more
processes were included in the Sumo2 model compared to ASM2d. Under anaerobic conditions, readily
biodegradable chemical oxygen demand (rbCOD) can be fermented to volatile fatty acids (VFAs) by OHOs
and PAOs. VFAs can be stored by PAOs as polyhydroxyalkanoates (PHA) and by GAOs as glycogen.
Under anoxic conditions, stored PHA and glycogen can be used for denitrification to reduce nitrate to nitrite
and further to nitrogen gas through PAO and GAO anoxic growth and maintenance. Under aerobic
conditions, PHA can be oxidized for PAO maintenance and growth to take up orthophosphate. Glycogen
can be oxidized for GAO growth and maintenance. The detailed biological processes for carbon, nitrogen
and phosphorus transformation are shown in Appendix C-1. The stoichiometric matrix, process rate
expressions, and kinetic parameter values are presented in Tables C-3 to C-7.

5.2.1.2.

Floc-related biofilm sub-model

5.2.1.2.1.

External mass transfer

External mass transfer through a boundary layer was included in the biofilm sub-model (Henze et al., 2008).
Mass transfer of soluble substrates from bulk to the floc surface is calculated as described in (Eq. (5-1)).
The surface area of floc is calculated using Eq. (5-2) to Eq. (5-5). These equations initially estimate the
total volume of biomass based upon the inventory of biomass present in the SBR. The total surface area is
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then estimated based on an assumed floc radius that allows the volume of individual floc and subsequently
the number of flocs in the SBR to be calculated when flocs are assumed to be sphere. In this study, the
morphology of flocs was assumed to be spherical to reduce complexity. Among these parameters,
diffusivity of each soluble substrate in water (DW,i) is from Henze et al. (2008). The parameters of boundary
layer thickness (ZBL), floc radius (ZF), SBR tank surface area (Areactor), settled floc level (hsettled,floc), the water
between settled floc (free water) (Vwater,floc) can be set in the floc model.
𝐹𝑖 = 𝐷𝑊,𝑖 × 𝐴2 ×

𝐶𝑏,𝑖 −𝐶𝑓,𝑖,2

Eq. (5-1)

𝑍𝐵𝐿

𝑉𝑓𝑙𝑜𝑐𝑠 = ℎ𝑠𝑒𝑡𝑡𝑙𝑒𝑑,𝑓𝑙𝑜𝑐 × 𝐴𝑟𝑒𝑎𝑐𝑡𝑜𝑟 × (1 − 𝑉𝑤𝑎𝑡𝑒𝑟,𝑓𝑙𝑜𝑐 )
4

𝑉𝑓𝑙𝑜𝑐,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 = 3 × 𝜋 × 𝑍𝐹 3
𝑛𝑓𝑙𝑜𝑐𝑠 = 𝑉

Eq. (5-2)

Eq. (5-3)

𝑉𝑓𝑙𝑜𝑐𝑠

Eq. (5-4)

𝑓𝑙𝑜𝑐,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙

𝐴2 = 𝑛𝑓𝑙𝑜𝑐𝑠 × 4 × 𝜋 × 𝑍𝐹 2

Eq. (5-5)

Where i is the ith soluble substrate; DW,i is the diffusion coefficient of the ith soluble substrate in the water
phase (L2/T); A2 is the surface area of flocs (L2); Cb,i is the ith soluble substrate concentration in the bulk
(M/L3); Cf,i,2 is the ith soluble substrate concentration at the surface of the floc (M/L3); ZBL is the boundary
layer thickness (L); Fi is the mass transfer rate of the ith soluble substrate from bulk to floc surface (M/T);
Vflocs is the total volume of flocs (L3); hsettled,floc is settled floc level (L); Areactor is the surface area of the SBR
reactor (L2); Vwater,floc is the water between settled floc (free water) (calculated from settled spheres with
lattice packing to be 0.26 on the assumption that distances between flocs after settling are negligible);
Vfloc,individual is the volume of one floc (L3); ZF is the floc radius (L); nflocs is the number of flocs.
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5.2.1.2.2.

Internal diffusion

Internal diffusion refers to diffusion activities within the floc. The driving force for diffusion in the floc is
the substrate concentration difference between two adjacent layers. Eq. (5-6) describes the mass transfer of
soluble substrates due to diffusion (Henze et al., 2008). The floc continuum is divided into n layer of
equivalent thickness (ZL) (Eq. (5-8)), and hence the surface area of each layer is calculated by Eq. (5-9) and
Eq. (5-10). Among these parameters, the reduction factor of diffusivity (fd) and layer number (n) can be set
in the floc model. The diffusivity reduction factor was assumed to be the same for all soluble components
to avoid complexity. The number of floc layers was assumed to be three in consideration of computational
power requirements.
𝐹𝑑𝑖𝑓𝑓,𝑡𝑐,𝑖,𝑗 = 𝐷𝑊,𝑖 × 𝑓𝑑 × 𝐴𝑗+1 ×

𝐶𝑓,𝑖,𝑗 −𝐶𝑓,𝑖,𝑗+1

Eq. (5-6)

𝑍𝐿

𝐹𝑑𝑖𝑓𝑓,𝑡𝑏,𝑖,𝑗+1 = −𝐹𝑑𝑖𝑓𝑓,𝑡𝑐,𝑖,𝑗

Eq. (5-7)

𝑍

𝐹
𝑍𝐿 = 𝑛−1

Eq. (5-8)

𝐴𝑗+1 = 𝑛𝑓𝑙𝑜𝑐𝑠 × 4 × 𝜋 × (𝑍𝐴𝑗+1 )2

Eq. (5-9)

𝑍𝐴𝑗+1 = (𝑛 − 𝑗 + 1) × 𝑍𝐿

Eq. (5-10)

Where j is the indicator of the (j-1)th layer (j=1 represents bulk; j=2 represents layer 1 in the floc (e.g., outer
layer); j=3 represents layer 2 in the floc; the max j is n+1); n is the assumed layer number; F diff,tc,i,j is the
mass transfer rate of the ith soluble substrate towards floc core by diffusion from the (j-1)th layer (M/T);
Fdiff,tb,i,j+1 is the mass transfer rate of the ith soluble substrate towards bulk by diffusion from the jth layer
(M/T); fd is the reduction factor of diffusivity; Aj+1 is the surface area of the jth layer (L2); Cf,i,j is the ith
soluble substrate concentration at the (j-1)th layer in the floc (M/L3); ZL is the floc layer thickness (L); ZAj+1
is the distance from the core to the surface of the jth layer (L).
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5.2.1.2.3.

Mass balances of soluble components in the floc

The change of soluble substrate concentration in the floc is due to diffusion and biological reactions. Eq.
(5-11) calculates the mass balance of soluble components in the floc. The left side of the equation
(𝑉𝑗 ×

𝑑𝐶𝑓,𝑖,𝑗
𝑑𝑡𝑡

) represents the mass change rate of the soluble substrate in the floc. The first two terms on the

right side of the equation (−𝐹𝑑𝑖𝑓𝑓,𝑡𝑐,𝑖,𝑗 − 𝐹𝑑𝑖𝑓𝑓,𝑡𝑏,𝑖,𝑗 ) represent mass change rate of soluble substrates in the
floc due to diffusion. The last term on the right side of the equation (𝑉𝑗 × 𝑟𝑖,𝑗 ) represents the mass change
rate of the soluble substrate in the floc due to biological reactions. Eq. (5-12) - Eq. (5-14) are substituted
into Eq. (5-11) to solve for soluble component concentration in a specific floc layer. Eq. (5-13) represents
the volume of a specific floc layer, which is calculated by the multiplication of flocs volume and the volume
fraction of that layer over the entire floc. The volume fraction of each layer over the entire floc is shown in
Eq. (5-14) when the floc is assumed to be sphere with three layers.
𝑉𝑗 ×

𝑑𝐶𝑓,𝑖,𝑗
𝑑𝑡

= −𝐹𝑑𝑖𝑓𝑓,𝑡𝑐,𝑖,𝑗 − 𝐹𝑑𝑖𝑓𝑓,𝑡𝑏,𝑖,𝑗 + 𝑉𝑗 × 𝑟𝑖,𝑗

Eq. (5-11)

𝑟𝑖,𝑗 = ∑𝑚
𝑘=1 𝑣𝑖,𝑘 𝛽𝑗,𝑘

Eq. (5-12)

𝑉𝑗 = 𝑉𝑓𝑙𝑜𝑐𝑠 × 𝑉𝑓𝑗 𝑤ℎ𝑒𝑛 𝑗 > 1

Eq. (5-13)

3
4
2
×𝜋×(𝑍𝐹 3 −( 𝑍𝐹 ) )
3
3
4
×𝜋×𝑍𝐹 3
3
3
3
4
2
1
×𝜋×(( 𝑍𝐹 ) −( 𝑍𝐹 ) )
3
3
3
4
×𝜋×𝑍𝐹 3
3
3
4
1
×𝜋×( 𝑍𝐹 )
3
3
4
×𝜋×𝑍𝐹 3
3

= 0.7037 𝑤ℎ𝑒𝑛 𝑗 = 2

𝑉𝑓𝑗 =

{

= 0.2593 𝑤ℎ𝑒𝑛 𝑗 = 3

Eq. (5-14)

= 0.037 𝑤ℎ𝑒𝑛 𝑗 = 4

Where Vj is the volume of the (j-1)th layer (L3); Vj × ri,j is the mass transfer rate of the ith soluble substrate
at the (j-1)th layer (M/T); vi,k is the stoichiometric coefficient of the ith soluble component at the kth process;
m is the total number of biological processes; βj,k is the kth process rate at the (j-1)th layer; Vfj is the volume
fraction of the (j-1)th layer in a floc.
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5.2.1.2.4.

Solids transfer inside the floc

Solids in the floc refer to microbial species and other particulate components (organic particulate substrates,
inert particulate materials, etc.). The movement of these solids in the floc is associated with transformation
and transport processes (Wanner, 1996). The transformation processes refer to cell growth, cell decay,
hydrolysis of organic particles, etc. The transport processes are associated with the transformation processes.
For example, cell generation leads to the movement of cells to outer space. In addition, due to different
redox zone created in the floc, different biological reactions happen at different layers, leading to dynamic
distribution of the microbial populations in the floc (Li & Bishop, 2004). One assumption is made to
simplify this process: the movement of solids in the floc is similar to soluble component diffusion in the
floc based on Fick’s first law of diffusion (Layer et al., 2020). Therefore, the solids transfer equation is
represented by Eq. (5-15) based on an assumed internal solids transfer rate in the floc (DX) (Dynamita,
2017).
𝐹𝑠𝑡𝑟,𝑡𝑐,𝑖,𝑗 = 𝐷𝑋 × 𝐴𝑗+1 ×

𝑋𝑓,𝑖,𝑗 −𝑋𝑓,𝑖,𝑗+1

Eq. (5-15)

𝑍𝐿

𝐹𝑠𝑡𝑟,𝑡𝑏,𝑖,𝑗+1 = −𝐹𝑠𝑡𝑟,𝑡𝑐,𝑖,𝑗

Eq. (5-16)

Where Fstr,tc,i,j is the mass transfer rate of the ith particulate substrate towards floc core by solids transfer
from the (j-1)th layer (M/T); Fstr,tb,i,j+1 is the mass transfer rate of the ith particulate substrate towards bulk by
solids transfer from the jth layer (M/T); DX is internal solids transfer rate in the floc (L2/T); Xf,i,j is the ith
particulate substrate concentration at the (j-1)th layer in the floc (M/L3).
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5.2.1.2.5.

TSS controller inside the floc

Except for the consideration of each particulate component in the floc, the relationship of TSS concentration
in each layer should also be considered to avoid significant TSS differences in different layers. Since the
real condition of TSS concentration in each layer is unknown and lacks mechanistic knowledge, the
simplest assumption, which is similar TSS concentrations in the floc layers, is made to simplify the
condition (Layer et al., 2020). Therefore, the purpose of the TSS controller is to move TSS from one layer
to the other to maintain similar TSS concentration in the floc layers. Eq. (5-17) illustrates the mass transfer
rate of TSS by displacement. The mass transfer rate of TSS by displacement is similar to soluble component
diffusion in the floc with an assumed TSS controller displacement rate gain of solids between floc layers
(rdpm,max).
𝐹𝑑𝑝𝑚,𝑡𝑐,𝑋𝑇𝑆𝑆,𝑗 = 𝑟𝑑𝑝𝑚,𝑚𝑎𝑥 × 𝐴𝑗+1 ×

𝑋𝑓,𝑇𝑆𝑆,𝑗 −𝑋𝑓,𝑇𝑆𝑆,𝑗+1
𝑍𝐿

𝐹𝑑𝑝𝑚,𝑡𝑏,𝑋𝑇𝑆𝑆,𝑗+1 = −𝐹𝑑𝑝𝑚,𝑡𝑐,𝑋𝑇𝑆𝑆,𝑗

Eq. (5-17)

Eq. (5-18)

Where Fdpm,tc,XTSS,j is the mass transfer rate of TSS towards floc core by displacement from the (j-1)th layer
(M/T); Fdpm,tb,XTSS,j+1 is the mass transfer rate of TSS towards bulk by displacement from the jth layer (M/T);
rdpm,max is TSS controller displacement rate gain of solids between floc layers (L2/T); Xf,TSS,j is the TSS
concentration at the (j-1)th layer in the floc (M/L3).

5.2.1.2.6.

Mass balance of particulate component in the floc

The change of particulate component concentration in the floc is due to solids transfer (F str), displacement
(Fdmp,XTSS×fXTSS,i), and biological reactions ( 𝑉𝑗 × 𝑟𝑖,𝑗 ). Figure 5-1 shows the movement of particulate
components in each layer. The mass balances of particulate component in each layer are shown in Eq. (519) and Eq. (5-24) (Dynamita, 2017). Eq. (5-20) - Eq. (5-23) are substituted into Eq. (5-19) to solve for
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particulate component concentration in layer 1. In these equations, the attachment rate (r attach), detachment
rate (rdetach), the slope of switching function around XTSStarget (sl), the dry matter content of flocs (XTSS,F),
and the floc density (ρF) can be set in the floc model.
When j=2
𝑉𝑗 ×

𝑑𝑋𝑓,𝑖,𝑗
𝑑𝑡

= 𝐹𝑎𝑡𝑡,𝑖,1 − 𝐹𝑑𝑒𝑡,𝑖,1 − 𝐹𝑠𝑡𝑟,𝑡𝑐,𝑖,𝑗 − 𝐹𝑑𝑝𝑚,𝑡𝑐,𝑋𝑇𝑆𝑆,𝑗 × 𝑓𝑋𝑇𝑆𝑆,𝑖,𝑗 + 𝐹𝑑𝑝𝑚,𝑡𝑏,𝑋𝑇𝑆𝑆,𝑗+1 × 𝑓𝑋𝑇𝑆𝑆,𝑖,𝑗+1 +

𝑉𝑗 × 𝑟𝑖,𝑗
𝐹𝑎𝑡𝑡,𝑖,1 =

Eq. (5-19)
𝑟𝑎𝑡𝑡𝑎𝑐ℎ ×𝐴2 ×𝑋𝑇𝑆𝑆,1

𝐹𝑑𝑒𝑡,𝑖,1 =

𝑍𝐵𝐿

× 𝑓𝑋𝑇𝑆𝑆,𝑖,1

𝑓𝑑𝑝𝑚 ×𝑟𝑑𝑒𝑡𝑎𝑐ℎ,𝑠𝑙 ×𝐴2 ×𝑋𝑇𝑆𝑆,2
𝑍𝐵𝐿

𝑟𝑑𝑒𝑡𝑎𝑐ℎ,𝑠𝑙 = 𝑟𝑑𝑒𝑡𝑎𝑐ℎ ×

Eq. (5-20)

× 𝑓𝑋𝑇𝑆𝑆,𝑖,2

Eq. (5-21)

1

Eq. (5-22)

−𝑠𝑙×(𝑋𝑇𝑆𝑆,2 −𝑋𝑇𝑆𝑆,𝑡𝑎𝑟𝑔𝑒𝑡 )
1+𝑒

𝑋𝑇𝑆𝑆,𝑡𝑎𝑟𝑔𝑒𝑡 = 𝑋𝑇𝑆𝑆,𝐹 × 𝜌𝐹

Eq. (5-23)

When j>2
𝑉𝑗 ×

𝑑𝑋𝑓,𝑖,𝑗
𝑑𝑡

= −𝐹𝑠𝑡𝑟,𝑡𝑐,𝑖,𝑗 − 𝐹𝑑𝑝𝑚,𝑡𝑐,𝑋𝑇𝑆𝑆,𝑗 × 𝑓𝑋𝑇𝑆𝑆,𝑖,𝑗 − 𝐹𝑠𝑡𝑟,𝑡𝑏,𝑖,𝑗 − 𝐹𝑑𝑝𝑚,𝑡𝑏,𝑋𝑇𝑆𝑆,𝑗 × 𝑓𝑋𝑇𝑆𝑆,𝑖,𝑗 +

𝐹𝑑𝑝𝑚,𝑡𝑏,𝑋𝑇𝑆𝑆,𝑗+1 × 𝑓𝑋𝑇𝑆𝑆,𝑖,𝑗+1 +𝐹𝑑𝑝𝑚,𝑡𝑐,𝑋𝑇𝑆𝑆,𝑗−1 × 𝑓𝑋𝑇𝑆𝑆,𝑖,𝑗−1 + 𝑉𝑗 × 𝑟𝑖,𝑗

Eq. (5-24)

Where fXTSS,i,j is the fraction of the ith particulate component over TSS at the (j-1)th layer; Fatt,i,1 is the mass
transfer rate of the ith particulate substrate from the bulk by attachment (M/T); Fdet,i,1 is the mass transfer
rate of the ith particulate substrate to the bulk by detachment (M/T); rattach is the attachment rate (L2/T);
fXTSS,i,1 is the fraction of the ith particulate substrate over TSS in the bulk; rdetach,sl is the corrected detachment
rate (L2/T); rdetach is the detachment rate (L2/T); sl is the slope of switching function around XTSStarget (L3/M);
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XTSS,target is the target TSS concentration in the floc (M/L3); XTSS,F is the dry matter content of flocs; ρF is
the floc density (M/L3).

5.2.1.3.

Reactor sub-model

5.2.1.3.1.

