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Abstract
Anaerobic ammonium oxidation (anammox) has the merit of saving the carbon source and aeration energy for nitrogen (N)
removal, but it is normally a challenge to achieve mainstream anammox. In this study, the potential to enhance the N-removal
capability of an existing University of Cape Town membrane bioreactor system (UCT-MBR) system is evaluated through
process modeling. In addition to external carbon addition, the UCT-MBR system is proposed to be converted into an anoxic-
oxic (AO) configuration with two operation plans: one is single-sludge (suspended sludge) and the other is double-sludge
(suspended sludge and biofilm). The choice between pushing anammox and enhancing conventional heterotrophic denitrification
is assessed. The simulation result indicates it is feasible to strategically adjust the spatial-temporal balance between electron
donors and electron acceptors to achieve enhanced N-removal by utilizing the influent organic carbon other than adding external
carbon. Although anammox can be promoted in the double-sludge-based AO under low-DO conditions, pushing anammox will
weaken the system’s resilience to influent fluctuations and carries no economic advantage over the single-sludge-based AO.
Overall, this study concurs with the United Nations Sustainable Development Goal that the wastewater industry should seek
more energy-efficient measures for wastewater treatment.
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Introduction

The United Nations (UN) Sustainable Development Goal
(SDG) targets sustainable access to water, sanitation, and hy-
giene (WASH) services, and highlights less and efficient en-
ergy usages (United Nations 2015). The recent outbreak of
viral pneumonia (COVID-19) further emphasizes the need
for the safe disposal of household wastewater for both urban
and rural areas (La Rosa et al. 2020).

The conventional activated sludge (CAS) technology for
wastewater treatment presents important economic and tech-
nical limitations related to its high-energy requirements. For

CAS-based high-rate biological nutrient removal (BNR) pro-
cesses, most wastewater treatment plants (WWTPs) generally
set dissolved oxygen (DO) to above 2 mg/L for a stable nitri-
fication performance, although the energy consumption by
aeration accounts for nearly half of the total power consump-
tion ofWWTPs (Keene et al. 2017). However, external carbon
addition is often required to maintain sufficient denitrification
of the formed nitrate (NO−

3−N ). Furthermore, conventional
energy-intensive wastewater treatment processes often have
the issue of greenhouse gas (GHG) emissions (Lu et al.
2018). Nevertheless, with the advancement in the understand-
ing of nitrogen (N) removal mechanisms, it is becoming clear
that energy consumption can be reduced for WWTPs through
strategic control of the nitrification and denitrification
processes.

If nitrification can be maintained at partial nitrification
(PN) (Eq. 1) and then starts denitrification from nitrite
(NO−

2−N ) (PND) (Eq. 2), it could not only reduce aeration
requirements (by ~ 25%) but also save organic carbon con-
sumptions (by ~ 40%) (Peng and Zhu 2006) for the condition
with limited biodegradable COD in the wastewater influent.
Furthermore, nitrite can be utilized by the anaerobic
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ammonium oxidation (anammox) process to achieve simulta-
neous nitrite denitrification and ammonium (NHþ

4 −N ) oxida-
tion without the need for organic carbon (Eq. 3), which is even
more resource conservative than PND (Kartal et al. 2010). The
feasibility to couple PN with anammox (PNA) has been prov-
en effective for scenarios of low-C/N wastewater (Jia et al.
2020; Zhang et al. 2020). In addition to PNA, partial denitri-
fication (PdN) (Eq. 4) can also provide nitrite and be coupled
with anammox by the name of denitrifying ammonium ox-
idation (DEAMOX) or PdNA (Du et al. 2019b). Compared to
conventional BNR, PdNA can achieve 50% savings in aera-
tion and 80% savings in organic carbon consumptions (Du
et al. 2019b).

