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a b s t r a c t
Chemical additions and energy costs in the wastewater industry are increasing trends in more 
stringent requirements for effluent quality and electricity rates. A novel ratio of chemical P removal 
addition to influent total phosphorus (TP) is proposed with an application to optimize operation 
for saving running costs. For this purpose, we monitored the performance of the process for a 
consecutive year (2018) and established a dynamic model related to the process. The main process 
variables included the concentration of influent and effluent quantity, chemical oxygen demand, 
biochemical oxygen demand, total nitrogen, TP, and dosing chemical additions. The ratio of the 
average daily effective mass of Fe (MFe-d) to the average daily mass of influent TP (TPInf-Tot-d) was 
found sharply rise to 3.3 g/g or higher in summer and autumn, whereas it smoothly dropped to 
about 2.3 g/g in winter and spring. This phenomenon can account for enhanced biological phos-
phorus removal and upset. The emulating results showed that the proposed indicator can provide a 
relatively accurate representation of the system dynamics while significantly reducing the chemical 
additions and energy compared to a model that simulates the entire process without a complicated 
control system and algorithm.
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1. Introduction

Achieving low P effluent (Eff) levels need to have 
favorable influent (Inf) raw wastewater characteristics 
and the effectiveness of enhanced biological phosphorus 
removal (EBPR) in full-scale wastewater treatment plants 
(WWTPs) [1]. EBPR significantly depends on the activity 
of polyphosphate accumulating organisms (PAOs), which 
grows under switching anaerobic and aerobic (or anoxic) 
conditions. However, due to the event of EBPR upsets 
[2–4], many of these EBPR facilities performance incon-
sistently. Commonly factors reported as primary causes 

of EBPR upsets include: (1) competition for substrate in 
anaerobic tanks (e.g., between polyphosphate accumulat-
ing organisms (PAOs) and glycogen accumulating organ-
isms, (GAOs), or with other denitrifies if nitrate or nitrite 
are present); (2) low organic loading rates (OLRs) of the 
plant (e.g., periods of limited availability of readily bio-
degradable chemical oxygen demand (COD)); (3) individ-
ual or combined effect of selected operational conditions 
and environmental and environmental factors (e.g., high 
dissolved oxygen (DO), excessive return activated sludge 
(RAS) recycle rates, long hydraulic retention times (HRTs) in 
aerobic tanks and secondary clarifiers, high environmental 
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temperature (T), and overdosing of metals) [5]. When 
EBPR upset occurs, more chemical P removal addition is 
fed to meet effluent discharge limits. Therefore, the pre-
dictions of EBPR upset and measures against occurrence 
are of practical importance in full-scale activated sludge 
system. Santos et al. [5,6] developed a novel metabolic- 
activated sludge model (ASM) model as a diagnostic tool to 
predict EBPR instability in a long-term operation of a full-
scale three-stage Phoredox (A2/O) activated sludge system. 
However, up to now, the metabolic-ASM was not widely 
applicable to mitigate EBPR upset for copyright, usage 
fee, and the ability of on-site staff at WWTPs. Thereby, the 
simultaneous precipitation of phosphorus via the addi-
tion of iron or aluminum salts is a very common process 
for phosphorus removal worldwide [7]. In addition, while 
the quantity of dosing chemical P agent accounting for 
running costs was obtained easily and directly by on-site 
staff, main indexes of influent and effluent water quality 
indexes (including COD, biochemical oxygen demand 
(BOD), total nitrogen (TN), NH3–N, total phosphorus (TP), 
T, and pH) are monitored and tested manually by on-site 
staff required by supervision of the government in Beijing.

Among previous studies conducted within the realm 
of optimal WWTPs, most authors have highlighted differ-
ent strategies for the optimal operation of WWTPs [8–14]. 
In addition to the economic aspects, a few reports have 
discussed other challenges of mitigating EBPR upset. 
Generally, emerging strategies to improve EBPR stability 
consist of modifying conventional EBPR configurations 
with other alternatives. For example, enhancing sludge 
fermentation to overcome the low availability of readily 
biodegradable COD in the influent or control of external 
carbon dosage based on measurements of PO4

3––P in the 
effluent or the anaerobic reactor [6]. However, owing to 
the difficulty of increasing area occupancy and modifying 
conventional configurations, these measures have been 
widely questioned, particularly for the existing WWTPs.