Mass balance of soluble components in SBR tank

The mass balance of soluble substrates in the SBR tank is represented by Eq. (5-25) (Dynamita, 2017),
including the substrate mass entering through influent (𝑄𝑖𝑛𝑓 × 𝐶𝑖𝑛𝑓,𝑖 ), substrate mass out through effluent
(𝑄𝑒𝑓𝑓 × 𝐶𝑒𝑓𝑓,𝑖 ) and wasting (𝑄𝑤𝑎𝑠𝑡𝑒 × 𝐶𝑒𝑓𝑓,𝑖 ), substrate mass diffusing from bulk into flocs (𝐹𝑑𝑖𝑓𝑓,𝑡𝑐,𝑖,1 ),
and substrate mass change through biological reactions in the bulk (𝑉1 × 𝑟𝑖,1 ).
𝑉1

𝑑𝐶𝑏,𝑖
𝑑𝑡

= 𝑄𝑖𝑛𝑓 × 𝐶𝑖𝑛𝑓,𝑖 − 𝑄𝑒𝑓𝑓 × 𝐶𝑒𝑓𝑓,𝑖 − 𝑄𝑤𝑎𝑠𝑡𝑒 × 𝐶𝑒𝑓𝑓,𝑖 − 𝐹𝑑𝑖𝑓𝑓,𝑡𝑐,𝑖,1 + 𝑉1 × 𝑟𝑖,1

𝑉1 = 𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 − 𝑉𝑓𝑙𝑜𝑐𝑠

Eq. (5-25)
Eq. (5-26)

Where V1 is the bulk volume (L3); Qinf is the flow rate of influent (L3/T); Qeff is the flow rate of effluent
(L3/T); Qwaste is the flow rate of waste (L3/T); Cinf,i is the ith soluble substrate concentration in the influent
(M/L3); Ceff,i is the ith soluble substrate concentration in the effluent (M/L3); Fdiff,tc,i,1 is the mass transfer rate
of the ith soluble substrate diffusion from bulk to flocs (M/T); ri,1 is the mass transfer rate of the ith soluble
substrate in the bulk (M/T); Vreactor is the liquid volume of the SBR reactor (L3).
5.2.1.3.2.

Mass balance of particulate component in the SBR tank

Except for the mass balance of particulate component in the floc (Eqs. (5-19) and (5-24)), the mass balance
of particulate component in the bulk is represented by Eq. (5-27) (Dynamita, 2017), including the
particulate component mass entering through influent, particulate component mass out through effluent and
wasting, particulate component mass attaching to flocs, particulate component mass detaching to bulk, and
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particulate component mass change through biological reactions in the bulk. The mass change rates through
attachment and detachment are represented by Eq. (5-20) to Eq. (5-21).
𝑉1

𝑑𝑋𝑏,𝑖
𝑑𝑡

= 𝑄𝑖𝑛𝑓 × 𝑋𝑖𝑛𝑓,𝑖 − 𝑄𝑒𝑓𝑓 × 𝑋𝑒𝑓𝑓,𝑖 − 𝑄𝑤𝑎𝑠𝑡𝑒 × 𝑋𝑏,𝑖 − 𝐹𝑎𝑡𝑡,𝑖,1 + 𝐹𝑑𝑒𝑡,𝑖,1 + 𝑉1 × 𝑟𝑖,1

Eq. (5-27)

Where Xb,i is the ith particulate substrate concentration in the bulk (M/L3); Xinf,i is the ith particulate substrate
concentration in the influent (M/L3); Xeff,i is the ith particulate substrate concentration in the effluent (M/L3).

5.2.1.3.3.

Sludge retention time

In the model, with the growth of bacteria, total suspended solids (TSS) increase and come to a target mass
amount, which is the multiplication of measured MLSS at steady state in the SBR and reactor volume (Eq.
(5-29)). Once simulated solids mass reaches target TSS mass, all the excessive solids generated in each
cycle are wasted through the wasting stage to calculate SRT (Eq. (5-28)). The underlying assumptions are
that effluent TSS is minimal, and no sludge waste until TSS reaches target mass. Eq. (5-29) - Eq. (5-31) are
substituted into Eq. (5-28) to calculate for simulated SRT.
𝑆𝑅𝑇 = 𝑀

𝑀𝑋𝑇𝑆𝑆,𝑡𝑜𝑡𝑎𝑙

Eq. (5-28)

𝑋𝑇𝑆𝑆,𝑤𝑎𝑠𝑡𝑒𝑑 ×𝑛𝑐𝑦𝑐𝑙𝑒

𝑀𝑋𝑇𝑆𝑆,𝑡𝑜𝑡𝑎𝑙 = 𝑋𝑇𝑆𝑆,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 × 𝑉𝑡𝑜𝑡𝑎𝑙

Eq. (5-29)

𝑀𝑋𝑇𝑆𝑆,𝑤𝑎𝑠𝑡𝑒𝑑 = min (0, 𝑀𝑋𝑇𝑆𝑆,𝑓𝑖𝑙𝑚,𝑡𝑜𝑡𝑎𝑙 − 𝑀𝑋𝑇𝑆𝑆,𝑡𝑎𝑟𝑔𝑒𝑡,𝑓𝑙𝑜𝑐𝑠 ) + 𝑋𝑇𝑆𝑆,1 × 𝑉𝑤𝑎𝑠𝑡𝑎𝑔𝑒,𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡,1 Eq. (530)
𝑀𝑋𝑇𝑆𝑆,𝑡𝑎𝑟𝑔𝑒𝑡,𝑓𝑙𝑜𝑐𝑠 = 𝑉𝑓𝑙𝑜𝑐𝑠 × 𝑋𝑇𝑆𝑆,𝑡𝑎𝑟𝑔𝑒𝑡

Eq. (5-31)

Where XTSS,wasted is the wasted TSS concentration (M/L3); Vwasted is the wasted volume (L); SRT is solids
retention time (T); MXTSS,total is the total mass of TSS in the reactor (M); MXTSS,wasted is the mass of TSS
removed in one wasting phase (M); ncycle is the number of cycle of one day; XTSS,measured is the measured
107

TSS concentration in the SBR (M/L3); Vtotal is the reaction volume of SBR (L3); MXTSS,film,total is total TSS
mass from flocs in the reactor (M); MXTSS,target,flocs is the target TSS mass from flocs in the reactor (M).

5.2.2. Sensitivity analysis
A sensitivity analysis was used to evaluate the relative importance of parameters and minimize the efforts
for calibration (Petersen et al., 2002). Eq. (5-32) was used to assess the sensitivity (SEN) of each output
variable (y) to a 10% change of default value of each input parameter (ρ) (Van Veldhuizen et al., 1999):
𝒅𝒚𝒋 /𝒚𝒋

𝑺𝑬𝑵𝒊,𝒋 = 𝒅𝝆 /𝝆
𝒊

Eq. (5-32)

𝒊

Where dρ is the change in the input parameter value ρ; dy is the change in the output variable y; i is the i th
input parameter; j is the jth output variable. The influence of a parameter on the model output was interpreted
as follows (Petersen et al., 2002): (1) |SEN| < 0.25 indicates that a parameter has limited influence on the
model output, (2) 0.25 ≤ |SEN| < 1 means that a parameter is influential; (3) 1 ≤ |SEN| < 2 means that a
parameter is very influential; (4) |SEN| ≥ 2 means that a parameter is extremely influential.
Input parameters of sensitivity analysis included all biokinetic, stoichiometric, and floc-related parameters.
Sensitivity analysis was conducted for pseudo-steady-state and dynamic simulations. For pseudo-steadystate simulation, sensitivity analysis was used to study the impact of input parameters on long-term effluent
performance, including soluble chemical oxygen demand (sCOD), NH4-N, NO2-N, NO3-N, and PO4-P. For
dynamic simulation, sensitivity analysis was used to study the impact of input parameters on the turning
points of each substrate in one SBR dynamic cycle, since accurately simulating these turning points of each
substrate in one cycle helped interoperate the mechanisms of each substrate transformation in one cycle.
Bai et al. (2022) shows that phosphorus release happened in the anaerobic phase. Therefore, the peak value
of PO4-P at the end of the anaerobic phase was a turning point for PO4-P. In the aerobic phase, ammonia
was oxidized to minimal by nitrification, and phosphorus was reduced to minimal by PAO phosphorus
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uptake. Therefore, the times for PO4-P and NH4-N to be reduced to a minimum in the aerobic phase were
turning points for PO4-P and NH4-N. Nitrite was generated by AOB nitrification and reduced by NOB
nitrification. Therefore, the NO2-N peak value and the time for NO2-N to be reduced to minimum were
turning points for NO2-N.

5.2.3. Model calibration and validation
5.2.3.1.

Data used for calibration and validation

Data used for model calibration included substrate profiles (sCOD, NH4-N, NO2-N, NO3-N, and PO4-P) of
dynamic tests and six activity tests in Bai et al. (2022). In brief, an SBR with a working volume of 18 L
was operated at 10 ± 1 ℃ and a DO of 0.3 ± 0.1 mg/L for 160 days. After the SBR came to a steady state,
triplicate dynamic tests were conducted in the SBR. The cycle time was 8h with 0-1 h anaerobic, 1-7 h
aerobic, and 7-8 h settling and decanting. 200 mL of mixed liquor was wasted at the end of the aerobic
phase, resulting in a SRT of 30 days. The volume exchange ratio was 50%, resulting in a hydraulic retention
time (HRT) of 16 hours. Synthetic wastewater was used as influent with a COD of 354 ± 15 mg COD/L
(including VFA of 191.5 mg COD/L, readily biodegradable COD of 150 mg COD/L, and soluble
unbiodegradable COD of 12.5 mg COD/L), NH4-N of 30 ±1.4 mg/L, PO4-P of 6.5 ±0.3 mg/L, and soluble
biodegradable organic nitrogen of 19 ± 1 mg N/L. For six activity tests, Tests 1-3 were conducted under
anoxic conditions to study the denitrification of OHOs, DGAOs, and DPAOs. Tests 4-6 were conducted at
a DO of 0.3 mg/L to quantify the denitrification pathways by OHOs, DGAOs, and DPAOs in the aerobic
phase. The detailed descriptions of these tests can be found in Bai et al. (2022). Floc size and floc density
were tested at the end of dynamic tests.
Data used for model validation was dynamic tests under different DO setpoints in the SBR. After the six
activity tests, another triplicate dynamic tests were conducted in the same SBR under the same conditions,
109

except for DO setpoints. DO concentrations were changed to 0.13 ± 0.1 and 0.055 ± 0.05 mg/L from 1 to
3.5 hour and from 3.5 to 7 hour in the aerobic phase. During the dynamic tests, 10 mL of mixed liquor
samples were taken at intervals of 10 min for the first two hours and 30 min for the rest of time. Mixed
liquor samples were taken to measure sCOD, NH4-N, NO2-N, NO3-N, PO4-P, soluble Total Kjeldahl
Nitrogen (sTKN), PHA, and glycogen. MLSS and MLVSS were measured by taking mixed liquor at the
end of the aerobic phase.
5.2.3.2.

Calibration process

Model calibration was conducted by following a logical and hierarchical step iteratively. Based on the
calibration protocols from many studies, the calibration of a biofilm model was to adjust the following
parameters sequentially: influent characteristics, physical parameters of the reactor (tank volume, flow rates,
etc.), floc-related parameters, sensitive kinetic parameters, and sensitive stoichiometric values (Hulsbeek
et al., 2002; Langergraber et al., 2004; Melcer, 2004; Rittmann et al., 2018; Vanrolleghem et al., 2003).
After calibration, all the adjusted parameters should remain within realistic ranges. The detailed
descriptions of influent characteristics and physical parameters are illustrated in Appendix C-2.
5.2.3.2.1.

Floc-related parameters

The change of floc-related parameters was based on sensitivity analysis results (Table 5-1). Floc-related
parameters were distinguished as measurable, calculable, constant, and variable parameters. The
descriptions of the measurable, calculable, and constant parameters are in Appendix C-2.3.
For variable parameters, boundary layer thickness (ZBL) showed minor influence based on sensitivity
analysis (Table 5-1), therefore, this parameter was set as default in the calibration and although it can be
adjusted if necessary. The model was found to be insensitive to the empirical reduction factor for diffusion
in the floc (fd) but could affect the distribution of oxygen in flocs, resulting in the impact on nitrification
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and denitrification in the SNDPR system. This was therefore also set at the default value for calibration but
could be adjusted if necessary.
Overall, floc-related parameters which can be measured or calculated should use measured or calculated
values, and other floc-related parameters should stay default at the initial calibration. Suppose the
adjustment of kinetics and stoichiometries can not pass both calibration and validation exercises. In that
case, floc-related parameters (empirical reduction factor of diffusion rate in floc and boundary layer
thickness), kinetics, and stoichiometries should be adjusted again until calibration and validation are
satisfied.
5.2.3.2.2.

Sensitive kinetics and stoichiometries

The fourth step is to adjust kinetics and stoichiometries based on sensitivity analysis results (Table 5-1) and
expert knowledge. Since this is a floc model, both half-saturation coefficients in the bulk and biofilm should
be the same as intrinsic half-saturation coefficients. Therefore, the diffusion factor for half-saturation
coefficients was set to be 1, and the intrinsic half-saturation coefficients are assumed to be 1/10 of default
values (extant half-saturation coefficients) (Rittmann et al., 2018; Shaw et al., 2015).
The philosophy of calibration is to separate individual processes based on substrate profiles in the
anaerobic/aerobic phase as much as possible to avoid error propagation. Figure 5-2 shows the logical
procedures for parameters (kinetics and stochiometric parameters) calibration. The rationale for adjusting
corresponding parameters in each step can be found in Table C-2. After the change of corresponding
parameters in each step, the model was run for 90 days (3 SRTs) to finalize the results.
The potential for correlation between the maximum growth rate and intrinsic half-saturation coefficient of
oxygen for each microorganism was identified. Hence, the data from Tests 1 to 3, anoxic conditions were
established, were employed to estimate the maximum growth rates as the half-saturation coefficient of
oxygen was not impactful. Then the intrinsic half-saturation coefficient of oxygen was estimated with the
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data from Tests 4 to 6, which were operated under aerobic conditions. Therefore, the maximum growth rate
and intrinsic half-saturation coefficient of oxygen of OHOs, PAOs, and GAOs were estimated separately
to avoid correlation. As for AOB and NOB, the maximum growth rate and intrinsic half-saturation
coefficient of oxygen were calibrated together, and then calibrated parameters were validated under
different DO setpoints to minimize correlation.
Simulation with default and measured values
Simulation
NH4-N profile from 14 min to 60 min in the anerobic phase of dynamic tests
Y
sCOD profile from 40 min to 60 min in the anerobic phase of dynamic tests
Y
sCOD profile from 14 min to 40 min in the anerobic phase of dynamic tests
Y
PO4-P profile from 14 min to 40 min in the anerobic phase of dynamic tests
Y
PO4-P profile from 40 min to 60 min in the anerobic phase of dynamic tests
Y
NO3-N profile in Test 1
Y
NO3-N profile in Test 2
Y
NO3-N profile in Test 3
Y
PO4-P profile in Test 3
Y
PO4-P profile from 60 min to 120 min in the aerobic phase of dynamic tests
Y
NO3-N profile in Test 4
Y
sCOD profile from 60 min to 90 min in the aerobic phase of dynamic tests
Y
TIN profile from 60 min to 120 min in Test 5
Y
TIN profile from 0 min to 60 min in Test 5
Y
PO4-P profile in Test 5
Y
TIN profile from 0 min to 30 min in Test 6
Y
NH4-N profile from 1st h to 5.5th h in the aerobic phase of dynamic tests
Y
NO3-N profile from 1st h to 7th h in the aerobic phase of dynamic tests
Y
NO2-N profile from 1st h to 7th h in the aerobic phase of dynamic tests
Y
Calibrated parameter set

N

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N

qAMMON,T
µFERM,OHO,T
qPAO,PHA,T and qGAO,GLY,T
fP,VFA
Confirm fP,VFA, qPAO,PHA,T, and µFERM,OHO,T correct
µOHO,T
µGAO,T
µPAO,T

fPP,PHA,anox
fPP,PHA,ox
KO2,OHO,AS
Confirm KO2,OHO,AS and µOHO,T correct
KO2,GAO,AS
KO2,PAO,AS
Confirm fPP,PHA,anox, µPAO,T, and KO2,PAO,AS correct
Confirm µOHO,T and KO2,OHO,AS correct
µAOB,T and KO2,AOB,AS
µNOB,T and KO2,NOB,AS

Confirm most of the parameters above correct

Figure 5-2. Calibration procedure for kinetics and stoichiometries for the floc model.
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5.2.3.3.

Validation process

After model calibration, a set of parameters was generated and used to fit an independent data set in section
2.3.1. The substrate profiles were compared with simulated results. If the parameter set generated from the
calibration does not fit well with the validation data set, adjusting the parameters based on the calibration
process should be conducted until both calibration and validation data sets are fitted.

5.2.4. Analysis methods
DO, temperature, pH, sCOD, NH4-N, NO2-N, NO3-N, PO4-P, sTKN, soluble total nitrogen (sTN), MLSS,
MLVSS, PHA, and glycogen were measured using the same methods in Bai et al. (2022).
Floc size distribution was measured using a laser diffraction particle size analyzer (Anton Paar PSA 1190,
Anton Paar Malaysia Sdn Bhd, Petaling Jaya, Malaysia). After the homogenization of mixed liquor, the
mixed liquor samples were added into the circulation tank filled with deionized water until an obscuration
level of 12–14% was achieved. The floc size distribution with mean size, D10, D50, and D90 based on volume
fraction can be obtained.
As for floc density, a free-settling test was conducted to get terminal settling velocity (Chung & Lee, 2003).
Afterwards, Stokes’ law was used to calculate floc density in Eq. (5-33). In detail, a glass cylinder with a
ruler at one side was used for the free-settling test. After obtaining the average floc size, 15 flocs with the
same size as the average floc size were identified using a microscope and dropped to the cylinder from the
top one by one. A camera was used to record the movement of flocs.
𝜌𝐹 − 𝜌 =

18𝑉ƞ
𝑑𝑓2 𝑔

Eq. (5-33)
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Where ρF (kg/m3) and ρ (1000 kg/m3) are the floc density and water density, respectively; g (9.8m/s2) is the
gravitational acceleration; df (m) is the floc diameter; V (m/s) is the terminal velocity; ƞ (Ns/m 2) is the
dynamic viscosity of the liquid phase of the suspension.