Partial nitrification and denitrification:

NHþ
4 þ 1:37O2 þ 0:08CO2 þ 0:02HCO−

3→0:98NO−
2

þ 0:02C5H7NO2 þ 0:97H2Oþ 1:96Hþ ð1Þ
NO−

2 þ 0:67CH3OHþ Hþ→0:04C5H7O2Nþ 0:48N2

þ 0:47CO2 þ 1:7H2O ð2Þ

Anammox:

NHþ
4 þ 1:32NO−

2 þ 0:066HCO−
3 þ 0:13Hþ→1:02N2

þ 0:26NO−
3 þ 0:066CH2O0:5N0:15 þ 2:03H2O ð3Þ

Partial denitrification:

1:32NO−
3 þ 0:55CH3COO

− þ 0:088NHþ
4 →1:32NO−

2

þ 0:088C5H7NO2 þ 0:66HCO−
3 þ 0:198Hþ

þ 0:264H2O ð4Þ

A common requirement for PNA and PdNA is that organic
carbon should be minimized to avoid the competition from
heterotrophic bacterial (HB) over anaerobic ammonium-
oxidizing bacteria (AMX) (Du et al. 2019b). Furthermore, a
biomass retention method such as granular sludge, moving
bed biofilm reactor (MBBR), and integrated fixed-film activat-
ed sludge (IFAS) is required to retain slowly growing AMX
from sludge waste (Peng et al. 2019; Pérez et al. 2020; Xie et al.

2020). On the global scale, prevailing wastewater treatment
technologies are steadily evolving from conventional energy-
intensive processes to more energy-efficient or even energy-
neutral processes (Hao et al. 2019). A lot of efforts have been
devoted to the searching for suitable process configurations for
mainstream anammox, and it is generally agreed that organic
carbon–removal processes should be separated from anammox
to avoid the competition between HB and AMX (Jia et al.
2020). One reactor PNA has also been tested by using
MBBR to offer a sanctuary for AMX, but the level of organic
carbon in the influent should still be pre-reduced to limit the
competition from HB (Dimitrova et al. 2020).

In reality, maintaining PN is delicate due to the difficulty of
out-select nitrite-oxidizing bacteria (NOB) (Ali and Okabe
2015), while PdN can be more reliably controlled by limiting
the availability of organic carbon (Du et al. 2019a). With
increased interests in PdNA, the US EPA recently launched
a project to evaluate mainstream PdNA (USEPA 2020), and it
is generally agreed that achieving mainstream anammox re-
quires advanced control strategies to provide intensive care of
PdN for AMX to thrive (Le et al. 2019).

As for implementing these new N-removal theories, WWTP
retrofit projects often lack a “standardized” process configura-
tion in comparison to greenfield designs. Therefore, model-
based investigations are useful for fast and rigorous assessment
of retrofit plans, especially in analyzing the interrelations
among process units (Jia et al. 2020). The activated sludge
model (ASM) family has been developed since the 1980s and
has a wide application for WWTPs (van Loosdrecht et al.
2015). However, the conventional ASM series does not carry
PN, PdN, anammox, and GHG emission mechanisms which
are of more interests to modern WWTPs. Nevertheless, the
framework of ASM is open for modifications and extensions,
and there are successful commercial modeling platforms to suit
the industrial needs by including more complex processes and
consideringmore factors (Dorofeev et al. 2017; Elawwad 2018;
Díez-Montero et al. 2019).

In this study, a model-based approach is applied to evaluate
the feasibility of a WWTP retrofit project brought to the au-
thors recently. A University of Cape Town (UCT) process
upgraded from the cyclic activated sludge system (CASS)
was found insufficient to meet the discharge limit due to lack
of denitrification. As a response, three modification plans are
proposed: (1) implement real-time effluent nitrate-based feed-
back control of extra carbon addition to enhance heterotrophic
denitrification; (2) convert the UCT to a moderately aerated
single-sludge (suspended sludge) anoxic-oxic (AO) process to
prevent excessive anoxic consumptions of influent organic
carbon; and (3) convert the UCT to a moderately aerated
double-sludge (suspended sludge and biofilm) AO process
to further promote anammox. For the two AO plans, multiple
influent feeding is used to better exploit the influent organic
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carbon for denitrification. Model-based evaluations are con-
ducted for both static and dynamic conditions. The ultimate
purpose of this study is to concur with the UN SDG that the
wastewater industry should and can seek more energy-
efficient measures for wastewater treatment.