5.2.5. Fitness evaluation
Evaluating fitness between simulated values and measured values of a dynamic simulation was performed
based on R2 (Eq. (5-34)), mean square relative error (MSRE) (Eq. (5-35)), and residual analysis (Eq. (536)) (Rieger et al., 2012). R2 is in the range of -∞ to 1, with R2=1 being the optimal value. MRSE is between
0 and ∞, with MRSE=0 being the optimal value. The drawback of R2 is that if measured values are around
2

a constant value (e.g., ∑𝑖(𝑦𝑚,𝑖 − 𝑦̅) is small), a small variation between simulated and measured values
can reduce R2 significantly. However, MRSE can evaluate the above-mentioned scenarios. Residual was
calculated by the difference between the measured and simulated values for each substrate with the
expectation of random distribution near zero to be optimal.
2

𝑆𝑆

𝑅 2 = 1 − 𝑆𝑆𝑟𝑒𝑠 = 1 −
𝑡𝑜𝑡

1

𝑀𝑅𝑆𝐸 = 𝑛 ∑𝑖 (

∑𝑖(𝑦𝑚,𝑖 −𝑦𝑠,𝑖 )
∑𝑖(𝑦𝑚,𝑖 −𝑦̅)

𝑦𝑚,𝑖 −𝑦𝑠,𝑖
𝑦𝑚,𝑖

Eq. (5-34)

2

2

)

Eq. (5-35)

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝑦𝑚,𝑖 − 𝑦𝑠,𝑖

Eq. (5-36)

Where MRSE is mean square relative error; n is total measured points; i is the i th measured point; 𝑦𝑚,𝑖 is
the value of the ith measured point; 𝑦𝑠,𝑖 is the value of the ith simulated point; 𝑦̅ is the average value of all
measured points; 𝑆𝑆𝑟𝑒𝑠 is the sum of squares of residuals; 𝑆𝑆𝑡𝑜𝑡 is the total sum of squares.
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5.3.

Results and discussion

5.3.1. Sensitivity analysis
Sensitivity analysis was conducted to study the significance of each parameter to corresponding output
variables and to determine the parameters that should be paid more attention during calibration. Table 5-1
illustrates sensitivity analysis of each input parameter with a 10% increase on corresponding output
variables. Even though sensitivity analysis was conducted for 10 output variables, Table 5-1 only lists 6
output variables since the SEN values of effluent sCOD, NH4-N, NO2-N, and PO4-P were always below
0.25 (limited influence). Among all the parameters, 21, 1, and 4 parameters were determined to be
influential, very influential, and extremely influential, respectively. Overall, these sensitive parameters
might be carefully adjusted during calibration to fit the profiles of each substrate in the dynamic tests.
The sensitivity analysis of floc-related parameters was conducted to understand the parameters that need
more attention during calibration. Table 5-1 shows that among all floc-related parameters, only boundary
layer thickness (ZBL) has a minor impact on the peak value of NO2-N. Therefore, during calibration flocrelated parameters that could be measured were measured first, and then ZBL might need to be adjusted if
adjusting other parameters could not satisfy calibration.
The response of the peak value of PO4-P at the end of anaerobic phase was assessed to understand the
sensitive parameters for phosphorus release in the anaerobic phase. Table 5-1 illustrates that the ratio of P
released per VFA stored (fP,VFA) (112%) in the process of PHA storage from VFAs by PAOs was the only
very influential parameter. With the increase of this parameter, the phosphorus value at the end of the
anaerobic phase increased significantly. The other three OHO yield parameters (YOHO,VFA,anox, YOHO,SB,ox,
and YOHO,SB,ana) had a slight influence since these yields can impact the competition between OHOs and
PAOs for carbon sources. Overall, fP,VFA was significantly influential on the peak value of PO4-P at the end
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of the anaerobic phase, which implies that fP,VFA should be adjusted to match the phosphorus profile in the
anaerobic phase during calibration.
Sensitivity analysis was conducted for the response of the time for PO4-P reduce to minimal in order to
identify the parameters that needed to be adjusted in order to match the phosphorus profile in the aerobic
phase. Table 5-1 indicates that four PAO-related stoichiometries and kinetics (fP,VFA, fPP,PHA,ox, µPAO, and
YPAO,PHA,ox) were influential with fP,VFA (71%) and the ratio of PP stored per PHA consumed under aerobic
conditions (fPP,PHA,ox) (-51%) as the top two sensitive parameters. With the increase of fP,VFA, the PO4-P
concentration increased, resulting in more time for PO4-P reduction to be minimal. However, fPP,PHA,ox
means the amount of P uptake per unit of PHA consumed in the aerobic phase, indicating that the higher
the value of fPP,PHA,ox, the less time is needed for PO4-P reduction to become minimal in the aerobic phase.
Therefore, fP,VFA should be adjusted first based on the phosphorus profile in the anaerobic phase, and then
fPP,PHA,ox should be adjusted to match the phosphorus profile in the aerobic phase.
The response of the time for NH4-N reduction to be minimal was analyzed to find out the sensitive
parameters for ammonia reduction in the aerobic phase in the SBR. Table 5-1 shows that the influential
parameters were maximum specific growth rate of AOBs (µAOB) (-66%) and yield of AOBs on NHx (YAOB)
(52%) for this response. These two parameters are in the process of AOB growth. Therefore, µAOB and YAOB
need to be paid more attention during calibration for the NH4-N profile.
Sensitivity analysis on the response of effluent NO3-N was conducted to study the influential parameters.
Table 5-1 suggests that the yield of OHOs on readily biodegradable substrate under aerobic conditions
(YOHO,SB,ox) (-39%) was the only influential parameter for this response. YOHO,SB,ox is in the process of OHO
growth under aerobic conditions, which can also perform denitrification under low DO conditions,
impacting effluent NO3-N. In addition, intrinsic half-saturation coefficients of oxygen of OHOs, PAOs, and
GAOs were observed to be not influential for effluent NO3-N. However, those parameters should have an
impact on effluent NO3-N since they can impact the denitrification rate (Jimenez et al., 2010). The level of
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impact is dependent on the values of these parameters. Overall, YOHO,SB,ox and intrinsic half-saturation
coefficients of oxygen of OHOs, PAOs, and GAOs should be adjusted to fit the NO3-N profile.
The response of the time for NO2-N to reduce to be minimal was studied to find out the influential
parameters. Table 5-1 implies that the maximum specific growth rate of NOBs (µNOB) (-63%) and the yield
of NOBs on NO2 (YNOB) (54%) were influential since these parameters are in the NOB nitrification process,
which reduces NO2-N. Therefore, µNOB and YNOB should be adjusted to match the NO2-N profile.
The response of the peak value of NO2-N was analyzed based on sensitivity analysis to identify the
parameters that are influential for this response. Based on Table 5-1, most of the parameters had an impact,
indicating the complexity for calibration. Among these parameters, four were extremely influential,
including µNOB (-464%), YNOB (357%), the maximum specific growth rate of AOBs (µAOB) (393%), and the
yield of AOBs on NHx (YAOB) (-393%). These four parameters are all involved in the process of AOB and
NOB nitrification, and nitrite is the intermediate product. Other parameters had a marginal impact.
Therefore, the NO2-N profile should be last for calibration, and µNOB, µAOB, YNOB, and YAOB are likely to be
adjusted during calibration to fit the NO2-N profile.
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Table 5-1. Sensitivity analysis of the parameters in the floc model.

P peak value at
the end of the
anaerobic
phase (mg/L)

Time for P red
uce to minimal
(min)

Time for NH4N reduce
to
minimal (min)

Effluent
NO3N (mg/L)

Time for N
O2N reduce to
minimal
(min)

NO2N peak val
ue (mg/L)

Parameters
Floc properties

Symbol

Boundary layer thickness

zBL

-36%

-36%

Reduction factor for anoxic growth of OHOs

bOHO
ηOHO,anox

Half-saturation of O2 for OHOs

KO2,OHO

-36%

OHOs
Decay rate of OHOs

-36%

PAOs

µmax,PAO
Decay rate of PAOs
bPAO
Rate of PAOs maintenance on PHA
bPHA
Reduction factor for anoxic growth of PAOs
ηPAO,anox
Reduction factor for anoxic maintenance of PAOs on PHA ηbPHA,anox
Half-saturation of PHA for PAOs
KPHA
Half-saturation of O2 for PAOs
KO2,PAO
Maximum specific growth rate of PAOs

-31%
-36%
-36%
-36%
-36%
-36%
-36%

AOBs
Maximum specific growth rate of AOBs

Half-saturation of NHx for AOBs

µmax,AOB
bAOB
KNHx,AOB

Half-saturation of O2 for AOBs

KO2,AOB

Decay rate of AOBs

-66%

393%
-71%
-36%
-71%

NOBs
Maximum specific growth rate of NOBs
Decay rate of NOBs

µmax.NOB
bNOB

-63%

-464%
36%
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Half-saturation of O2 for NOBs

KO2,NOB

36%

Stoichiometric yields
Yield of OHOs on VFA under anoxic conditions

YOHO,VFA,anox

Yield of OHOs on readily biodegradable substrate under
aerobic conditions

YOHO,SB,ox

Yield of OHOs on readily biodegradable substrate under
anaerobic conditions

YOHO,SB,ana

Yield of PAOs on PHA under aerobic conditions

YPAO,PHA,ox

31%

-36%

Ratio of PP stored per PHA consumed under aerobic
conditions

fPP,PHA,ox

-51%

36%

Ratio of P released per VFA stored

fP,VFA

71%

-71%

Yield of AOBs on NHx

YAOB

-26%

-36%

26%

-39%

-25%

-71%

-26%

112%

52%

-393%

YNOB
54%
357%
Note: positive means with the increase of parameter value the corresponding response increases; negative means with the increase of parameter
value the corresponding response decreases.
This table does not show the absolute value below 0.25, which is defined as limited influence.

Yield of NOBs on NO2
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5.3.2. Floc model calibration and validation
5.3.2.1.

Model calibration

For model calibration, the data sets of dynamic tests and six activity tests from Bai et al. (2022) were chosen.
The detailed calibration procedures are illustrated in Section 5.2.3.2 and shown in Figure 5-2. The chosen
parameters that need to be calibrated were confirmed based on sensitivity analysis results. The NH4-N,
sCOD, and PO4-P profiles of the anaerobic phase in dynamic tests and six activity tests were used to
calibrate specific parameters since each substrate profile corresponded to specific biological reactions.
Afterwards, the NH4-N, NO2-N, and NO3-N profiles of the aerobic phase in dynamic tests were used to
confirm prior calibrated parameters and calibrate other parameters, since more complex biological reactions
were responsible for these substrates. The calibrated parameters were listed in Table 5-2. Overall, the
calibration strategy was to separate biological reactions as much as possible so that few parameters were
calibrated together.
The value of qAMMON was estimated by fitting with the NH4-N profile from 14 min to 60 min in the anaerobic
phase of dynamic tests. Figure 5-3A shows that ammonia concentrations were linearly increased from 14
min to 60 min. The increase of ammonia was only due to ammonification of the yeast extract (Bai et al.,
2022). The value of qAMMON was estimated to be 0.0015 d-1, which was far below the default value of 0.05
d-1. The estimated ammonification rate in many studies has varied significantly, ranging from 0.0003 to
0.102 d-1, due to variable wastewater composition (Görgün et al., 2007; Mannina et al., 2011). Overall, the
ammonification rate is dependent on wastewater composition, and was estimated to be 0.0015 d-1 in this
study.
The values of qPAO,PHA and qGAO,GLY were estimated based on the sCOD profile from 14 min to 40 min in the
anaerobic phase of dynamic tests. Figure 5-3B shows the linear reduction of sCOD from 14 min to 40 min.
The reduction of sCOD contributed to the storage of VFAs by PAOs and GAOs (Bai et al., 2022). In order
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to fit the sCOD profile, qPAO,PHA was maintained at a default value (4 d-1), and qGAO,GLY was adjusted from 4
to 3 d-1. Several studies have found that qGAO,GLY was 4 d-1 and 5.7 d-1 at GAO-rich systems (Filipe et al.,
2001; Zeng et al., 2003b), while this system was a PAO-rich system (Bai et al., 2022), leading to a reduction
of qGAO,GLY to 3 d-1. Overall, the value of qGAO,GLY could depend on the relative abundance of GAOs in the
system and was estimated to be 3 d-1 at a PAO-rich system.
The value of fP,VFA was calibrated based on the PO4-P profile from 14 min to 40 min in the anaerobic phase
of dynamic tests. Figure 5-3B shows the increase of phosphorus along with the reduction of sCOD. The
increase of phosphorus was due to PO4-P release by PAOs with the storage of VFAs (Bai et al., 2022). The
value of fP,VFA is the ratio of phosphorus release to VFA uptake and was estimated to be 0.4 g P/g COD,
which is similar to the value (0.5 g P/g COD) measured in a pure PAO system (Smolders et al., 1994).
Many studies have demonstrated the necessity of adjusting parameters related to PAOs, which might be
due to the lack of consideration of GAOs (Barnard et al., 2017; De Kreuk et al., 2007). Overall, fP,VFA is a
frequently adjusted parameter and was estimated to be 0.4 g P/g COD in this study.
The value of µmax,OHO was estimated based on the NO3-N profile in Test 1 under anoxic conditions. Figure
5-3C shows the linear reduction of NO3-N, which was due to dentification by OHOs using hydrolyzed
carbon (Bai et al., 2022). Since Test 1 was conducted under anoxic conditions with sufficient NO3-N, the
sensitive parameter in the OHO denitrification was µmax,OHO, which was adjusted to 4.5 d-1 to have a good
fit for nitrate concentrations in Test 1.
The value of µmax,PAO was calibrated based on the NO3-N profile in Test 3 under anoxic conditions. Figure
5-3E shows the linear reduction of NO3-N, which contributed to denitrification by OHOs, GAOs, and PAOs
(Bai et al., 2022). Figures 5-3C and 5-3D show perfect prediction in Tests 1 and 2, leading to the verification
of parameters in OHO and GAO denitrification. Therefore, Test 3 could be used to calibrate parameters in
PAO denitrification, and µmax,PAO was estimated to be 0.5 d-1.
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The value of fPP,PHA,ox was calibrated based on the PO4-P profile from 1h to 2h in the aerobic phase of
dynamic tests. Figure 5-3B shows the linear reduction of PO4-P from 1h to 2h due to PO4-P uptake by PAOs
(Bai et al., 2022). After calibrating µmax,PAO, fPP,PHA,ox was the most sensitive parameter for this process based
on sensitivity analysis and estimated to be 0.62 g P/g COD, which is close to the value (0.48 g P/g COD)
measured from a pure PAO system (Smolders et al., 1994). Overall, it was necessary to adjust fPP,PHA,ox to
fit the PO4-P profile in the aerobic phase and was estimated to be 0.62 g P/g COD in this study.
Intrinsic KO2,OHO was estimated based on the NO3-N profile in Test 4. Figure 5-3F shows NO3-N
concentrations were around 11.3 mg N/L, indicating that the increased amount of NO3-N due to nitrification
was equal to the decreased amount through OHO denitrification using hydrolyzed carbon (Bai et al., 2022).
Since µmax,OHO had been calibrated, the sensitive parameter in the OHO denitrification was intrinsic KO2,OHO,
which was calibrated to be 0.03 mg/L, which is comparable with the value of 0.05 mg/L in Manser et al.
(2005). Overall, compared with the value in other studies, intrinsic KO2,OHO of 0.03 mg/L was a reasonable
estimation, which is essential for OHO denitrification in SNDPR systems.
Intrinsic KO2,GAO was estimated based on the TIN profile from 60 min to 120 min in Test 5. Figure 5-3G
shows NO3-N concentrations were around 12 mg N/L, indicating the equivalent amount of increase and
decrease. The reduction of NO3-N was due to OHO denitrification using hydrolyzed carbon and DGAO
denitrification (Bai et al., 2022). Since OHO denitrification had been calibrated using the NO3-N profile of
Test 4, the TIN profile from 60 min to 120 min in Test 5 was used to calibrate DGAO denitrification, in
which intrinsic KO2,GAO was the sensitive parameter based on sensitivity analysis. Intrinsic KO2,GAO was
calibrated to be 0.1 mg/L. Overall, intrinsic KO2,GAO was important to GAO denitrification and was
calibrated to be 0.1 mg/L.
Intrinsic KO2,PAO was estimated based on the NO3-N and PO4-P profiles from 0 min to 60 min in Test 5.
Figure 5-3G shows the reduction of both NO3-N and PO4-P from 0 min to 60 min in Test 5, which was due
to DPAO denitrification (Bai et al., 2022). The intrinsic KO2,PAO was estimated to fit both NO3-N and PO4122

P profiles with a value of 0.07 mg/L, which is consistent with the value of 0.091 mg/L from Keene et al.
(2017). Compared with intrinsic KO2,GAO, intrinsic KO2,PAO was less, indicating that PAOs could be the
dominant bacteria at low DO concentrations, which has been demonstrated in several studies (Carvalheira
et al., 2014; Lemaire et al., 2006). Overall, the calibrated intrinsic KO2,PAO of 0.07 mg/L was reasonable in
this study.
Intrinsic KO2,AOB and µmax,AOB were calibrated based on the NH4-N profile from 1h to 5.5h in the aerobic
phase of dynamic tests. Figure 5-3A shows the linear reduction of NH4-N from 1h to 5.5h due to AOB
nitrification (Bai et al., 2022). Based on sensitivity analysis, µmax,AOB was a sensitive parameter for AOB
nitrification. In addition, due to the low DO concentration in the aerobic phase, intrinsic KO2,AOB was
deemed to be sensitive. Intrinsic KO2,AOB and µmax,AOB were calibrated to be 0.08 mg/L and 0.6 d-1. Even
though these two parameters show correlation, the accurate estimation of these two parameters can be
conducted by using two independent NH4-N data sets, which were generated under different DO conditions.
Several studies have shown that intrinsic KO2,AOB is in the range of 0.03-0.07 mg/L (Blackburne et al., 2008;
Sliekers et al., 2005; Wu et al., 2017), which is close to the estimated value (0.08 mg/L) in this study. Bai
et al. (2022) found that Nitrosomonas was the dominant AOB in the system, which was regarded as a typical
K-strategist with high substrate affinities (Gieseke et al., 2001; Schramm et al., 1999). This further
demonstrated the validity of low intrinsic KO2,AOB in this study. Overall, low intrinsic KO2,AOB (0.08 mg/L)
demonstrated that systems operated under low DO conditions were in favor of the accommodation of Kstrategist bacteria.
Intrinsic KO2,NOB and µmax,NOB were calibrated based on the NO3-N profile from 1h to 5.5h in the aerobic
phase of dynamic tests. Figure 5-3A shows a slow increase from 1h to 2h due to NOB nitrification and
substantial denitrification, and a linear increase from 2h to 5.5h due to NOB nitrification (Bai et al., 2022).
Since all the parameters for OHOs, PAOs, and GAOs which were responsible for denitrification in the
aerobic phase had been calibrated, the NO3-N profile was used to calibrate parameters in NOB nitrification.
Intrinsic KO2,NOB, which had a significant impact on NOB nitrification, was calibrated to be 0.18 mg/L. The
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value of µmax,NOB was not adjusted; it was maintained as a default value of 0.65 d-1. Even though these two
parameters (intrinsic KO2,NOB and µmax,NOB) are correlated, the estimation of these two parameters was
iterating constantly until the model can match two independent NO3-N profiles from different DO setpoints,
which is shown in Section 5.2.3.1. Intrinsic KO2,NOB of 0.18 mg/L is consistent with that in Wu et al. (2017)
(0.19 mg/L). The dominant NOB was Nitrospira in this system, which was regarded as a K-strategist with
KO2,NOB registering between 0.09 and 0.14 mg/L (Ushiki et al., 2017). Overall, intrinsic KO2,NOB (0.18 mg/L)
was higher than intrinsic KO2,AOB (0.08 mg/L), indicating that AOB could be the dominant bacteria under
low DO conditions.
R2 and MSRE were calculated for each substrate to illustrate the fitness of simulated values and measured
values (Table 5-3). It is shown that the R2 for all the substrates was above 90%, except for the NO2-N profile
in dynamic tests (13%), the NO3-N profile in Test 2 (84%), and the NO3-N profile in Test 4 (-2553%). The
reason for the low R2 of the NO2-N profile in dynamic tests and the NO3-N profile in Test 4 was that the
variation of each data set (NO2-N and NO3-N maintained around 0.3 and 0.33 mg N/L) was small, resulting
in a small number of SStot. However, based on MSRE, all the numbers were below 1.5, indicating a
successful calibration. Overall, after calibration, the simulation results matched well with measured values
based on R2 and MSRE.
The residual plot of each substrate was drawn to show the fitness of each substrate in the model calibration
exercise. Figures 5-4A and 5-4B show that most of the residual errors of substrate were randomly
distributed, except for PO4-P and sCOD in the dynamic tests, and PO4-P in Tests 5 and 6. Even though the
residuals show that the calibrated model consistently overpredicted PO4-P in the dynamic tests, Test 5, and
Test 6, the predicted reduction rates for these substrates were similar to the measured reduction rates,
indicating that the calibrated model captured the trend for these substrates. Overall, considering 14
substrates of interest were fitted, it was a success for model calibration.
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Simulated SRT was compared with actual SRT to confirm the reliability of the calibrated model. Simulated
SRT (29 days) was similar to the actual SRT (30 days) in the SBR. Therefore, the calibrated model was not
only able to describe the nutrient transformation in the SBR, but also able to predict accurate SRT in the
SBR, thus further confirming the reliability of the calibrated model.
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Figure 5-3. Model calibration performance with measured data and model simulated data for A) NH4-N,
NO2-N, and NO3-N in the dynamic tests; B) PO4-P and sCOD in the dynamic tests; C) NO3-N in the Test
1; D) NO3-N in the Test 2; E) NO3-N and PO4-P in the Test 3; F) NO3-N in the Test 4; G) NO3-N and
PO4-P in the Test 5; H) NH4-N, NO3-N, and PO4-P in the Test 6.
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Table 5-2. The calibrated model parameters in the study at temperature of 20 ℃.
Parameter Meaning

Unit

Default
value

Adjusted
value

OHO
qAMMON

Rate of ammonification

d-1

0.05

0.0015

µmax,OHO

Maximum growth rate of OHOs

d-1

4

4.5

KO2,OHO

Intrinsic half-saturation coefficient of oxygen mg/L
of OHOs

0.015

0.03

KNO2,OHO

Intrinsic half-saturation coefficient of nitrite of mg/L
OHOs

0.005

0.05

KO2,PAO

Intrinsic half-saturation coefficient of oxygen mg/L
of PAOs

0.005

0.07

fP,VFA

Ratio of P released per VFA stored

gXPP/gCOD 0.65

0.4

µmax,PAO

Maximum growth rate of PAOs

d-1

0.5

fPP,PHA,ox

Ratio of PP stored per PHA consumed under gXPP/gCOD 0.92
aerobic conditions

0.62

KO2,GAO

Intrinsic half-saturation coefficient of oxygen mg/L
of GAOs

0.02

0.1

qGAO,GLY

Rate of VFA storage into glycogen for GAOs

4

3

0.025

0.08

0.85

0.6

0.025

0.18

PAO

1

GAO

d-1

AOB
KO2,AOB

Intrinsic half-saturation coefficient of oxygen mg/L
of AOB

µmax,AOB

Maximum growth rate of AOB

d-1

NOB
KO2,NOB

Intrinsic half-saturation coefficient of oxygen mg/L
of NOB
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Table 5-3. The evaluation of fitness for model calibration and validation.
R2

MSRE

The NH4-N profile in dynamic tests

97%

0.12

The NO2-N profile in dynamic tests

13%

0.25

The NO3-N profile in dynamic tests

98%

0.48

The sCOD profile in dynamic tests

97%

0.55

The PO4-P profile in dynamic tests

97%

0.06

The NO3-N profile in Test 1

99%

0.0001

The NO3-N profile in Test 2

84%

0.0004

The NO3-N profile in Test 3

99%

0.004

The PO4-P profile in Test 3

90%

0.32

The NO3-N profile in Test 4

-2553% 0.002

The NO3-N profile in Test 5

96%

0.0002

The PO4-P profile in Test 5

94%

1.46

The NO3-N profile in Test 6

95%

0.0006

The PO4-P profile in Test 6

93%

0.39

The NH4-N profile in Test 6

96%

0.33

Data profile
Calibration data set

Validation data set
The NH4-N profile in dynamic tests with different DO 98%

0.001

The NO2-N profile in dynamic tests with different DO -625%

0.51

The NO3-N profile in dynamic tests with different DO 93%

0.53

The sCOD profile in dynamic tests with different DO

90%

0.46

The PO4-P profile in dynamic tests with different DO

99%

0.18

Note: MSRE: mean square relative error
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5.3.2.2.

Model validation

Model validation was conducted to confirm whether the calibrated model can be used to predict an
independent data set from a different condition. The data used for model validation was generated from
independent dynamic tests, which were similar to the dynamic tests for model calibration except that DO
was set at 0.13 and 0.055 mg/L at the first 1.5 hours of aerobic zone and for the remaining time. The change
of DO setpoints can be used to validate all parameters, especially the intrinsic half-saturation coefficients
of oxygen of each microorganism. Overall, the data sets generated at different DO setpoints can be used for
model validation.
The NH4-N profile (Figure 5-5A) was used to validate the parameters in ammonification and AOB
nitrification. The prefect fitness of NH4-N concentrations from 14 min to 60 min in the anaerobic phase
verified the demonstrated the validation of ammonification rate. In the aerobic phase, the two-stage NH4N reduction was observed due to two different DO setpoints (0.13 and 0.055 mg/L), which can be used to
verify intrinsic KO2,AOB and µmax,AOB. All these changes were perfectly captured by the model with R2 of 98%
and MSRE of 0.001. Overall, ammonia-related parameters (intrinsic KO2,AOB and µmax,AOB) were validated
based on R2 and MSRE.
The sCOD and PO4-P profiles were analyzed together to valid the calibrated parameters related to
fermentation and PO4-P release and uptake by PAOs. Figure 5-5B shows great fitness for sCOD from 30
min to 60 min, PO4-P from 30 min to 60min, and PO4-P from 60 min to 150 min, which corresponded to
fermentation, PO4-P release by PAOs, and PO4-P uptake by PAOs, respectively. In addition, R2 and MSRE
were more than 90% and less than 0.5 for both sCOD and PO4-P, which further indicated goodness of fit
for simulated and measured data. Therefore, parameters in fermentation and PAO-related processes were
validated, especially, fP,VFA, µmax,PAO, fPP,PHA,ox, qGAO,GLY, and intrinsic KO2,PAO.
The NO2-N and NO3-N profiles were analyzed together to confirm the parameters in nitrification by AOB
and NOB and denitrification by OHOs, GAOs, and PAOs. Figure 5-5A shows that TIN was reduced in the
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aerobic phase, indicating the existence of SND. The NO2-N and NO3-N profiles reflected the most
complicated processes since NO2-N and NO3-N were related to both nitrification by AOB and NOB and
denitrification by OHOs, PAOs, and GAOs. Therefore, the great fitness of NO2-N and NO3-N (NO3-N:
R2=93% and MSRE=0.53; NO2-N: MSRE=0.51) demonstrated the validation of parameters in nitrification
and denitrification processes; especially intrinsic KO2,NOB, KO2,OHO, KO2,GAO, and KO2,PAO.
Residual plots were outlined to evaluate goodness of fit for model validation. Figure 5-4C shows the
residuals of most of the substrates were evenly distributed near zero, except for sCOD. The validated model
overpredicted sCOD. Viewed collectively, validated model can reflect the nutrient transformation, which
can be used to quantitatively study the nutrient removal pathways in the system.
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Figure 5-5. Model validation performance with measured data and model simulated data for A) NH4-N,
NO2-N, NO3-N, and TIN in the dynamic tests; B) PO4-P and sCOD in the dynamic tests.

5.3.3. C, N, and P removal mechanisms based on modeling results
After the model calibration and validation, the validated model was used to illustrate carbon, nitrogen, and
phosphorus transformation in the dynamic tests to better understand SNDPR at low temperatures. Table 54 shows the consumption or generation mass of each substrate (VFAs, rbCOD, NH4-N, NO2-N, NO3-N,
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organic nitrogen, and PO4-P) through each biological process. By understanding the transformation of each
substrate, it is possible to optimize the SNDPR system at low temperatures.
Mass balance of each substrate was analyzed to confirm whether the mass balance closure of each substrate
was achieved. Table 5-5 shows the relative error of each substate. The absolute value of each relative error
was less than 7%, which was within the acceptable range. Therefore, the value of mass change from each
biological reaction was reliable, leading to the trustworthy analysis of carbon, nitrogen, and phosphorus
transformation in the dynamic tests.
The analysis of mass change of VFAs from each biological process was conducted to study the
transformation of VFAs and determine which process was dominant in terms of VFA consumption. Table
5-4 shows the mass change of VFAs from each biological process in the anaerobic and aerobic phases.
Almost 100% of VFAs was consumed in the anaerobic phase. In the anaerobic phase, VFAs were used for
OHO denitrification first, which accounted for 13% of total VFA consumption. Then, VFAs were used for
PAO and GAO storage, which accounted for 85% and 2% of total VFA consumption, revealing PAO
storage as the dominant process. In addition, extra VFAs were generated from rbCOD fermentation, which
were mostly stored by PAOs. Overall, the dominant process of VFA consumption was PAO storage,
indicating the dominant bacteria of PAOs.
The analysis of mass change of rbCOD from each biological process was used to study the transformation
of rbCOD in the dynamic tests and verify whether rbCOD was used for SND in the aerobic phase. Table 54 shows that rbCOD was consumed by 441 mg COD and 894 mg COD in the anaerobic and aerobic phases,
respectively, which indicated that most of the rbCOD was consumed in the aerobic phase. In the anaerobic
phase, rbCOD (441 mg COD) was used for fermentation to generate VFAs. In the aerobic phase, the
residual rbCOD from the anaerobic phase (894 mg COD) was consumed in the first hour for OHO aerobic
growth (93% of consumed rbCOD) and OHO denitrification via nitrite (5% of consumed rbCOD). This
indicated that rbCOD participated in SND in the aerobic phase. From 2 h to 7 h, rbCOD (1023 mg COD)
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was generated through hydrolysis and consumed through OHO aerobic growth (92%), OHO denitrification
via nitrite (7%), and OHO denitrification via nitrate (1%). Overall, most of the rbCOD was used for
fermentation and OHO aerobic growth, and a small percentage of rbCOD was used for denitrification with
nitrite as the electron acceptor.
The analysis of mass change of NH4-N from each biological process (Table 5-4) was used to study the
transformation of NH4-N in the anaerobic and aerobic phases and explain the reason for underestimation of
NH4-N from 1 h to 2 h in the aerobic phase as shown in Figure 5-3A. In the system, NH4-N increased
through ammonification and decreased through bacteria growth and AOB nitrification. In the anaerobic
phase, the amount of NH4-N (37 mg N) produced through ammonification was greater than that reduced
through bacteria growth (18 mg N), leading to the net NH4-N increase. In the aerobic phase, from 1 h to 2
h, NH4-N was used for cell growth and AOB nitrification, which accounted for 98 and 62 mg N. High
percentage of NH4-N used for cell growth (including processes of OHO and PAO aerobic growth, and OHO
and PAO denitrification) was the reason for underestimation of NH4-N. From 2 h to 5.5 h, all residual NH4N (170 mg N) combined with the NH4-N generated from ammonification (97 mg N) were used for cell
growth (37 mg N) and AOB nitrification (231 mg N). During this period, the percentage of NH4-N used for
cell growth was significantly reduced compared to that from 1 h to 2 h, which was due to limited PAO
aerobic growth and denitrification as well as reduced OHO aerobic growth and denitrification. From 5.5 h
to 7 h, all the NH4-N generated from ammonification (40 mg N) was used for cell growth (14 mg N) and
AOB nitrification (27 mg N). Overall, NH4-N was generated from ammonification and consumed by cell
growth and AOB nitrification, which were 73%, 61%, and 116% of influent NH4-N, respectively. The high
percentage of NH4-N used for cell growth was the reason for underestimation of NH4-N from 1 h to 2 h in
the aerobic phase.
The analysis of mass change of NO2-N from each biological process (Table 5-4) was used to confirm
whether denitrification in the aerobic phase was through NO2-N. Bai et al. (2022) indicated that there was
OHO denitrification from 1 h to 1.5 h and PAO denitrification from 1 h to 2 h, which was consistent with
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the simulation results. From 1 h to 1.5 h, 28 mg N of NO2-N was generated through AOB nitrification and
used for OHO denitrification via nitrite (11 mg N) and PAO denitrification via nitrite (15 mg N). From 1.5
h to 2 h, 33 mg N of generated NO2-N was used for PAO denitrification via nitrite (26 mg N) and OHO
denitrification via nitrite (3 mg N). Several studies have also found that nitrite instead of nitrate was the
electron acceptor for OHO denitrification and PAO denitrification in the SNDPR system, indicating nitrite
was easier to be used for denitrification than nitrate (Yan et al., 2019; Zaman et al., 2021). Therefore, it has
been demonstrated that NO2-N was the dominant electron acceptor for denitrification in the aerobic phase.
The analysis of mass change of NO3-N from each biological process (Table 5-4) was used to study the
transformation of NO3-N in the aerobic phase and investigate whether there was denitrification via nitrate
in the aerobic phase. In the aerobic phase from 1 h to 2 h, there was limited amount of NO3-N accumulation.
All the NO3-N generated through NOB nitrification (17 mg N) was consumed through OHO (3 mg N) and
DPAO (12 mg N) denitrification via nitrate with DPAO denitrification as the dominant process. Even
though nitrite was the dominant electron acceptor for denitrification (56 mg N), nitrate was also used for
denitrification (15 mg N). From 5.5 h to 7 h, all the NO3-N generated through NOB nitrification was
consumed by OHO denitrification through hydrolyzed carbon and PAO anoxic maintenance. Overall,
denitrification via nitrate was also active in the aerobic phase.
The analysis of PO4-P uptake in the aerobic phase can help understand the percentage of PO4-P uptake by
PAO aerobic growth and PAO denitrification. Table 5-4 shows that, in the aerobic phase, the mass changes
of PO4-P through PAO aerobic growth, PAO denitrification via nitrite, and PAO denitrification via nitrate
were 588, 84, and 17 mg P, respectively, which were 85%, 12%, and 2% of total PO4-P uptake, respectively.
Overall, PAO aerobic growth was the main process responsible for PO4-P uptake, and PAO denitrification
was mainly processed through nitrite.
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Table 5-4. The mass change of each interested substrate from each biological reaction in the anaerobic and aerobic phases of the dynamic tests.

The anaerobic phase (mg)
Process

VFA

rbCOD

XB

OrgN

NH4-N

NO2-N

The aerobic phase (mg)
NO3-N

PO4-P

OHO growth on VFAs, O2

VFA

rbCOD

XB

OrgN

NH4-N

NO2-N

NO3-N

-16

OHO growth on VFAs, NO2

-164

-53

OHO growth on VFAs, NO3

-109

53

PAO's PHA storage from VFAs

-1756

GAO's GLY storage from VFAs
SB fermentation with high VFA (OHO growth,
anaerobic)
SB fermentation with low VFA (OHO growth,
anaerobic)

-44

-1

702

34

-62

358

-448

-0.3

-53
-5

17

OHO growth on SB, O2

2

-21
-1947

OHO growth on SB, NO2

-3

-1

OHO growth on SB, NO3

-2

1

XB hydrolysis

74

-74

-1

5

Bacteria growth

-121

-33

-19

8

1215
-18

Bacteria decay

-1215

-4

75

9

1214

-149

-30

1

8

-319

SN,B ammonification

-37

37

-163

NO2 assimilative reduction
26

Denitrification by PAO from nitrite to nitrogen gas

-26

PAO anoxic maintenance, NO3

3

PAO anoxic maintenance, NO2

-3

-26

315

163
9

Denitrification by PAO from nitrate to nitrite

-8

78

AOB nitrification and growth

-7

-35

13

-52

-42

-3

8

-13

-17
-84

-8

-27

NOB nitrification and growth

-233

233

PAO aerobic growth

-588

SP,B conversion to PO4
Sum

PO4-P

1
-1680

-441

1

-32

19

0

Note: the negative value means decrease; the positive value means increase.
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-83

622

24
-5

-894

-1

-85

-295

1

205

-685

Table 5-5. Mass balance of each substrate in the dynamic tests.
VFA

rbCOD

XB

OrgN NH4-N

Mass change from biological
reactions (mg)
-1685 -1335
0
-117 -276
Mass in from influent (mg)
1723
1351
0
171
270
Mass decant from the system (mg) 0
0
0
-54
0
Relative error (%)
2%
1%
0%
-2%
Note: the negative value means decrease; the positive value means increase.