Materials and methods

Model setup

A CASS process was upgraded to UCT, and its aerobic volume
was increased by adding an aerobic membrane reactor (MBR) to
replace the function of the secondary sedimentation tank. The
resulting hydraulic retention time (HRT) was 12.5 h for an aver-
age flow of 22,500 m3/day (Fig. S1). However, a year-long op-
eration of thisUCT-MBR system indicated poor biological P and
N removals, and external carbon addition is required to enhance
system denitrification capability. In addition to the option of
external carbon addition, two other modification plans are also
proposed to enhance system N-removal without the need to sig-
nificantly change the physical structure of the process train.

One plan is to convert the UCT-MBR system into an AO
process with the MBR basin to be the oxic zone (O-zone)
(hereafter referred to as single-sludge-based AO plan).
Aeration to the O-zone is proposed to be tuned down to pro-
mote the system potential of PNA along with multiple influent
feeding to better exploit the carbon source in the influent for
denitrification in the anoxic zone (A-zone). Another proposed
plan is the same as the first one, but MBBR biofilm carriers
are added into the A-zone to make it a double-sludge system
to further enhance the chance to promote anammox (hereafter
referred to as double-sludge-based AO plan). Both AO plans
have “swing” zones in the A-zone to offer the flexibility to
adjust the aerobic and anoxic volumes of the system.

The proposed modification plans are implemented in BioWin
Process Simulator v6.0 (EnviroSim Associates Ltd., Ontario,
Canada) (Fig. 1). The BioWin general model (ASDM) is
adopted, which includes PN, PdN, and anammox. The mecha-
nisms of PN and anammox are well established from the model-
ing perspective (Ni et al. 2015), but the PdN theory is still in
progress regarding the responsible microorganisms and carbon
sources (Cao et al. 2013, 2016; Du et al. 2019a). In ASDM, PdN
is set to occur simultaneously with full denitrification at a rate
50% less of the full denitrification. The 1-year influent (COD
averaged at 170 mg/L, TN averaged at 23.41 mg/L, NHþ

4 −N
averaged at 15.05 mg/L) and effluent record (Fig. S2) of the
UCT-MBR is used as the model input. The influent COD frac-
tions were analyzed per the method of Melcer et al. (2003)
(Table 1). The stoichiometric and kinetic parameters used the
default values of ASDM.

The characteristics of the influent wastewater of this study
(low biodegradable COD and C/N ratio) are not suitable for
biological P removal, and chemical precipitation and efficient
effluent filtration will be a more reliable engineering practice
for P removal for such type of wastewater (ASCE 2010).
Therefore, P removal is not discussed in this study.
Furthermore, the high ratio of un-biodegradable COD indi-
cates the possibility of unregulated industrial discharge into
the sewer system, which is often encountered in developing
countries including China.

2% is assumed to be active biomass

Evaluation criteria

The effects of the operating conditions (DO, sludge retention
time (SRT), and water temperature) on system performance
are evaluated first in terms of effluent N (total nitrogen (TN),
NHþ

4 −N, NO
−
2−N, NO

−
3−N ) levels and biodegradable COD

distributions through steady-state simulations using the com-
monly used 200mg/L of total COD, 30mg/L of TKN. Then, a
plant-wide evaluation in terms of effluent quality and opera-
tional costs is carried using the 1-year influent record as the
input.

The evaluation criteria used for dynamic conditions are the
effluent quality index (EQI) and the operational cost index
(OCI) defined in the Benchmark Simulation Model No. 2
(BSM2) (Gernaey et al. 2014). The EQI is calculated as a
weighted sum of the effluent concentrations of COD, TKN,
nitrate and nitrite nitrogen (NO), and BOD5, averaged over 1
year (Eq. 5).

EQI ¼ 1

tobs⋅1000
∫

tstart

tend

þβCOD⋅COD tð Þ þ βTN⋅STN tð Þ þ βNO⋅SNO tð Þ þ βBOD5
⋅BOD5 tð Þ� �

⋅Q tð Þ⋅dt
ð5Þ

where βCOD = 1, βTN = 30, βNO = 10, βBOD5
¼ 2.

The OCI is calculated as a weighted sum of aeration energy
(AE, kWh/day), pumping energy (PE, kWh/day), mixing en-
ergy (ME, kWh/day), sludge production for disposal (SP, kg
SS/day), external carbon addition (EC, kg COD/d) (Eq. 6).
Since no digester is utilized in this study, the credits from
methane production and the cost of digester heating energy

Table 1 Influent COD fractions (%)

Average Range

Fbs, soluble biodegradable 0.2314 (0.04 ~ 0.42)

Fus, soluble nonbiodegradable 0.2680 (0.23 ~ 0.30)

Fup, particulate nonbiodegradable 0.1611 (0.10 ~ 0.24)

Fxs, slowly biodegradable 0.3195 (0.20 ~ 0.47)
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are not considered.