NO2-N

NO3-N

PO4-P

1
0
0

122
0
-102
16%

-62
59
0
-7%

5.3.4. Microorganism and dissolved oxygen concentration profiles within the floc
The concentrations of microorganisms in each layer were investigated to study microorganism distribution
within a floc. Figures 5-6 a and b show the distribution of AOB, NOB, OHOs, PAOs, and GAOs within a
floc. Nitrifiers (AOB and NOB) were maintained at a low level and showed even distribution within the
floc. Bai et al. (2022) also demonstrated that AOB and NOB were at a low level with the relative abundances
of 0.5% and 0.4%, respectively. The even distribution of nitrifiers can be attributed to the relatively
consistent dissolved oxygen concentrations within the floc for 75% of time in the aerobic phase as shown
in Figure 5-6 c. With the increase in depth, the OHO concentration was reduced, and PAO and GAO
concentrations increased. The relative high amount of PAOs resulted in more denitrification in the aerobic
phase through DPAO denitrification when compared to OHO denitrification. Compared with PAOs and
OHOs, GAOs were estimated to be present at low levels, which was also demonstrated in Bai et al. (2022).
Due to the low level of GAOs, denitrification by GAOs was estimated to be minimal, which was consistent
with the results from Bai et al. (2022). Overall, the microorganism distribution within a floc was
demonstrated with PAOs as the dominant bacteria.
Dissolved oxygen profiles in each layer (Figure 5-6 c) were studied since DO could be considered as the
dominant parameter determining SND in the aerobic phase. The differences in DO between the bulk and
inner layer were 0.22, 0.15, 0.08, and 0.04 mg/L for the periods from 60min to 90min, 90min to 120min,
120min to 330min, and 330min to 420min, respectively. The gradual reduction of DO difference was
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attributed to the elimination of rbCOD, PO4-P, and NH4-N in the aerobic phase with time. In the first two
time intervals, the DO concentration in the bulk was 0.3 mg/L, however, the DO concentrations in the inner
layer were 0.08 and 0.15 mg/L, respectively. The low DO concentration in the inner layer created conditions
that were favourable for SND. Bai et al. (2022) demonstrated that SND in the aerobic phase was due to
OHO denitrification using residual rbCOD and DPAO denitrification. When rbCOD and PO4-P were
reduced to minimal, the DO concentration in the inner layer was increased to 0.22 mg/L, which did not
exhibit denitrification performance. Therefore, due to the existence of rbCOD and PO4-P at the beginning
of the aerobic phase the DO in the inner layers of the floc was reduced, resulting in the existence of SND
in the aerobic phase.
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Figure 5-6. Microorganism and dissolved oxygen concentration profiles in each layer.
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5.4.

Conclusions

A comprehensive floc model, including PAOs and GAOs, intrinsic half-saturation coefficients, and explicit
external mass transfer terms, successfully predicted the performance of SNDPR at 10℃. Among all flocrelated parameters, the boundary layer thickness was found to have a minor influence on nitrite removal,
indicating limited influence of floc-related parameters. Several new parameters were regarded as sensitive
parameters, which included fP,VFA, fPP,PHA,ox, and intrinsic KO of AOB, NOB, OHOs, PAOs, and GAOs. The
sensitive intrinsic KO values of each microorganism implied nitrification and denitrification rates in the
aerobic phase would be highly impacted in the SNDPR systems. After model validation, intrinsic KO values
of AOB, NOB, OHOs, PAOs, and GAOs were estimated to be 0.08, 0.18, 0.03, 0.1, and 0.07 mg/L,
respectively. Low intrinsic KO2,AOB (0.08 mg/L) and KO2,NOB (0.18 mg/L) values demonstrated SNDPR
systems were benefiting for K-strategy nitrifiers growth accommodation with low half-saturation
coefficients. The intrinsic KO2,PAO value (0.07 mg/L) was higher than the intrinsic KO2,OHO value (0.03 mg/L),
which resulted in more denitrification by PAOs in the aerobic phase. Based on model analysis, 87% of
VFAs were stored by PAOs and GAOs, leading to successful SNDPR. 85% of PO4-P was taken up through
PAO aerobic growth, and PAO denitrification via nitrite was responsible for 12% of PO4-P uptake. It could
be expected that with the reduction of oxygen more PO4-P would be taken up through PAO denitrification,
while the nitrification rate would reduce, thereby leading to an increased ammonia residual in the effluent.
Regarding to SND, nitrite was the dominant electron acceptor for denitrification by PAOs (75%) and OHOs
(25%), indicating NO2-N was easier to be used by PAOs and OHOs for denitrification than by NOB for
nitrification. SND through nitrite further demonstrated the existence of short-cut nitritation and denitritation.
Microbial and dissolved oxygen profiles within the floc demonstrated that PAOs were the dominant bacteria
and SND in the aerobic phase was due to low DO values in the inner layer at the beginning of the aerobic
phase. This study was the first to design a comprehensive floc model that incorporated PAOs and GAOs,
intrinsic half-saturation coefficients of each microorganism, external mass transfer terms, internal diffusion,
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and intra-floc movement, to simulate SNDPR. A set of intrinsic half-saturation coefficients of oxygen of
each microorganism was estimated for the first time.
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Chapter 6 Conclusions and recommendations
6.1.

Conclusions

The SNDPR performance when treating a complex synthetic wastewater at 10℃.
A detailed study of nitrogen removal pathways in the SNDPR system, when operated with a complex
synthetic wastewater under low temperature (10 ℃) and dissolved oxygen (0.3 mg/L) conditions, was
conducted using experimental methods that included characterization of the microbial community. The
results indicated:
•

SNDPR was achieved with stable TIN and PO4-P removal efficiencies of 62.6% and 97%,
respectively.

•

Dynamic tests showed two-stage sCOD reduction and phosphorus release in the anaerobic phase
due to fermentation of a complex carbon source (yeast extract) by genera Lactococcus and
Tetrasphaera that had relative abundances of 1% ±0.1% and 1.2% ±0.6, respectively.

•

The high level of PAO activity was supported by the observed ratios of P released to sCOD uptake,
P release to PHA generation, PHA generation to glycogen consumption, and PHA generation to
COD storage in the anaerobic phase, and the ratios of phosphorus uptake to PHA oxidized and
glycogen replenishment to PHA consumption in the aerobic phase.

•

PAO activity was attributed to the presence of Dechloromonas (9.5% ± 0.9%), Zoogloea (2.3% ±
0.3%), and Paracoccus (0.3% ± 0.01%) as DPAOs and Ca. Accumulibacter (3.5% ± 0.3%) and
Tetrasphaera (1.2% ±0.6%) as PAOs.

•

AOB nitritation and NOB nitratation were active in the aerobic phase at a DO of 0.3 mg/L and
temperature of 10 ℃ with Nitrosomonas, Nitrotoga, and Nitrospira as the predominant AOBs and
NOBs.

•

SND occurred in the first 2 hours of the aerobic phase to yield an overall SND efficiency of 31%.
This was attributed to the activity of denitrifying OHOs using residual rbCOD from the anaerobic
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phase and DPAO denitrification that removed 15% ±1% and 12% ±1% of influent total nitrogen,
respectively.
•

The limited DGAO activity that was observed in the presence of Ca. Competibacter (10.4% ±
0.6%), was attributed to low temperature (10 ℃) operation.

Overall, this research was the few researches that investigated the SNDPR process at 10℃ by using a
complex synthetic wastewater, investigated the nitrogen removal pathways in the aerobic phase using an
experimental method, and integrated microbial community analysis with experimental findings. The results
demonstrate that operating the system at 10℃ resulted in a PAO-rich system that achieved substantial
SNDPR with TIN and PO4-P removal efficiencies of 62.6% and 97%, respectively. The main nitrogen
removal pathways in the aerobic phase involved OHO supported denitrification using residual rbCOD from
the anaerobic phase and DPAO denitrification, which could be enhanced by reducing the DO to a lower
level.

The SNDPR performance when treating real municipal wastewater at 10℃ with a long SRT.
A detailed study of the performance of SNDPR when treating real municipal wastewater at 10℃ in the AO
and AOA configurations was conducted, and microbial community analysis was conducted to support all
the findings from experiment. The results indicated:
•

The AO configuration could not achieve SNDPR when treating real municipal wastewater since
most of the influent rbCOD was used for denitrification, resulting in limited PHA accumulation.

•

The operational conditions that have demonstrated successful SNDPR to treat synthetic
wastewaters did not achieve SNDPR when treating real municipal wastewaters. Therefore, more
careful should be paid when adopting conclusions from synthetic wastewaters to real municipal
wastewaters.
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•

The AOA configuration achieved improved SNDPR as compared to the AO configuration with TN
removal, TP removal, and SND efficiencies of 91.1%, 92.4%, and 28.5%, respectively.

•

More fermentation-related bacteria were present in the system when treating real municipal
wastewater as compared to complex synthetic wastewater, which was benefit for the generation of
fermented VFAs and EBPR.

•

Stoichiometric ratios suggested that a PAO-rich system was generated in the AOA configuration,
which was verified by microbial community analysis with Dechloromonas and Ca. Accumulibacter
as dominant DPAOs and PAOs.

•

SND was achieved in the first 2 hours of the aerobic phase, which was contributed to DPAO
denitrification.

•

The main nitrogen removal pathways were denitrification by DPAOs in the aerobic phase and
denitrifying OHOs using hydrolyzed carbon in the anoxic phase, which accounted for 16% and 56%
of influent nitrogen.

•

The inactive denitrification by DGAOs in the aeorbic phase was not due to the absense of Ca.
Competibacter, a known DGAO, but might due to the low temperature (10℃).

Overall, this research was the first to 1) investigate the performance of SNDPR when real municipal
wastewater was treated under low temperature conditions (10℃); 2) investigate whether operational
conditions that have been successfully employed to treat synthetic wastewaters can also be applied to real
municipal wastewaters; 3) compare the performance of SNDPR when operated in different process
configurations (AO and AOA). The results of this study demonstrate that SNDPR can be achieved at 10℃
in the AOA configuration to treat real municipal wastewater. More careful should be paid when adopting
conclusions from synthetic wastewaters to real municipal wastewaters. The AOA configuration was more
effective than the AO configuration to achieve SNDPR when treating real municipal wastewater at 10℃.
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A comprehensive floc model developed to study the SNDPR performance when treating a complex
synthetic wastewater at 10 ℃.
A comprehensive floc model, including PAOs and GAOs, intrinsic half-saturation coefficients, and explicit
external mass transfer terms, was developed, calibrated, and validated to describe SNDPR at low
temperatures. The results indicated:
•

Among all floc-related parameters, boundary layer thickness had minor influence on nitrite. Several
new parameters (fP,VFA, fPP,PHA,ox, and intrinsic half-saturation coefficients of oxygen of AOB, NOB,
OHOs, PAOs, and GAOs) were regarded as sensitive parameters.

•

After model validation, intrinsic KO values of AOB, NOB, OHOs, PAOs, and GAOs were estimated
to be 0.08, 0.18, 0.03, 0.1, and 0.07 mg/L, respectively.

•

Low DO environment was benefit for the accommodation of K-strategy nitrifiers, which was
indicated by low intrinsic KO values of AOB (0.08 mg/L) and NOB (0.18 mg/L).

•

The intrinsic KO2,PAO (0.07 mg/L) was higher than intrinsic KO2,OHO (0.03 mg/L), resulted in more
denitrification by PAOs in the aerobic phase.

•

Based on model analysis, 87% of VFAs were stored by PAOs and GAOs, leading to successful
PO4-P uptake through PAO aerobic growth (85%) and PAO denitrification via nitrite (12%).

•

Regarding to SND, nitrite was the dominant electron acceptor for denitrification by PAOs (75%)
and OHOs (25%), indicating NO2-N was easier to be used by PAOs and OHOs for denitrification
than by NOB for nitrification. The simulation results demonstrate the existence of short-cut
nitritation and denitritation, which could save energy and carbon source for nitrogen removal.

•

Microbial and dissolved oxygen profiles within the floc demonstrated that PAOs were the dominant
bacteria and SND in the aerobic phase was due to low DO concentrations in the inner layer of the
floc at the beginning of the aerobic phase.
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Overall, this study was the first to design a comprehensive floc model that incorporated PAOs and GAOs,
intrinsic half-saturation coefficients of each microorganism, external mass transfer terms, internal diffusion,
and intra-floc movement, to simulate SNDPR. The results of this study reveal that the developed novel
comprehensive floc model can be successfully used to predict SNDPR with the estimation of a set of
intrinsic half-saturation coefficients of each microorganism. The model can be further used to optimize
SNDPR under different conditions.

6.2.

Recommendations

The following recommendations are suggested for future studies of SNDPR.
This study calibrated and validated the floc model to describe SNDPR when treating synthetic wastewater.
However, the validated floc model was not tested to describe SNDPR when treating real municipal
wastewater. Therefore, future studies should investigate whether the validated floc model can predict
SNDPR when real municipal wastewater is applied.
After the validation of the floc model to simulate SNDPR to treat real municipal wastewater, the validated
floc model can be used to study the impact of various operational parameters (DO concentration,
temperature, SRT, and HRT) on SNDPR, and find out the optimal operational parameters. Then experiment
can be used to verify the performance of SNDPR using the optimal operational parameters.
This study demonstrated successful SNDPR when treating real municipal wastewater in the AOA
configuration. However, the cycle time and SRT were long. Moving bed biofilm reactor (MBBR) can
increase the biomass in the system, which can reduce the cycle time and SRT. Therefore, future studies
should study SNDPR with the implementation of MBBR.
This study demonstrated successful SNDPR under dry weather conditions. However, wet weather
conditions, which are characterized by high flow rate and low substrate concentration, show challenges for
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SNDPR. Therefore, future studies should focus on the development of an automatic control system for
SNDPR to meet the requirement under each condition.
This study demonstrated successful SNDPR when using normal suspended sludge. It is known that with
the increase of the floc size SNDPR can be enhanced. The Nereda process, which develops aerobic granular
sludge, exhibits SNDPR in the SBR. However, the development of granular sludge in the continuous flow
has not been fully understood. Therefore, future studies can investigate the performance of SNDPR in the
continuous flow with the implementation of granular sludge.
This study demonstrated successful SNDPR in the lab scale. However, there are still many challenges
before full-scale application. In order to scale up this technology, future studies should address issues like
maintaining mixing, probe installation location, process monitoring, process control logic, maintenance,
wet weather management, etc.
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Appendix A
Appendix A-1. Calculations
The detailed calculation equations for values in Chapter 3 are illustrated in the following.
2.86
11.2
×( 2 )
CODdn
1
−
0.45
CODintra efficiency = 1 −
=1−
= 77%
350 + 12.5
CODconsum
− 54.17
2

MLVSS

Calculated N used for cell synthesis = MW of biomass × MW of nitrogen × Vwaste = (4215 mg/L ÷
115 g/mol) × 14 g/mol × 0.2 L) = 103 mg N

The detailed calculations to get the values in Table 3-2 are shown below.
N mass used for cell synthesis = particulate organic N concentration of MLSS × wasting volume
= 434.4

mg N
× 0.2L = 86.9 mg N
L

N mass decant from the system = TN concentration in the effluent × decanting volume
= (6 + 11.43)

mg N
× 9L = 156.8 mgN
L

N mass denitrified in the anaerobic zone
= NOx concentration in the effluent × remaining volume after decanting
= (11.43)

mg N
× 9L = 102.8 mg N
L
156

Nitrogen removal amount due to DPAOs = SNRR × MLVSS × reactor volume × time period =
mg N

0.74 gVSSˑh ×

4.215g VSS
×
L

18L × 1h = 56.1 mg N

Where, the time period for DPAOs using PHA refers to the time over which phosphorus was depleted under
aerobic phase in a typical cycle, which was 1h as shown in Figure 3-3.
Nitrogen removal amount due to denitrifying OHOs using residual rbCOD
= SNRR × MLVSS × reactor volume × time period
= 1.84

mgN
4.215gVSS
1 h
×
× 18L ×
× 30min = 69.8 mgN
gVSSˑh
L
60 min

Where, the time period for denitrifying OHOs using residual rbCOD refers to the time over which sCOD
was depleted under aerobic phase in a typical cycle, which was 0.5 h as shown in Figure 3-3.
Calculated N mass in from influent
= N mass used for cell synthesis + N mass decant from the system
+ N mass denitrified in the anaerobic zone
+ N mass removed through denitrifying OHO denitrification using residual rbCOD in the aerobic zone
+ N mass removed through DPAO denitrification in the aerobic zone
= 86.88 + 156.8 + 102.8 + 69.8 + 56.1 = 472 mgN

Relative error =

calculated N mass in from influent
472
−1=
− 1 = 7%
N mass in from influent
441
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Figure A-1. Relative abundance of individual amplicon sequence variants (ASVs) detected in the system
from day 123 to day 137 of operation. The ASVs are only shown on the plot if greater than 0.5% relative
abunadnce (RA) within the microbial community. Individual ASVs were assigned to the lowest possible
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taxonomic level based on the nucleotide sequence. The phylum for each ASV is also indicated before the
additional taxonomy assignment on the y-axis, with the numbers inside circles representing the % RA.

Appendix A-3. Definition of each term in FAPROTAX
The main functionalities in FAPROTAX are listed below. The description of each functionality is based
on electron donor, electron acceptor, whether aerobic, whether exclusively prokaryotic, and whether light
dependent. Some of the functionalities are the combination of several functionalities and specific
microorganisms.
aerobic_ammonia_oxidation elements:N,O; main_element:N; electron_donor:N; electron_acceptor:O;
aerobic:yes; exclusively_prokaryotic:yes; light_dependent:no

aerobic_chemoheterotrophy

elements:C,O; main_element:C; electron_donor:C; electron_acceptor:O;

aerobic:yes; exclusively_prokaryotic:no; light_dependent:no
# other than lignin, chitin, xylan, cellulose, methanol, methane, aromatic hydrocarbons

aerobic_nitrite_oxidation

elements:N,O; main_element:N; electron_donor:N; electron_acceptor:O;

aerobic:yes; exclusively_prokaryotic:yes; light_dependent:no

chemoheterotrophy

elements:C; main_element:C; electron_donor:C; electron_acceptor:variable;

aerobic:variable; exclusively_prokaryotic:no; light_dependent:no
add_group:aerobic_chemoheterotrophy
add_group:fermentation
add_group:cellulolysis
add_group:xylanolysis
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add_group:chitinolysis
add_group:ligninolysis
add_group:methylotrophy
add_group:acetoclastic_methanogenesis
add_group:methanogenesis_by_disproportionation_of_methyl_groups
add_group:methanogenesis_using_formate
add_group:oil_bioremediation
add_group:aromatic_compound_degradation
add_group:hydrocarbon_degradation
add_group: Its own specific microorganisms

chlorate_reducers

elements:C; main_element:C; electron_donor:variable; electron_acceptor:Cl;

aerobic:variable; exclusively_prokaryotic:no; light_dependent:no

denitrification elements:N; main_element:N; electron_donor:variable; electron_acceptor:N; aerobic:no;
exclusively_prokaryotic:no; light_dependent:no
# dissimilatory reduction of fixed nitrogen compounds (NO3, NO2, N2O ...) to dinitrogen
add_group:nitrate_denitrification
add_group:nitrite_denitrification
add_group:nitrous_oxide_denitrification
add_group: Its own specific microorganisms

fermentation elements:C; main_element:C; electron_donor:C; electron_acceptor:none; aerobic:no;
exclusively_prokaryotic:no; light_dependent:no
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nitrate_denitrification elements:N; main_element:N; electron_donor:variable; electron_acceptor:N;
aerobic:no; exclusively_prokaryotic:no; light_dependent:no
# dissimilatory reduction of NO3 to N2

nitrate_reduction elements:N; main_element:N; electron_donor:variable; electron_acceptor:N;
aerobic:variable; exclusively_prokaryotic:no; light_dependent:no
# assimilatory or dissimilatory
add_group:nitrate_respiration
add_group: Its own specific microorganisms

nitrate_respiration

elements:N; main_element:N; electron_donor:variable; electron_acceptor:N;

aerobic:no; exclusively_prokaryotic:no; light_dependent:no
# dissimilatory nitrate respiration
add_group:nitrate_denitrification
add_group:nitrate_ammonification
add_group: Its own specific microorganisms

nitrification

elements:N,O; main_element:N; electron_donor:N; electron_acceptor:O; aerobic:yes;

exclusively_prokaryotic:yes; light_dependent:no
add_group:aerobic_ammonia_oxidation
add_group:aerobic_nitrite_oxidation

nitrite_denitrification elements:N; main_element:N; electron_donor:variable; electron_acceptor:N;
aerobic:no; exclusively_prokaryotic:no; light_dependent:no
add_group:nitrate_denitrification
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add_group: Its own specific microorganisms

nitrite_respiration

elements:N; main_element:N; electron_donor:variable; electron_acceptor:N;

aerobic:no; exclusively_prokaryotic:no; light_dependent:no
add_group:nitrite_ammonification
add_group:nitrite_denitrification
add_group:anammox
add_group: Its own specific microorganisms

nitrogen_respiration elements:N; main_element:N; electron_donor:variable; electron_acceptor:N;
aerobic:no; exclusively_prokaryotic:no; light_dependent:no
# dissimilatory reduction of nitrogen compounds
add_group:nitrate_respiration
add_group:nitrite_respiration
add_group:denitrification
add_group:nitrate_ammonification
add_group:nitrite_ammonification
add_group:anammox

nitrous_oxide_denitrification elements:N; main_element:N; electron_donor:variable;
electron_acceptor:N; aerobic:no; exclusively_prokaryotic:no; light_dependent:no
add_group:nitrite_denitrification

# assuming that all nitite denitrifiers are also N2O denitrifiers

add_group: Its own specific microorganisms
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phototrophy

elements:variable; main_element:variable; electron_donor:variable; electron_acceptor:C;

aerobic:variable; exclusively_prokaryotic:no; light_dependent:yes
add_group:photoautotrophy
add_group:photoheterotrophy

photoheterotrophy

elements:C;

main_element:C;

electron_donor:C;

aerobic:variable; exclusively_prokaryotic:yes; light_dependent:yes
add_group:aerobic_anoxygenic_phototrophy
add_group: Its own specific microorganisms
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electron_acceptor:C;

Appendix B
Appendix B-1. Synthetic wastewater composition
The composition of the synthetic wastewater contained (per liter): 128 mg sodium acetate (100 mg COD/L),
3.8 mg NH4Cl (1 mg/L of NH4-N), 9.5 mg KH2PO4 (2 mg/L of PO4-P), 15 mg MgSO4, 300 mg NaHCO3,
10 mg CaCl2, and trace elements Ⅰ and Ⅱ with 1mL/L. Trace elements Ⅰ and Ⅱ were the same as (Van de
Graaf et al., 1996). Trace element Ⅰ included EDTA (5.0 g/L) and FeSO4∙7H2O (9.15 g/L). Trace element
Ⅱ included EDTA (15.0 g/L), ZnSO4∙7H2O (0.430 g/L), CO(NO3)∙6H2O (0.294 g/L), MnCl4∙4H2O (0.990
g/L), CuSO4∙5H2O (0.250 g/L), (NH4)6MO7O24 (0.177 g/L), NiCl2∙6H2O (0.190 g/L), Na2SeO3 (0.105 g/L),
and H3BO3 (0.0111 g/L). Overall, the synthetic wastewater contained a VFA of 100 mg COD/L, NH4-N of
1 mg/L, and PO4-P of 2 mg/L.

Appendix B-2. Calculations
The detailed calculation equations for values in Chapter 4 are illustrated in the following.
2.86
0.1
×( )
CODdn
2
1
−
0.45
CODintra efficiency = 1 −
=1−
= 98%
110 + 22.5
CODconsum
− 27.5
2

Calculated N used for cell synthesis =

MLVSS
×
MW of biomass

MW of nitrogen × Vwaste = (3160 mg/L ÷

115 g/mol) × 14 g/mol × 0.2 L) = 77 mg N

The detailed calculations to get the values in Table 4-1 are shown below.
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N mass used for cell synthesis = particulate organic N concentration of MLSS × wasting volume
= 328.07

mg N
× 0.2L = 66 mg N
L

N mass decant from the system = TN concentration in the effluent × decanting volume
= (0.1 + 1.74)

mg N
× 9L = 17 mgN
L

N mass denitrified in the anaerobic zone
= NOx concentration in the effluent × remaining volume after decanting
= (0.1)

mg N
× 9L = 1 mg N
L

Nitrogen removal amount due to DPAOs = SNRR × MLVSS × reactor volume × time period =
mg N

0.6 gVSSˑh ×

3.16g VSS
×
L

18L × 1.5h = 51 mg N

Where, the time period for DPAOs using PHA refers to the time over which phosphorus was depleted under
aerobic phase in a typical cycle, which was 1.5h as shown in Figure 4-2D.
N mass removal amount through denitrifying OHOs using hydrolyzed carbon in the post anoxic phase =
(TN at the start of the post anoxic phase – TN at the end of the post anoxic phase) × reactor volume =
(10.69-0.63) mg N/L ×18 L= 181 mg N
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Calculated N mass in from influent
= N mass used for cell synthesis + N mass decant from the system
+ N mass denitrified in the anaerobic zone
+ N mass removed through DPAO denitrification in the aerobic zone
+ N mass removed through denitrifying OHOs using hydrolyzed carbon in the post anoxic phase
= 66 + 17 + 1 + 51 + 181 = 316 mgN

Relative error =

calculated N mass in from influent
316
−1=
− 1 = −3%
N mass in from influent
324
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0.65

Phase 2

Figure B-1. The performance of SBR (A: influent TSS, VSS, COD; B: influent NH4-N, effluent NH4-N,
effluent NO3-N, TIN removal efficiency; C: influent PO4-P, effluent PO4-P, PO4-P removal efficiency; D:
MLSS, MLVSS, MLVSS/MLSS) in Phases 1 and 2 at a DO of 0.3 mg/L and 10℃.

167

Day 139

Day 140 (1)

Day 140 (2)

Figure B-2. Relative abundance of individual amplicon sequence variants (ASVs) detected in the dynamic
tests in Period 2. The ASVs are only shown on the plot if greater than 0.5% relative abunadnce (RA)
within the microbial community. Individual ASVs were assigned to the lowest possible taxonomic level
based on the nucleotide sequence. The phylum for each ASV is also indicated before the additional
taxonomy assignment on the y-axis, with the numbers inside circles representing the % RA.
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Appendix C
Appendix C-1. Detailed biological processes for carbon, nitrogen and phosphorus
transformation in the model
Figure C-1A presents the processes impacting carbon species. Bacterial decay can generate particulate
biodegradable organics (XB) and endogenous decay products (XE), which can be hydrolyzed/converted to
rbCOD (SB) and particulate biodegradable organics later on. Particulate biodegradable organics can be
hydrolyzed to rbCOD by all bacteria under all conditions. rbCOD can be fermented to VFAs (SVFA) by
OHOs and PAOs. Both VFAs and rbCOD can be used for OHO growth under aerobic and anoxic conditions.
Under the anaerobic conditions, VFAs can be stored by PAOs as PHA (XPHA) and by GAOs as glycogen
(XGLY). Under the anoxic conditions, stored PHA and glycogen can be used for denitrification to reduce
nitrate and nitrite and maintenance by PAOs and GAOs, respectively. Under aerobic conditions, PHA and
glycogen can be oxidized for PAO and GAO growth and maintenance.
Figure C-1B shows the processes related to nitrogen species. Cell decay can generate particulate
biodegradable organic nitrogen (XN,B) and ammonia (SNHx). Particulate biodegradable organic nitrogen can
be hydrolyzed to soluble biodegradable organic nitrogen (SN,B). Ammonification can convert soluble
biodegradable nitrogen to ammonia. Ammonia can be oxidized to nitrite (SNO2) and then nitrate (SNO3) by
AOBs and NOBs. At the same time, nitrate can be reduced to nitrite through denitrification by OHOs, PAOs,
and GAOs using rbCOD/VFAs, PHA, and glycogen, respectively, and PAO and GAO anoxic maintenance
through nitrate. Nitrite can be reduced to nitrogen gas through denitrification by OHOs, PAOs, and GAOs
using rbCOD/VFAs, PHA, and glycogen, respectively, and PAO and GAO anoxic maintenance through
nitrite. Both nitrate and nitrite can be reduced to ammonia through nitrite and nitrate assimilative reduction.
Figure C-1C shows the processes related to phosphorus species. Cell decay can generate particulate
biodegradable organic phosphorus (XP,B), which can be hydrolyzed to soluble biodegradable organic
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phosphorus (SP,B). The hydrolyzed soluble biodegradable organic phosphorus can be converted to
orthophosphate (SPO4). Under the anaerobic conditions, orthophosphate is released from polyP (XPP) by
PAOs. Under the anoxic and aerobic conditions, orthophosphate is taken up by PAOs to replenish polyP.

Appendix C-2. Influent characteristics, physical parameters, and floc-related
parameters in the floc model
Appendix C-2.1. Influent characteristics
The influent characteristics for dynamic tests included VFAs of 191.5 mg COD/L, readily biodegradable
substrate of 150 mg COD/L, soluble unbiodegradable substrate of 12.5 mg COD/L, ammonia of 30 mg N/L,
soluble biodegradable organic nitrogen of 19 mg N/L, orthophosphate of 6.5 mg P/L, calcium of 150 mg/L,
magnesium of 15 mg/L, and potassium of 16 mg/L.

Appendix C-2.2. Physical parameters
The second step is to assure that the physical parameters are the same as those in the experiment. The
detailed value of each parameter for dynamic tests is shown in Table C-1. The physical parameters setting
of activity tests was different from that of dynamic tests. For activity test 1, all the physical parameters were
the same except cycle length and reaction phase length were extended for another two hours. The DO
concentration was set to be zero in these two hours. For activity tests 2 and 3, sludge was taken at the 1st
hour of cycle and washed six times to eliminate all residual soluble substrates. Then NaNO3 was added to
achieve NO3-N of 14.7 mg N/L as measured for Test 2, and NaNO3 and PO4 were added to achieve NO3N of 14.7 mg N/L and PO4-P of 30 mg P/L as measured for Test 3. The ways to achieve these processes in
Sumo were to stop dynamic cycle test simulation at the 1st hour, save all the substrate (soluble and particle)
concentrations, set all the kinetics with the unit of 1/d to zero to stop all the biological reactions, add another
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influent with no substrate concentrations but deionized water, and run the model for 6 cycles to mimic
sludge wash using deionized water. By doing these steps, all the soluble substrates were minimized but the
particulate substrates were remained at the same level as before. After all these steps, all the kinetics with
the unit of 1/d were set back to previous values. Then two influents (one with NO3-N and the other with
NO3-N and PO4-P) were fed to SBR with the feeding time of 1s at the beginning for Test 2 and Test 3,
respectively to achieve corresponding substrate concentrations. Then the model was run under anoxic
conditions for 1 hour to mimic activity tests 2 and 3.
For Test 4, the SBR cycle setup was extended for two more hours at the same DO concentration (0.3 mg/L).
For Test 5, the influent added to the SBR was changed to include VFA of 191.5 mg COD/L, soluble
unbiodegradable COD of 12.5 mg COD/L, and PO4-P of 6.5 mg P/L. After feeding, the SBR went through
one hour of anaerobic phase, then went through two hours of aeration at a DO of 0.3 mg/L. At the beginning
of the aerobic phase, a stream of NO3-N was added into the reactor within 1s to achieve NO3-N of 14.5 mg
N/L as measured in the SBR. For Test 6, the influent was the same as the influent for dynamic tests except
for no ammonia addition. After feeding, the SBR went through one hour of anaerobic phase, then went
through one hour of aerobic phase at a DO of 0.3 mg/L. At the beginning of the aerobic phase, NO3-N and
NH4-N were added into the reactor within 1s to achieve NO3-N of 10.6 mg N/L and NH4-N of 3.3 mg N/L
as measured in the SBR.

Appendix C-2.3. Floc-related parameters
For measurable parameters, settled floc level at decanted water level (hsettled,floc), floc density (ρF), and
average floc radius (ZF) were measured to be 7.6 ±0.4 cm, 1120 ± 21 kg/m3, and 110 ± 10 µm. In the floc
model, the distribution of floc size was not considered due to its irrelevant to the simulation goals.
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For calculable parameter, dry matter content of flocs (XTSS,F) was calculated to be 0.025 kg/kg based on the
relationship with floc density and measured MLSS at the steady state in the SBR as illustrated in Eq. (523).
For constant parameters, water between settled floc (free water) (Vwater,floc), internal solids transfer rate in
floc (DX), slope of switching function around XTSStarget (sl), and TSS controller displacement rate gain of
solids between floc layers (rdpm,max) were set as default values. In addition, a floc was assumed to have three
layers including top, middle, and bottom layer (near core of the floc) in the model. Since the system was a
flocculant sludge system, all TSS was in flocs, and no TSS was present in the bulk phase. Therefore, specific
attachment rate of solids to floc (rattach) was set as default value, and detachment rate gain of solids from
floc (rdetach) was set to zero, leading to minimal TSS in the bulk phase during the simulation.
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Figure C-1. The transformation of carbon (A), nitrogen (B), and phosphorus (C) species in Sumo2.
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Table C-1. Physical parameters in the SBR.
Parameter

Value Unit

Influent flow rate

0.86

m3/d

Influent addition time

15

min

Temperature

10

℃

SBR surface area

0.06

m3

Tank depth

0.04

m

Initial volume

0.009

m3

Cycle length

8

h

Reaction phase length

7

h

Settle phase length

0.75

h

Decant phase length

0.2

h

Wasting phase length

0.05

h

Decant height

0.15

m

Effluent solids concentration

0

g/m3

Diffuser distance from tank bottom 0.01

m

Covered fraction of reactor surface

%
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Table C-2. The rational for adjusting corresponding parameters in each step during calibration.
Data profile range
Related mechanisms
NH4-N profile from 14min to 60 min in NH4-N increase due to SN,B ammonification
the anaerobic phase of dynamic tests
sCOD profile from 40 min to 60 min in • sCOD reduction due to SB fermentation with low VFA (OHO
the anaerobic phase of dynamic tests
growth, anaerobic) and PAO's PHA storage from VFAs
• SB fermentation with low VFA (OHO growth, anaerobic) is the
limiting process
sCOD profile from 14 min to 40 min in sCOD reduction due to PAO's PHA storage from VFAs and
the anaerobic phase of dynamic tests
GAO's GLY storage from VFAs

Important parameters
qAMMON

Step
1

µFERM,OHO

2

qPAO,PHA and qGAO,GLY

3

PO4-P profile from 14 min to 40 min in PO4-P increase due to PAO's PHA storage from VFAs
the anaerobic phase of dynamic tests
PO4-P profile from 40 min to 60 min in • PO4-P increase due to PAO's PHA storage from VFAs and SB
the anaerobic phase of dynamic tests
fermentation with low VFA (OHO growth, anaerobic)
• SB fermentation with low VFA (OHO growth, anaerobic) is the
limiting process
NO3-N profile in Test 1 under anoxic • NO3-N reduction due to OHO growth on SB, NO3 and XB
conditions
hydrolysis
• XB hydrolysis is the limiting process
NO3-N profile in Test 2 under anoxic NO3-N reduction due to OHO growth on SB, NO3, XB hydrolysis,
conditions
and GAO growth on GLY, NO3
NO3-N profile in Test 3 under anoxic NO3-N reduction due to OHO growth on SB, NO3, XB hydrolysis,
conditions
GAO growth on GLY, NO3, and PAO growth on PHA, NO3
PO4-P profile in Test 3 under anoxic PO4-P reduction due to PAO growth on PHA, NO3
conditions
PO4-P profile from 1 h to 2 h in the PO4-P reduction due to PAO growth on PHA, O2 and PAO growth
aerobic phase of dynamic tests
on PHA, NO3
NO3-N profile in Test 4 under aerobic Stable NO3-N due to SN,B ammonification, AOB growth, NOB
conditions
growth, OHO growth on SB, NO3, and XB hydrolysis
sCOD profile from 1 h to 1.5 h in the sCOD reduction due to OHO growth on SB, O2 and OHO growth on
aerobic zone
SB, NO3

fP,VFA
qPAO,PHA
fP,VFA
qPAO,PHA
µFERM,OHO

4

µmax,OHO

6

µmax,GAO

7

µmax,PAO

8

fPP,PHA,anox

9

fPP,PHA,ox

10

KO2,OHO

11

µmax,HO and KO2,OHO

12
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5

TIN profile from 60 min to 120 min in
Test 5 under aerobic conditions
TIN profile from 0 min to 60 min in Test
5 under aerobic conditions
PO4-P profile in Test 5 under aerobic
conditions
TIN profile from 0 min to 30 min in Test
6 under aerobic conditions
NH4-N profile from 1 h to 5.5 h in the
aerobic phase of dynamic tests
NO3-N profile from 1 h to 7 h in the
aerobic phase of dynamic tests
NO2-N profile from 1 h to 7 h in the
aerobic phase of dynamic tests