OCI ¼ AE þ PE þME þ f SP⋅SP þ f EC⋅EC ð6Þ

where fSP=3, fEC=3.

Results and discussion

System performance under static conditions

The feasibility to promote denitrification is evaluated through
static simulations. The simulated fate of biodegradable COD
(hereafter referred to as bCOD) under varying DO, SRT, and
temperature levels are comparably illustrated in Fig. 2 and 3
for the two proposed AO plans. It is demonstrated that the
distributions of applied bCOD among sludge growth, effluent
discharge, andmineralization (both anoxic and aerobic) do not
demonstrate remarkable differences over the change of DO,

SRT, and temperature. This is because the testing SRT and
HRT levels are sufficient to offer adequate removal of the
applied bCOD, and the biomass yield coefficients of bCOD
also do not change by the operating parameters as defined by
the model framework.

However, lowering the DO setpoint can lead to increased
anoxic consumption of bCOD, which is a favorable sign for
heterotrophic denitrification. Such impact of adjusting the DO
in the A-zone is more pronounced than adjusting the DO in the
“swing” zones of the O-zone. This is because most of the
anoxic removals of bCOD occur in the A-zone and the role
of the O-zone is to polish unremoved bCOD and NHþ

4 −N left
from the A-zone. Furthermore, the double-sludge-based AO
plan has a higher extent of anoxic process activities versus the
oxic process activities than that of the single-sludge based AO
plan, which is ascribed to the increased biomass from the
MBBR biofilm carriers.

The benefit of directingmore bCOD to anoxic processes by
reducing the DO setpoints is the reduced effluent TN and NO−

3

A

B

C

UCT-MBR

Single-sludge  based AO

Double-sludge  based AO

Fig. 1 The proposed modification plans. (1. Influent is evenly distributed among the three feeding points of the twoAO plans; 2. 10% of theMBBR tank
is set to be filled with media, and the media-specific area is set to 125 m2/m3)
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−N levels (Fig. 4 and 5). However, adjusting the DO in the O-
zone has a more pronounced effect on the effluent TN and
NO−

3−N levels than adjusting the DO in the “swing” zones.
Although temperature has no remarkable impact on the
bCOD’s fate, increase temperature can noticeably improve
N-related biological activities and lead to higher TN removals.
These indicate the system’s N-removal capacity does not have
too much redundancy regarding the N-removal requirement
over the influent, but the system’s bCOD removal capacity is
significantly larger than required, which can be strategically
adjusted to favor the N-removal requirement. While the efflu-
ent under all DO setting combinations canmeet the commonly
used wastewater discharge limit on TN (< 15 mg/L) and NHþ

4

−N (< 5.0 mg/L), the simulated effluent N profiles are still
higher than the limit of TN < 5.0 mg/L which is gradually
implemented in China. Furthermore, lowering the DO in the
O-zone to 0.1 mg/L demonstrates the possibility of promoting
PN for both AO plans which is crucial for anammox.

The simulated bCOD and N profiles, and microbial activ-
ities over the process train of the unmodified UCT-MBR sys-
tem and the two AO plans (for two conservative DO setting
combinations: DO = 0 mg/L for the “swing” zones, DO = 0.1
mg/L and 0.5 mg/L for the O-zone, respectively) are compa-
rably illustrated in Fig. 6. From a general perspective, in both

two AO plans, the O-zone is mainly responsible for polishing
the bCOD and NHþ

4 −N left from the A-zone, and the A-zone
is responsible for the removal of the influent bCOD and NO−

3

−N circulated back from the O-zone. For both AO plans,
setting the DO in the O-zone to 0.5 mg/L (hereafter referred
to as 0.5 mg/L DO scenario) will lead to slightly increased
oxic processes in the front of the A-zone. On the contrary,
setting the DO in the O-zone to 0.1 mg/L (hereafter referred
to as 0.1 mg/L DO scenario) will promote PN in the O-zone
and the formed NO−

2−N is circulated back to the front of the
A-zone to facilitate anammox.