Stable TIN due to no GAO growth on GLY, NO3

KO2,GAO

13

TIN reduction due to PAO growth on PHA, NO3

KO2,PAO

14

PO4-P reduction due to PAO growth on PHA, NO3

fPP,PHA,anox,
µmax,PAO, 15
and KO2,PAO
TIN reduction due to PAO growth on PHA, NO3 and OHO growth µmax,OHO and KO2,OHO
16
on SB, NO3
NH4-N reduction due to bacteria growth and AOB growth
µmax,AOB, and KO2,AOB
17
NO3-N increase due to NOB growth, OHO growth on SB, NO3, GAO µmax,NOB and KO2,NOB
18
growth on GLY, NO3, and PAO growth on PHA, NO3
Nitrite profile is related to most of the processes above
Confirm all of the 19
parameters above
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Table C-3. The stoichiometric matrix of Sumo2.
j

Symb
ol

Name

SVFA

SB

C

XB

XPHA

XGLY

B

1

R1

OHO growth on VFAs, O2

-1/YOHO,VFA,ox

2

R2

OHO growth on VFAs, NO2

-1/YOHO,VFA,anox

3

R3

OHO growth on VFAs, NO3

-1/YOHO,VFA,anox

R4

OHO growth on SB, O2

5

R5

OHO growth on SB, NO2

R6

OHO growth on SB, NO3

7

R7

SB fermentation with low VFA (OHO growth,
anaerobic)

8

R8

OHO decay

9
1
0

R9

OHO anaerobic decay

r10

PAO growth on PHA, O2

r11

PAO growth on PHA, NO2

1
1

XGA

XAO

XNO

O

O

B

B

1
1

1

1/YOHO,SB,ox
1/YOHO,SB,an

1

ox

1/YOHO,SB,an
6

XPA

O

1
-

4

XOH

1

ox

1/YOHO,SB,an

(1-YOHO,SB,anaYOHO,H2,ana,low)/YOHO,SB,ana

1

a

1fE
1fE

-1
-1
1/YPAO,PHA,ox
1/YPAO,PHA,an

1
1

ox

1
2

r12

1/YPAO,PHA,an

PAO growth on PHA, NO3

1

ox

1
3
1
4
1
5

R13

PAO's PHA storage from VFAs

R14

PAO aerobic maintenance

R15

SB fermentation with low VFA (PAO growth,
anaerobic)

-1

1
-1
1/YPAO,SB,an

(1-YPAO,SB,anaYPAO,H2,ana,low)/YPAO,SB,ana

1

a

1
6
1
7
1
8

R16

PAO decay

R17

PAO anaerobic decay

R18

1fE
1fE

XPHA/XPAO
XPHA/XPAO

-XPHA/XPAO

-1

-XPHA/XPAO

-1
-

GAO growth on GLY, O2

1/YGAO,GLY,ox
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1

1
9

R19

1/YGAO,GLY,an

GAO growth on GLY, NO2

1

ox

2
0

R20

1/YGAO,GLY,an

GAO growth on GLY, NO3

1

ox

2
1
2
2
2
3
2
4
2
5
2
6
2
7
2
8
2
9
3
0

R21

GAO's GLY storage from VFAs

R22

GAO aerobic maintenance

R23

GAO decay

R24

AOB growth

R25

AOB decay

R26

NOB growth

R27

NOB decay

R28

XB hydrolysis

R29

SN,B ammonification

R30

SP,B conversion to PO4

-1

1
-1
1fE

XGLY/XGAO

-XGLY/XGAO

-1
1

1fE

-1
1

1fE
1
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-1

-1

Table C-4. The stoichiometric matrix of Sumo2 (continue).
j

1

2

3

4

5

6

7

8

9
1
0
1
1
1
2

Sym
bol

R1

R2

R3

R4

R5

R6

R7

R8

R9
r10

r11

r12

Name
OHO
growth on
VFAs, O2
OHO
growth on
VFAs,
NO2
OHO
growth on
VFAs,
NO3
OHO
growth on
SB, O2
OHO
growth on
SB, NO2
OHO
growth on
SB, NO3
SB
fermentatio
n with low
VFA
(OHO
growth,
anaerobic)

OHO
decay
OHO
anaerobic
decay
PAO
growth on
PHA, O2
PAO
growth on
PHA, NO2
PAO
growth on
PHA, NO3

SNHx

SNO2

SNO3

SN,B

XN,B

-iN,BIO

SPO4

XPP

SP,B

XP,B

SO2
-(1YOHO,VFA,ox)/YOH

-iP,BIO

O,VFA,ox

-iN,BIO

-(1YOHO,VFA,anox)/(EEQN2,NO2*YO
HO,VFA,anox)

-iN,BIO

(1YOHO,VFA,anox)/(EEQNO2,NO3*Y
OHO,VFA,anox)

-iP,BIO

-(1YOHO,VFA,anox)/(EEQNO2,NO3*Y
OHO,VFA,anox)

-iP,BIO

-iN,BIO

-(1YOHO,SB,ox)/YOHO,

-iP,BIO

SB,ox

-iN,BIO

-iN,BIO

-(1YOHO,SB,anox)/(EEQN2,NO2*YOH
O,SB,anox)
(1YOHO,SB,anox)/(EEQNO2,NO3*YO
HO,SB,anox)

-iP,BIO
-(1YOHO,SB,anox)/(EEQNO2,NO3*YO
HO,SB,anox)

-iP,BIO

-iN,BIO

-iP,BIO

fE*(iN,
XEiN,BIO)
fE*(iN,
XEiN,BIO)

-iN,BIO

(1fE)*iP,

BIO

BIO

(1fE)*iN,

(1fE)*iP,

BIO

-iN,BIO

-iN,BIO

(1fE)*iN,

-(1YPAO,PHA,anox)/(EEQN2,NO2*YP
AO,PHA,anox)
(1YPAO,PHA,anox)/(EEQNO2,NO3*Y
PAO,PHA,anox)

-(1YPAO,PHA,anox)/(EEQNO2,NO3*Y
PAO,PHA,anox)
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BIO

fPP,PHA,ox/YPAO,PH
A,ox-iP,BIO
fPP,PHA,anox/YPAO,P
HA,anox-iP,BIO
fPP,PHA,anox/YPAO,P
HA,anox-iP,BIO

fPP,PHA,ox/YPAO,PH

-(1YPAO,PHA,ox)/YPA

A,ox
O,PHA,ox

fPP,PHA,anox/YPAO,
PHA,anox

fPP,PHA,anox/YPAO,
PHA,anox

1
3

R13

1
4

R14

1
5

R15

1
6

1
7
1
8

R16

R17
R18

1
9

R19

2
0

R20

2
1

R21

2
2

R22

2
3

2
4

PAO's
PHA
storage
from VFAs
PAO
aerobic
maintenanc
e
SB
fermentatio
n with low
VFA (PAO
growth,
anaerobic)

PAO decay
PAO
anaerobic
decay
GAO
growth on
GLY, O2
GAO
growth on
GLY, NO2
GAO
growth on
GLY, NO3
GAO's
GLY
storage
from VFAs
GAO
aerobic
maintenanc
e

R23

GAO
decay

R24

AOB
growth

fP,VFA

-fP,VFA

-1

-iN,BIO

-iP,BIO

fE*(iN,
XEiN,BIO)
fE*(iN,
XEiN,BIO)

(1fE)*iN,

XPP/XPAO

-XPP/XPAO

BIO

(1fE)*iN,

BIO

XPP/XPAO

BIO

-iN,BIO

(1fE)*iP,

-XPP/XPAO

(1fE)*iP,
BIO

-(1YGAO,GLY,ox)/YGA

-iP,BIO

O,GLY,ox

-iN,BIO

-iN,BIO

-(1YGAO,GLY,anox)/(EEQN2,NO2*YG
AO,GLY,anox)
(1YGAO,GLY,anox)/(EEQNO2,NO3*Y
GAO,GLY,anox)

-iP,BIO
-(1YGAO,GLY,anox)/(EEQNO2,NO3*Y
GAO,GLY,anox)

-iP,BIO

-1
fE*(iN,
XEiN,BIO)
1/YAO
BiN,BIO

1/YAOB

(1fE)*iN,

(1fE)*iP,

BIO

BIO

-iP,BIO
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-(EEQNO2YAOB)/YAOB

2
5
2
6

2
7

R25
R26

R27

2
8

R28

2
9

R29

3
0

R30

AOB
decay
NOB
growth

NOB
decay
XB
hydrolysis
SN,B
ammonific
ation
SP,B
conversion
to PO4

fE*(iN,
XEiN,BIO)
-iN,BIO

-1/YNOB

(1fE)*iN,

(1fE)*iP,

BIO

BIO

1/YNOB

-(EEQNO2,NO3YNOB)/YNOB

-iP,BIO

fE*(iN,
XEiN,BIO)
XN,B/
XB
1

(1fE)*iN,

(1fE)*iP,

BIO

BIO

XN,B/
XB

XP,B/
XB

-1

1
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-1

XP,B/
XB

Table C-5. Definition of components
Components
Symbol

Name

SVFA

Volatile fatty acids (VFA)

SB

Readily biodegradable substrate (non-VFA)

CB

Colloidal biodegradable substrate

XB

Slowly biodegradable substrate

XPHA

Stored polyhydroxyalkanoates (PHA)

XGLY

Stored glycogen (GLY)

XOHO

Ordinary heterotrophic organisms (OHO)

XPAO

Phosphorus accumulating organisms (PAO)

XGAO

Glycogen accumulating organisms (GAO)

XAOB

Aerobic ammonia oxidizers (AOB)

XNOB

Nitrite oxidizers (NOB)

SNHx

Total ammonia (NHx)

SNO2

Nitrite (NO2)

SNO3

Nitrate (NO3)

SN,B

Soluble biodegradable organic N (from SB)

XN,B

Particulate biodegradable organic N (from XB)

SPO4

Orthophosphate (PO4)

XPP

Stored polyphosphate (PP)

SP,B

Soluble biodegradable organic P (from SB)

XP,B

Particulate biodegradable organic P (from XB)

SO2

Dissolved oxygen (O2)
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Table C-6. Process rate expressions of Sumo2
j

Sym
bol

1

R1

OHO growth on VFAs, O2

2

R2

OHO growth on VFAs, NO2

3

R3

OHO growth on VFAs, NO3

4

R4

OHO growth on SB, O2

5

R5

OHO growth on SB, NO2

6

R6

7

R7

OHO growth on SB, NO3
SB fermentation with low VFA
(OHO growth, anaerobic)

µOHO,T*XOHO*ηOHO,anox*MsatSVFA,KVFA*MsatSNO2,KNO2,OHO*MinhSO2,KO2,OHO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KAN*MsatSCa,
KCa*MsatSMg,KMg*BellinhpH
µOHO,T*XOHO*ηOHO,anox*MsatSVFA,KVFA*MsatSNO3,KNO3,OHO*MinhSO2,KO2,OHO*MinhSNO2,KNO2,OHO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*M
satSAN,KAN*MsatSCa,KCa*MsatSMg,KMg*BellinhpH
µOHO,T*XOHO*MsatSB,KSB*MinhSVFA,KVFA*MsatSO2,KO2,OHO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KAN*MsatSCa,KCa*MsatSMg,KMg
*BellinhpH
µOHO,T*XOHO*ηOHO,anox*MsatSB,KSB*MinhSVFA,KVFA*MsatSNO2,KNO2,OHO*MinhSO2,KO2,OHO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,
KAN*MsatSCa,KCa*MsatSMg,KMg*BellinhpH
µOHO,T*XOHO*ηOHO,anox*MsatSB,KSB*MinhSVFA,KVFA*MsatSNO3,KNO3,OHO*MinhSO2,KO2,OHO*MinhSNO2,KNO2,OHO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*Msat
SCAT,KCAT*MsatSAN,KAN*MsatSCa,KCa*MsatSMg,KMg*BellinhpH
µFERM,OHO,T*XOHO*LoginhSVFA,KVFA,FERM*MsatSB,KSB,ana*MinhSO2,KO2,OHO*MinhSNO2,KNO2,OHO*MinhSNO3,KNO3,OHO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*
MsatSCAT,KCAT*MsatSAN,KAN*MsatSCa,KCa*MsatSMg,KMg*MsatSCO2,KCO2,BIO*BellinhpH

8

R8

OHO decay

bOHO,T*XOHO*(MsatSO2,KO2,OHO+ηb,anox*MsatSNO2,KNO2,OHO*MinhSO2,KO2,OHO+ηb,anox*MsatSNO3,KNO3,OHO*MinhSNO2,KNO2,OHO*MinhSO2,KO2,OHO)

9
1
0
1
1
1
2
1
3
1
4
1
5
1
6
1
7
1
8
1
9
2
0
2
1
2
2

R9

OHO anaerobic decay

bOHO,T*XOHO*ηb,ana*MinhSNO2,KNO2,OHO*MinhSNO3,KNO3,OHO*MinhSO2,KO2,OHO

r10

PAO growth on PHA, O2

r11

PAO growth on PHA, NO2

r12

PAO growth on PHA, NO3

R13

PAO's PHA storage from VFAs

qPAO,PHA,T*XPAO*MsatSVFA,KVFA,PAO*MRsatXPP,XPAO,KPP*LoginhXPHA,XPAO,max

R14

PAO aerobic maintenance

bPHA,T*XPAO*MsatSO2,KO2,PAO*MRsatXPHA,XPAO,KPHA

R15

SB fermentation with low VFA
(PAO growth, anaerobic)

R16

PAO decay

µFERM,PAO,T*XPAO*LoginhSVFA,KVFA,FERM*MsatSB,KSB,ana*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KAN*MsatSCa,KCa*MsatSMg,KMg*M
satSCO2,KCO2,BIO*BellinhpH*LoginhORP,PAO
bPAO,T*XPAO*(MRinhXPHA,XPAO,KPHA*MsatSO2,KO2,PAO+ηbPAO,anox*MRinhXPHA,XPAO,KPHA*MRinhXPP,XPAO,KPP*(MsatSNO2,KNO2,PAO+MinhSNO2,KNO2,PAO*Ms
atSNO3,KNO3,PAO)*MinhSO2,KO2,PAO)

R17

PAO anaerobic decay

R18

GAO growth on GLY, O2

R19

GAO growth on GLY, NO2

R20

GAO growth on GLY, NO3

R21

GAO's GLY storage from VFAs

qGAO,GLY,T*XGAO*MsatSVFA,KVFA,GAO*LoginhXGLY,XGAO,max*LogsatORP,GAO

R22

GAO aerobic maintenance

bGLY,T*XGAO*MsatSO2,KO2,GAO*MRsatXGLY,XGAO,KGLY

Name

Rate
µOHO,T*XOHO*MsatSVFA,KVFA*MsatSO2,KO2,OHO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KAN*MsatSCa,KCa*MsatSMg,KMg*BellinhpH

µPAO,T*XPAO*MRsatXPHA,XPAO,KPHA*MsatSO2,KO2,PAO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,PAO*LoginhXPP,XPAO,max*MsatSCAT,KCAT*MsatSAN,KAN*MsatSCa,KCa,
PAO*MsatSMg,KMg,PAO*MsatSK,KK,PAO*BellinhpH
µPAO,T*XPAO*ηPAO,anox*MRsatXPHA,XPAO,KPHA*MsatSNO2,KNO2,PAO*MinhSO2,KO2,PAO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,PAO*MsatSCAT,KCAT*MsatSAN,KAN*M
satSCa,KCa,PAO*MsatSMg,KMg,PAO*MsatSK,KK,PAO*BellinhpH
µPAO,T*XPAO*ηPAO,anox*MRsatXPHA,XPAO,KPHA*MsatSNO3,KNO3,PAO*MinhSO2,KO2,PAO*MinhSNO2,KNO2,PAO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,PAO*MsatSCAT,KC
AT*MsatSAN,KAN*MsatSCa,KCa,PAO*MsatSMg,KMg,PAO*MsatSK,KK,PAO*BellinhpH

bPAO,T*XPAO*(ηbPAO,ana*MRinhXPP,XPAO,KPP*MinhSNO3,KNO3,PAO*MinhSNO2,KNO2,PAO*MinhSO2,KO2,PAO+mtox,ana)
µGAO,T*XGAO*MRsatXGLY,XGAO,KGLY*MsatSO2,KO2,GAO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KAN*MsatSCa,KCa*MsatSMg,KMg*Bell
inhpH
µGAO,T*XGAO*ηGAO,anox*MRsatXGLY,XGAO,KGLY*MsatSNO2,KNO2,GAO*MinhSO2,KO2,GAO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KAN*
MsatSCa,KCa*MsatSMg,KMg*BellinhpH
µGAO,T*XGAO*ηGAO,anox*MRsatXGLY,XGAO,KGLY*MsatSNO3,KNO3,GAO*MinhSNO2,KNO2,GAO*MinhSO2,KO2,GAO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,K
CAT*MsatSAN,KAN*MsatSCa,KCa*MsatSMg,KMg*BellinhpH
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2
3
2
4
2
5
2
6
2
7
2
8
2
9
3
0

R23

GAO decay

R24

AOB growth

R25

AOB decay

R26

NOB growth

R27

NOB decay

R28

XB hydrolysis

R29

SN,B ammonification

R30

SP,B conversion to PO4

bGAO,T*XGAO*(MRinhXGLY,XGAO,KGLY*MsatSO2,KO2,GAO+ηbGAO,anox*MRinhXGLY,XGAO,KGLY*MsatSNO2,KNO2,GAO*MinhSO2,KO2,GAO*MinhSO2,KO2,GAO+ηbGAO,a
nox*MRinhXGLY,XGAO,KGLY*MsatSNO3,KNO3,GAO*MinhSNO2,KNO2,GAO*MinhSO2,KO2,GAO)
µAOB,T*XAOB*MsatSNHx,KNHx,AOB*LogsatpHCO2,AOB*MsatSO2,KO2,AOB*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KAN*MsatSCa,KCa*MsatSMg,KMg*MinhpH
HNO2,AOB*BellinhpH
bAOB,T*XAOB*(MsatSO2,KO2,AOB+ηb,anox*MsatSNOx,kin,KNOx,AOB*MinhSO2,KO2,AOB)
µNOB,T*XNOB*MsatSNO2,KNO2,NOB*LogsatpHCO2,NOB*MsatSO2,KO2,NOB*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT,KCAT*MsatSAN,KAN*MsatSCa,KCa*Ms
atSMg,KMg*MinhpHNH3,NOB*BellinhpH
bNOB,T*XNOB*(MsatSO2,KO2,NOB+ηb,anox*MsatSNOx,kin,KNOx,NOB*MinhSO2,KO2,NOB)
qHYD,T*XBIO,kin*MRsatXB,XBIO,KHYD*(MsatSO2,KO2,OHO+ηHYD,anox*(MsatSNO2,KNO2,OHO+MsatSNO3,KNO3,OHO*MinhSNO2,KNO2,OHO)*MinhSO2,KO2,OHO+ηHYD,ana*
MinhSNO3,KNO3,OHO*MinhSNO2,KNO2,OHO*MinhSO2,KO2,OHO)
qAMMON,T*SN,B*XBIO,kin
qSPB,T*SP,B*XBIO,kin
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Table C-7. Default kinetic parameter values of Sumo2
Ordinary heterotrophic organism kinetics (OHO)
Symbol