The bCOD availability is found crucial to maintain denitri-
fication in the A-zone. The reason for the unmodified UCT to
have higher effluent TN and NO−

3−N levels is that most of its
influent bCOD are lost to aerobic consumptions so NO−

3−N
cannot be adequately denitrified (Fig. 6F, K). On the other
hand, the multiple influent feeding strategy can avoid exces-
sive bCOD lost to aerobic consumption in the front of the A-
zone. It is also demonstrated that under the 0.5 mg/L DO
scenario, each influent feeding can boost the overall biological
activities in the receiving basins (Fig. 6N, O), but under the
0.1 mg/L DO scenario, the boosting effect from each influent
feeding (Fig. 6L, M) is noticeably weaker than that of the 0.5
mg/L DO scenario. These indicate that a higher DO setting

Fig. 2 bCOD distributions under varying system operation parameters of the single-sludge-based AO. (The base scenario is SRT = 120 days to maintain
a high biomass concentration in the system, temperature = 25 °C, DO = 2.0 mg/L for both the “swing” zones and the O-zone)
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demands a higher electron donor (e.g., organic carbon, NHþ
4

−N ) supply to match it, so for a low organic carbon waste-
water the supply of oxygen should be regulated to prevent
access aerobic consumption of the limited organic carbon in
the influent.

Regarding anammox, AMX activities are noticeably pro-
moted in the double-sludge-based AO plan, but only negligi-
ble levels of AMX activities are demonstrated in the single-
sludge-based AO plan (Fig. 6 L–O). For the double-sludge-
based AO plan, although the biofilm is dominated by anoxic
processes (including both heterotrophic denitrification and
anammox), denitrification is still largely carried by the HB
in the suspended sludge (Fig. 6 M, O). These simulation re-
sults are in agreement with experimental observations that
AMX is more distributed in granular sludge or biofilms than
in suspended sludge since AMX requires biomass retention to
prevent washout (Laureni et al. 2016).

Even so, the AMX activities are higher under the 0.1 mg/L
DO scenario than under the 0.5 mg/L DO scenario. This out-
come indicates NO−

2−N produced by PdN in the A-zone under
the 0.5 mg/L DO scenario is not sufficient to promote a com-
parable extent of anammox with that of the 0.1 mg/L DO
scenario, under which NO−

2−N produced in the O-zone is

made readily available for AMX after being circulated to the
A-zone. This is because under the 0.5 mg/L DO scenario, the
bCOD is sufficient to allow HB to compete with AMX by
denitrifying both NO−

3−N and NO−
2−N generated by PdN,

while under the 0.1 mg/L DO scenario NO−
2−N generated in

the MBR basin is readily available for AMX after being cir-
culated back to the front of the process.

As for the microbial composition in the biofilm of the
double-sludge-based AO, it is shown that AMX flourishes in
the outer layer of the biofilm while HB dominates the entire
biofilm (Fig. 7). For the solely biofilm-based anammox pro-
cess, AMX often resides in the inner layer of biofilms due to
substrate diffusion that influences the electron competition
among microorganisms (Dimitrova et al. 2020; Li et al.
2020; Pan et al. 2019). But for double-sludge systems that
segregate biomass between granules/biofilm and flocs,
AMX normally flourishes in the outer layer of biofilms since
the required NO−

2−N can be readily provided by the nitrifiers
in the flocculated sludge and the competition pressure from
HB can also be shared by the flocculated sludge (Seuntjens
et al. 2020; Zhu et al. 2018), which is the case of this study.

It is also shown that under the 0.1 mg/L DO scenario, the
AMX activities decrease over the process train, which is due to

Fig. 3 bCODdistributions under varying system operation parameters of the double-sludge-basedAO. (The base scenario is SRT = 120 days tomaintain
a high biomass concentration in the system, temperature = 25 °C, DO = 2.0 mg/L for both the “swing” zones and the O-zone)
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the consistently reduced level of NO−
2−N (Fig. 6C). However,

under the 0.5 mg/L DO scenario, the AMX activities increase
over the process train before each influent feeding, and each
influent feeding noticeably reduces the AMX activities. This is
because in the model framework, NO−

2−N can only be con-
served for anammox if organic carbon is not enough for further
denitrification of NO−

2−N, and the simulation outcome con-
forms to experimental observations that PdN requires delicate
controls of organic carbon addition (Cao et al. 2013; Du et al.
2019b; Le et al. 2019). The contrast between the 0.1 and 0.5
mg/L DO scenarios also demonstrates that NO−

2−N availability
(pre-ready versus immediate generation among competitive
environment) has a pronounced impact on AMX activities
(Le et al. 2019; Jia et al. 2020).

Furthermore, the microorganism activities (Fig. 6 L, M, N,
O) and biofilm growths (Fig. 7) are lower under the 0.1 mg/L
DO scenario, especially for those downstream units of the A-
zone. This outcome indicates the biological potentials in those
downstream basins are far from being fully exploited under
the 0.1 mg/L DO scenario, and thus can be conserved as ef-
fective swing zones to respond to influent fluctuations.
However, how to utilize these swing zones deserves further
studies depending on the research goals, which are not ex-
plored in this study.

Regarding N2O emissions, it is demonstrated that the over-
all N2O generations under the 0.1 mg/L DO scenarios are one
magnitude higher than that of the 0.5 mg/L DO scenarios, and
the unmodified UCT-MBR system has the lowest N2O gen-
erations (Fig. 8). Regarding the location of major N2O gener-
ations, most N2O generations occur in the aerobic units of the
process train, but a low DO setpoint has a higher N2O gener-
ation, which conforms to the theoretical DO impact on N2O
generations (Ni et al. 2013). This simulation result also con-
forms to the reality that N2O emission from WWTP is nor-
mally associated with AOB activities, either as a by-product of
incomplete nitritation or as a result of denitrification carried by
AOB under low-DO conditions (Ni et al. 2013, 2015).
Nevertheless, it is indicated that pushing anammox might
not be the only option since optimizing WWTP operation
should consider more than just effluent N profiles which will
be illustrated by the following section of dynamic evaluation.

System performance under dynamic conditions

The simulated 1-year effluent NHþ
4 −N andNO−

3−N profiles of
the two AO plans (both 0.1 mg/L and 0.5 mg/L DO scenarios)
are comparably illustrated in Fig. 9 against the scenarios of
UCT-MBR with and without external carbon additions. It is

Fig. 4 The effluent N profiles under varying system operation parameters of the single-sludge-based AO. (The base scenario is SRT = 120 days,
temperature = 25 °C, DO = 2.0 mg/L for both the swing-zone and the O-zone)
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Fig. 5 The effluent N profiles under varying system operation parameters of the double-sludge-based AO. (The base scenario is SRT = 120 days,
temperature = 25 °C, DO = 2.0 mg/L for both the swing-zone and the O-zone)

Fig. 6 The bCOD, N, and microbial profiles over the process train of the
two AO plans and the unmodified UCT-MBR. (AMX, anaerobic
ammonium-oxidizing bacteria; AOB, ammonium-oxidizing bacteria;

NOB, nitrite-oxidizing bacteria; HB, heterotrophic bacteria; for M and
O, s stands for suspended sludge, b stands for biofilm)
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demonstrated that temperature has a pronounced effect on
effluent N levels, with a higher temperature leading to higher
effluent NO−

3−N levels. However, under the 0.1 mg/L DO
scenarios, both AO plans cannot deliver a consistent effluent
NHþ

4 −N to meet the regularly adopted discharging limit of
1.0 mg NHþ

4 −N /L. This is because the 0.1 mg/L DO setpoint
cannot deliver a system nitrification capacity to adequately
nitrify the influent NHþ

4 −N during low-temperature seasons.
Although the biological potential of those downstream A-
zone units of the 0.1 mg/L DO scenarios has not been fully
enhanced, changing the balance between electron donors and
acceptors for those basins might break the delicately
established anammox system under the 0.1 mg/L DO
scenario.

Meanwhile, with the help of real-time control of the exter-
nal carbon addition and sufficient aeration, the UCT-MBR
system can deliver consistent effluent N profiles comparable
to the two AO plans disregarding influent fluctuations.
Therefore, although lowering the DO setpoint can achieve a
comparable N-removal result to external carbon addition, the
simulation results indicate lowering DO in the AO configura-
tion to push anammox might risk losing the system’s resil-
ience to influent fluctuations, and also implicates the merit of

using the A-B process to buffer the impact of influent fluctu-
ations on N removals (Jia et al. 2020).