Default

Unit

Maximum specific growth rate of OHOs

4.0

d-1

Fermentation growth rate of OHOs

0.3

d-1

Decay rate of OHOs

0.62

d-1

Reduction factor for anoxic growth of OHOs

0.60

unitless

Half-saturation of readily biodegradable substrate for OHOs (AS)

5.0

g COD.m-3

Half-saturation of O2 for OHOs (AS)

0.15

g O2.m-3

Half-saturation of VFA for OHOs (AS)

0.5

g COD.m-3

KMEOL,OHO,AS

Half-saturation of methanol for OHOs (AS)

0.1

g COD.m-3

KNO3,OHO,AS

Half-saturation of NO3 for OHOs (AS)

0.10

g N.m-3

KNO2,OHO,AS

Half-saturation of NO2 for OHOs (AS)

0.05

g N.m-3

KVFA,FERM,AS

Half-saturation of VFA in fermentation of OHOs (AS)

50.0

g COD.m-3

Half-saturation of readily biodegradable substrate in fermentation by OHOs (AS)

350.0

g COD.m-3

µOHO
µFERM,OHO
bOHO
ηOHO,anox
KSB,AS
KO2,OHO,AS
KVFA,AS

KSB,ana,AS

Name

Type(Kinetic)

Phosphorus accumulating organism kinetics (PAO)
Symbol

Default

Unit

Maximum specific growth rate of PAOs

1.00

d-1

Fermentation growth rate of PAOs

0.45

d-1

Maximum specific growth rate of PAOs under P limited

0.49

d-1

bPAO

Decay rate of PAOs

0.05

d-1

bPHA

Rate of PAOs maintenance on PHA

0.05

d-1

bPP,ana

Rate of PAOs maintenance under anaerobic conditions (PP cleavage)

0.01

d-1

µPAO
µFERM,PAO
µPAO,lim

Name

Type(Kinetic)
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qPAO,PHA

Rate of VFA storage into PHA for PAOs

4.0

d-1

ηPAO,anox

Reduction factor for anoxic growth of PAOs

0.66

unitless

ηbPAO,anox

Reduction factor for anoxic decay of PAOs

0.50

unitless

ηbPAO,ana

Reduction factor for anaerobic decay of PAOs

0.25

unitless

ηbPHA,anox

Reduction factor for anoxic maintenance of PAOs on PHA

0.66

unitless

ηbPP,aer

Reduction factor for aerobic maintenance of PAOs on PP

0.25

unitless

ηbPP,anox

Reduction factor for anoxic maintenance of PAOs on PP

0.50

unitless

Half-saturation of PO4 for PAOs (AS)

0.50

g P.m-3

Half-saturation of PHA for PAOs

0.10

g COD.m-3

KO2,PAO,AS

Half-saturation of O2 for PAOs (AS)

0.05

g O2.m-3

KNO3,PAO,AS

Half-saturation of NO3 for PAOs (AS)

0.10

g N.m-3

KNO2,PAO,AS

Half-saturation of NO2 for PAOs (AS)

0.05

g N.m-3

KVFA,PAO,AS

Half-saturation of VFA storage for PAOs (AS)

5.0

g COD.m-3

Half-saturation of PP for PAOs

0.01

g P.m-3

KiPP,PAO,max

Half-inhibition of maximum PP content of PAOs

99.00

g P.g COD-1

KiPHA,PAO,max

Half-inhibition of maximum PHA content of PAOs

0.60

g COD.g COD-1

KMg,PAO,AS

Half-saturation of Mg (counter-ion in PP storage) for PAOs (AS)

0.001

g Mg.m-3

KK,PAO,AS

Half-saturation of K (counter-ion in PP storage) for PAOs (AS)

0.001

g K.m-3

KCa,PAO,AS

Half-saturation of Ca (counter-ion in PP storage) for PAOs (AS)

0.001

g Ca.m-3

Half-saturation of PP (nutrient) for PAOs under PO4 limitation (AS)

0.002

g P.m-3

Half-inhibition of PO4 for PAOs under PO4 limitation (AS)

0.005

g P.m-3

LogsatORP,PAO,Half

Logistic half-saturation of ORP switching in fermentation of PAO

-100.0

mV

LogsatORP,PAO,Slope

Logistic slope of ORP switching in fermentation of PAO

0.1

mV-1

KPO4,PAO,AS
KPHA

KPP

KPP,lim
KiPO4,lim,AS

Glycogen accumulating organism kinetics (GAO)
Symbol
µGAO

Name
Maximum specific growth rate of GAOs
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Type(Kinetic)
Default

Unit

0.55

d-1

bGAO

Decay rate of GAOs

0.05

d-1

bGLY

Rate of GAOs maintenance on glycogen

0.10

d-1

qGAO,GLY

Rate of VFA storage into glycogen for GAOs

4.0

d-1

ηGAO,anox

Reduction factor for anoxic growth of GAOs

0.33

unitless

ηbGAO,anox

Reduction factor for anoxic decay of GAOs

0.50

unitless

ηbGAO,ana

Reduction factor for anaerobic decay of GAOs

0.25

unitless

ηbGLY,anox

Reduction factor for anoxic maintenance of GAOs on glycogen

0.33

unitless

ηbGLY,ana

Reduction factor for anaerobic maintenance of GAOs on glycogen

0.10

unitless

Half-saturation of glycogen for GAOs (AS)

0.05

g COD.m-3

KO2,GAO,AS

Half-saturation of O2 for GAOs (AS)

0.2

g O2.m-3

KNO3,GAO,AS

Half-saturation of NO3 for GAOs (AS)

0.10

g N.m-3

KNO2,GAO,AS

Half-saturation of NO2 for GAOs (AS)

0.05

g N.m-3

Half-inhibition of maximum glycogen content of GAOs (AS)

0.5

g COD.g COD-1

Half-saturation of VFA storage for GAOs (AS)

5.0

g COD.m-3

-100.0

mV

0.1

mV-1

KGLY

KiGLY,GAO,max
KVFA,GAO,AS
LogsatORP,Half

Logistic half-saturation of ORP switching of GAOs

LogsatORP,Slope

Logistic slope of ORP switching of GAOs
Aerobic ammonia oxidizer kinetics (AOB)

Symbol

Type(Kinetic)

Name

Default

Unit

µAOB

Maximum specific growth rate of AOBs

0.85

d-1

bAOB

Decay rate of AOBs

0.17

d-1

Half-saturation of NHx for AOBs (AS)

0.7

g N.m-3

Half-saturation of CO2 for AOBs (Sidestream)

48.0

g TIC.m-3

Half-saturation of CO2 for AOBs (AS)

12.0

g TIC.m-3

Half-saturation of bicarbonate for AOBs (Sidestream)

0.0040

mol [HCO3-].L-1

Half-saturation of bicarbonate for AOBs (AS)

0.0010

mol [HCO3-].L-1

KNHx,AOB,AS
KCO2,AOB,sidestream
KCO2,AOB,AS
KCO2,AOB,pH,sidestream
KCO2,AOB,pH,AS
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Half-saturation of O2 for AOBs (Sidestream)

0.50

g O2.m-3

KO2,AOB,AS

Half-saturation of O2 for AOBs (AS)

0.25

g O2.m-3

KNOx,AOB,AS

Half-saturation of NOx (anoxic conditions) for AOBs (AS)

0.03

g N.m-3

Half-inhibition of nitrous acid for AOBs (AS)

9999

mol [HNO2].L-1

KO2,AOB,sidestream

KiHNO2,AOB,pH,AS

Nitrite oxidizer kinetics (NOB)
Symbol

Type(Kinetic)
Name

Default

Unit

µNOB

Maximum specific growth rate of NOBs

0.65

d-1

bNOB

Decay rate of NOBs

0.15

d-1

KNO2,NOB,AS

Half-saturation of NO2 for NOBs (AS)

0.10

g N.m-3

KCO2,NOB,AS

Half-saturation of CO2 for NOBs (AS)

1.00

g CO2.m-3

KCO2,NOB,pH,AS

Half-saturation of bicarbonate for NOBs (AS)

1.00E-10

mol [HCO3-].L-1

KO2,NOB,sidestream

Half-saturation of O2 for NOBs (Sidestream)

0.50

g O2.m-3

KO2,NOB,AS

Half-saturation of O2 for NOBs (AS)

0.25

g O2.m-3

KNOx,NOB,AS

Half-saturation of NOx (anoxic conditions) for NOBs (AS)

0.03

g N.m-3

Half-inhibition of NH3 for NOBs (AS)

9999

mol [NH3].L-1

KiNH3,NOB,pH,AS

Common switches
Symbol

Type(Kinetic)

Name

Default

Unit

KNHx,BIO,AS

Half-saturation of NHx as nutrient for biomasses (AS)

0.005

g N.m-3

KPO4,BIO,AS

Half-saturation of PO4 as nutrient for biomasses (AS)

0.002

g P.m-3

KCO2,BIO,AS

Half-saturation of CO2 for biomasses (except NITOs)

1.2

g TIC.m-3

KCAT,AS

Half-saturation of strong cations (as Na+)

0.1

g Na.m-3

KAN,AS

Half-saturation of strong anions (as Cl-)

0.1

g Cl.m-3

KMg,BIO,AS

Half-saturation of Mg for biomasses (AS)

0.0001

g Mg.m-3

KCa,BIO,AS

Half-saturation of Ca for biomasses (AS)

0.0001

g Ca.m-3
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ηb,anox

Reduction factor for anoxic decay

0.50

unitless

ηb,ana

Reduction factor for anaerobic decay

0.25

unitless

mtox,anox

Toxicity factor of anaerobes under anoxic conditions

5.00

unitless

mtox,aer

Toxicity factor of anaerobes under aerobic conditions

10.00

unitless

Toxicity factor of aerobes under anaerobic conditions (maximum)

10.00

unitless

mtox,ana,max
pHlow

pH inhibition low value

3

pHunit

pHhigh

pH inhibition high value

11

pHunit

Conversion kinetics
Symbol

Type(Kinetic)
Default

Unit

Rate of hydrolysis

2.0

d-1

ηHYD,anox

Reduction factor for anoxic hydrolysis

0.5

unitless

ηHYD,ana

Reduction factor for anaerobic hydrolysis

0.5000

unitless

50.0

d-1

0.0010

g COD.g COD-1

qHYD

qFLOC

Name

Rate of flocculation

KFLOC,AS

Half-saturation of colloids in flocculation (AS)

KHYD,AS

Half-saturation of particulates in hydrolysis (AS)

0.05

g COD.g COD-1

qAMMON

Rate of ammonification

0.05

d-1

qSPB

Rate of soluble biodegradable organic P conversion

0.50

d-1

qXE

Rate of endogenous decay products conversion

0.007

d-1

1.0

d-1

qASSIM

Rate of assimilative nutrient production

KiNHx,ASSIM,AS

Half-inhibition of NHx in NOx assimilative reduction

0.0005

g N.m-3

KNO2,ASSIM,AS

Half-saturation of NO2 in NO2 assimilative reduction (AS)

0.001

g N.m-3

KNO3,ASSIM,AS

Half-saturation of NO3 in NO3 assimilative reduction (AS)

0.001

g N.m-3

Parameters for half saturation coefficients in biofilms
Symbol
fKS,biofilm

Name
Diffusion factor for half-saturation coefficients
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Type(Kinetic)
Default

Unit

0.1

unitless

Temperature dependency
Symbol

Type(Kinetic)
Default

Unit

Arrhenius coefficient for OHO growth

1.040

unitless

Arrhenius coefficient for fermentation (OHO)

1.040

unitless

Arrhenius coefficient for OHO decay

1.030

unitless

θµ,MEOLO

Arrhenius coefficient for MEOLO growth

1.060

unitless

θb,MEOLO

Arrhenius coefficient for MEOLO decay

1.030

unitless

Arrhenius coefficient for PAO growth

1.040

unitless

θµ,PAO,lim

Arrhenius coefficient for PAO growth (P limited)

1.040

unitless

θFERM,PAO

Arrhenius coefficient for fermentation (PAO)

1.040

unitless

θq,PAO,PHA

Arrhenius coefficient for PHA storage

1.040

unitless

θb,PAO

Arrhenius coefficient for PAO decay

1.030

unitless

θb,PHA

Arrhenius coefficient for PHA storage use for maintenance

1.064

unitless

θb,PP,ana

Arrhenius coefficient for anaerobic PP storage

1.030

unitless

θµ,GAO

Arrhenius coefficient for GAO growth

1.072

unitless

θq,GAO,GLY

Arrhenius coefficient for GLY storage

1.040

unitless

θb,GAO

Arrhenius coefficient for GAO decay

1.030

unitless

θb,GLY

Arrhenius coefficient for GLY storage use for maintenance

1.054

unitless

θµ,AOB

Arrhenius coefficient for AOB growth

1.072

unitless

θb,AOB

Arrhenius coefficient for AOB decay

1.030

unitless

θµ,NOB

Arrhenius coefficient for NOB growth

1.060

unitless

θb,NOB

Arrhenius coefficient for NOB decay

1.030

unitless

θµ,AMX

Arrhenius coefficient for anammox growth

1.010

unitless

θb,AMX

Arrhenius coefficient for anammox decay

1.030

unitless

θµ,AMETO

Arrhenius coefficient for AMETO growth

1.030

unitless

θb,AMETO

Arrhenius coefficient for AMETO decay

1.030

unitless

θµ,OHO
θFERM,OHO
θb,OHO

θµ,PAO

Name
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θµ,HMETO

Arrhenius coefficient for HMETO growth

1.030

unitless

θb,HMETO

Arrhenius coefficient for HMETO decay

1.030

unitless

θq,FLOC

Arrhenius coefficient for flocculation

1.030

unitless

θq,HYD

Arrhenius coefficient for hydrolysis

1.030

unitless

θq,AMMON

Arrhenius coefficient for ammonification

1.030

unitless

θq,SPB

Arrhenius coefficient for PO4 conversion

1.030

unitless

θq,XE

Arrhenius coefficient endogenous residual conversion

1.030

unitless

θq,ASSIM

Arrhenius coefficient assimilative kinetics

1.030

unitless

θq,Fe2,OX

Arrhenius coefficient for ferrous iron oxidation kinetics

1.040

unitless

Arrhenius coefficient for ferric iron reduction kinetics

1.040

unitless

Arrhenius base temperature

20.0

Co

θq,HFO,RED
Tbase

Stoichiometric yields
Symbol

Type(Stoichiometric)

Name

Default

Unit

YOHO,VFA,ox

Yield of OHOs on VFA under aerobic conditions

0.60

g XOHO.g SVFA-1

YOHO,VFA,anox

Yield of OHOs on VFA under anoxic conditions

0.45

g XOHO.g SVFA-1

YOHO,SB,ox

Yield of OHOs on readily biodegradable substrate under aerobic conditions

0.67

g XOHO.g SB-1

YOHO,SB,anox

Yield of OHOs on readily biodegradable substrate under anoxic conditions

0.54

g XOHO.g SB-1

YOHO,SB,ana

Yield of OHOs on readily biodegradable substrate under anaerobic conditions

0.10

g XOHO.g SB-1

YOHO,H2,ana,high

Yield of H2 production in fermentation with high VFA concentration (OHO)

0.35

g SH2.g SB-1

YOHO,H2,ana,low

Yield of H2 production in fermentation with low VFA concentration (OHO)

0.1

g SH2.g SB-1

YOHO,SMEOL,ox

Yield of OHOs on methanol under aerobic conditions

0.40

g XOHO.g SMEOL-1

Yield of MEOLOs on methanol

0.40

g XMEOLO.g SMEOL-1

YPAO,PHA,ox

Yield of PAOs on PHA under aerobic conditions

0.639

g XPAO.g XPHA-1

YPAO,PHA,anox

Yield of PAOs on PHA under anoxic conditions

0.52

g XPAO.g XPHA-1

Yield of PAOs on readily biodegradable substrate under anaerobic conditions

0.10

g XPAO.g SB-1

YMEOLO

YPAO,SB,ana
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YPAO,H2,ana,high

Yield of H2 production in fermentation with high VFA concentration (PAO)

0.35

g SH2.g SB-1

YPAO,H2,ana,low

Yield of H2 production in fermentation with low VFA concentration (PAO)

0.1

g SH2.g SB-1

fPP,PHA,ox

Ratio of PP stored per PHA consumed under aerobic conditions

0.92

g XPP.g XPHA-1

fPP,PHA,anox

Ratio of PP stored per PHA consumed under anoxic conditions

0.55

g XPP.g XPHA-1

fP,VFA

Ratio of P released per VFA stored

0.65

g XPP.g SVFA-1

iTSS,PP

TSS content of PP

3.5

g XTSS.g XPP-1

YGAO,GLY,ox

Yield of GAOs on glycogen under aerobic conditions

0.6

g XGAO.g XGLY-1

YGAO,GLY,anox

Yield of GAOs on glycogen under anoxic conditions

0.5

g XGAO.g XGLY-1

YAOB

Yield of AOBs on NHx

0.15

g XAOB.g SNHx-1

YNOB

Yield of NOBs on NO2

0.09

g XNOB.g SNO2-1

YAMX,NO2

Yield of AMX on NO2

1.32

unitless

YAMX,NO3

Yield of AMX on NO3

0.26

unitless

YAMETO

Yield of AMETOs on VFA

0.10

g XAMETO.g SVFA-1

YHMETO

Yield of HMETOs on H2

0.10

g XHMETO.g SH2-1
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