In terms of the system performance and operations under the
0.5 mg/LDO scenario, it is demonstrated that the double-sludge-
based AO plan cannot deliver a better effluent EQI than the
single-sludge-based AO plan (Fig. 10A). Furthermore, although
the two AO plans have OCI values noticeably lower than the
UCT-MBR systems (Fig. 10B), the double-sludge-based AO
plan has a slightly higher OCI value than the single-sludge-
based AO plan due to the extra mixing power requirement in-
curred by MBBR biofilm carriers (Fig. 10B). It is also worth-
while to mention that the AO configuration in this study is
adopted to direct the influent carbon source more toward denitri-
fication, rather than to be captured for carbon recovery as in the
A-B process (Jia et al. 2020). Overall, as demonstrated in this
study, it is not necessary to push anammox for N-removal if
conservative aeration and multiple influent feeding strategy can
already achieve comparable results. Nevertheless, this claim is
inconclusive and only applicable to this particular study since
WWTP retrofit/upgrade projects often face various technical op-
tions and limitations. For what is more, it is suggested that GHG
emissions should be included in the EQI and/or OCI to better
address the requirement of the UN SDG campaign.

Fig. 7 Microbial activities in the MBBR biofilm over the double-sludge
based AO process train. (1. AMX, anaerobic ammonium-oxidizing bac-
teria; HB, heterotrophic bacteria; 2. nitrifying bacteria are omitted due to

their negligible activities on biofilms; 3. the total biofilm depth is set to
500 μm and is divided into 5 layers for simulation)

Fig. 8 N2O emissions over the process train of the unmodified UCT system and the two AO plans under two DO setting scenarios
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Fig. 9 Effluent NHþ
4 −N andNO−

3−N profiles of the twoAO plans under twoO-zone DO setting scenarios (0.1 mg/LDO (A andB) and 0.5mg/LDO (C
and D)) and the UCT-MBR system with and without external carbon additions (E and F)

Fig. 10 The comparison of the dynamic simulation performance of the two AO plans under two O-zone DO setting scenarios (0.1 mg/L DO and 0.5 mg/
L DO) and the UCT-MBR systems (with and without external carbon additions)
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Engineering implications

Despite the engineering advantages of anammox, maintaining
anammox requires a stable NO−

2−N supply and a harbor for
the slow-growing AMX. In reality, PdN is more controllable
than PN, but maintaining PdNmight also require proper types
of organic carbon, e.g., acetate or glycerol (Cao et al. 2013). In
a PdNA study carried by the District of Columbia Water and
Sewer Authority (DC Water), it is demonstrated that the or-
ganic carbon from raw wastewater should be depleted before
PdN can occur in a controllable manner, and a delicate control
of organic carbon addition should also be implemented de-
pending on the NO−

3−N level in the PdNA unit (Le et al.
2019). In this current model-based study, the depressed
AMX activities by each influent feeding under the 0.5 mg/L
DO scenario suggest the need for an even more distributed
organic carbon dosage to lower the negative effect from or-
ganic loading shocks, e.g., use intermittent carbon source ad-
dition to prevent thorough denitrification (Du et al. 2019a),
similarly like intermittent aeration is often used to promote PN
by preventing full nitrification (Corbalá-Robles et al. 2015).

It is also indicated in this study that the DO change in the O-
zone can significantly influence the biological activities in the A-
zone, which technically presents theA-zone as a flexible “swing”
zone that can be further utilized for process optimization.
Therefore, this study together with some other recent literature
indicates a strong need for implementing advanced process con-
trols to achieve higher wastewater treatment purposes, e.g., cul-
tivating AMX, enhancing the system’s resilience to influent fluc-
tuations, etc. (Le et al. 2019; Du et al. 2019a, 2019b; Jia et al.
2020). It becomes evident that the ongoing campaign of evolving
from energy-intensive to more energy-efficient or even energy-
neutral processes cannot be accomplished without the help of
more in-depth studies on process control strategies.

Different fromhighN–containing industrial wastewater that is
suitable for mainstream anammox, pushing mainstream
anammox for domestic wastewater may face various challenges
(Du et al. 2019b; Le et al. 2019). Although the configuration of
the A-B process is effective in spatially separating bCOD remov-
al from anammox to ease PNA or PdNA occurrence (Le et al.
2019; Jia et al. 2020), retrofit existing WWTPs will face restric-
tions that may prevent substantial structural modifications to suit
the A-B configuration. Like the developing history of the CAS
system that took decades to gradually upgrade from the common
secondary treatment to the current era of BNR, the UN SDG
campaign will also be a gradual but persistent process depending
on the knowledge progress in N-removal mechanisms.
Nevertheless, it should be noted that pushing anammox might
not be the only available option, and creative aeration strategies
can also achieve the same extent of N-removal (Chi et al. 2021;
Wang et al. 2021). Therefore, from the engineering perspective,
it will be wise to seek a middle ground between conventional

CAS and cutting-edge technologies when it comes to WWTP
retrofit. The core is to strategically adjust the spatial-temporal
balance between electron donors and electron acceptors over
the process train to promote and exploit biological processes that
are more energy-efficient and sustainable within the process
configuration.

Lastly, it should be highlighted that modeling accuracy is not
the ultimate purpose of this model-based study. For example, the
sludge concentration in the MBR system is normally higher than
that of CAS system and thus promotes diffusional limiting condi-
tions. Thus, the half-saturation constants, not calibrated or verified
in this study, are expected to be higher than those of CAS systems.
Therefore, the result of this study should not be interpreted in a
fully quantitative way since no field verification has been carried
yet. However, there are already successful reports to use conser-
vative aeration strategies to promote N-removal in traditional
BNR processes (Chi et al. 2021; How et al. 2020; Wang et al.
2021). High-frequency micro-aeration/anoxic has been used to
improve the treatment efficiency over low-C/N wastewater by
directing the limited influent organic carbon to nitrogen and phos-
phorus removals in an AO system (Chi et al. 2021). Tuning down
DO to promote simultaneous nitrification and denitrification has
also been proven effective in enhancing nitrogen removals for
both AAO and AO systems (Wang et al. 2021; How et al.
2020). Nevertheless, sludge bulking of CAS system could be an
issue under low-DO conditions (Henze et al. 2008), and GHG
emission under low-DO conditions also needs to be considered in
the current days (Ni et al. 2013, 2015). Therefore, the result of this
study can be interpreted as a reference for wastewater engineers
amidst the current enormous market of WWTP retrofit/upgrade.
Although there could be other retrofit plans for this particular
project, the ultimate purpose of this study is to concur with the
UN SDG that the wastewater industry should and can seek more
energy-efficient measures for wastewater treatment. Design/
process engineers should be proactive on this matter to prevent
the wrong match between influent characteristics and wastewater
treatment processes.

Conclusion

The potential to enhance the N-removal of an existing UCT-
MBR system is evaluated in this study. The choice between
pushing anammox and enhancing conventional heterotrophic
denitrification is assessed through process modeling. The
UCT-MBR system is proposed to be converted into an AO
configuration and two operation options are compared: one is
single-sludge and the other is double-sludge. Conservative
aeration is used to promote anoxic processes versus oxic pro-
cesses, and a multiple influent feeding strategy is used to di-
rect the limited influent carbon source more toward heterotro-
phic denitrification.
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The simulation result indicates it is feasible to strategically
adjust the spatial-temporal balance between electron donors
and electron acceptors to enhance N-removal by utilizing the
influent organic carbon other than adding external carbon.
Tuning down DO can increase the extent of anoxic processes,
and multiple influent feeding can direct more bCOD toward
heterotrophic denitrification. Although anammox can be notice-
ably promoted in the double-sludge-based AO plan, the same
effluent quality can be achieved by the single-sludge-based AO
plan as well. Furthermore, pushing anammox will weaken the
system’s resilience to influent fluctuations and demonstrates no
economic advantage over the single-sludge-based AO plan. It is
indicated that pushing anammox is not the only option for this
particular WWTP retrofit task, and a reasonably controlled aera-
tion can also satisfy the N-removal requirement. Overall, this
study demonstrates the benefits of process modeling for waste-
water process engineers and concurs with the UN SDG that the
wastewater industry should and can seek more energy-efficient
measures for wastewater treatment.
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