The complexity and interconnection of WWTPs hinder 
the straightforward transition of construction, rehabilita-
tion, management, and operational control. The prior choice 
for optimizing of existing processes was to enhance process 
performance with minimal effort. The performance of the 
side-by-side operation of a conventional anaerobic/anoxic/
aerobic (A2O) process vs. a side-stream enhanced biological 
phosphorus removal (S2EBPR) process was compared by 
Wang et al. [13]. They found that the S2EBPR configuration 
showed improved P removal performance and stability than 
the conventional A2O configuration, especially when inter-
mittently operating the mixers in the side-stream anaero-
bic reactor. Side-stream could be an option for enhancing 
effectiveness of actual full-scale WWTPs, and adjusting aer-
obic HRTs is another feasible alternative for mitigating the 
possible EBPR upset. DO concentration is a crucial factor 
impacting HRTs, directly changing the activity of PAOs and 
operating costs. At low DO levels, Accumulibacter PAOs were 
shown to have an advantage over competibacter GAOs, as 
PAOs had a higher oxygen affinity and thus largely main-
tained their aerobic activity at low DO levels [15]. Further, 
an increase in aerobic HRT promoted the proliferation of 
GAOs over PAOs, decreasing the EBPR efficiency, where 
DO-based aeration control aimed to maintain a stable DO 

concentration in biological tanks (at a DO level of 2 mg/L). 
Attention has also been attracted to simulations and exper-
imental validations aiming to lessen energy consump-
tion and improve nutrient removal performance [16]. Sun  
et al. [17] concluded that the aeration flow rate was reduced 
by 20% through the ammonia nitrogen (NH3–N) and total 
nitrogen (TN) based on the dynamic aeration control strat-
egy. The study installed in-site NH3–N and DO probes in 
the aerobic pool. The aeration control strategy took the form 
of a two-step cascaded proportion–integration (PI) feedback 
algorithm. Nonetheless, TP removal and the effectiveness of 
EBPR were of no discussion. Accordingly, maintaining DO 
concentrations at fixed aeration areas during operations 
could still favor energy wastage at different periods and 
dynamic influent conditions, namely that aeration was not 
optimized completely. Model tools of WWTPs are of para-
mount importance that it predicts a promising result in a 
different operating scenario in optimizing the operation of 
WWTPs. The well-known activated sludge model (ASM) is 
widely used to describe the wastewater treatment process 
[5–7,18,19], even though the limits of the model exist [20].

The primary goal of this study is to conduct in-depth 
research on the performance of the process and character-
istics of dosing chemical P removal addition variation to 
optimize the process validated by the ASM2d model. For 
this purpose, we monitored the performance of the pro-
cess and quantity of dosing chemical additions during 
an entire year in a full-scale activated sludge system and 
set up a model related to the process involved in BioWin 
software. Overall, in contrast to conventional complex 
control systems and algorithms in full-scale H reclaimed 
WWTPs, a triggering indicator based on the ratio of daily 
chemical P removal addition to daily influent TP lanced 
to optimize the process has enormous potential with 
respect to the running costs and EBPR upset in develop-
ing countries. This full-scale study also provided realistic 
data and information which could be used in developing 
EBPR upset prediction models for full-scale systems.

2. Materials and methods

2.1. Full-scale WWTP

2.1.1. WWTP overview

According to the Beijing Municipal Statistical Yearbook 
of Water Affairs (2020) [21], reclaimed water reached 
12 million m3 (MCM)/y in 2020, which accounted for 
29.5% of total water consumption. This indicated signif-
icant gaps between the massive demand for water reuse 
and sanitation services. As the effluent standard became 
more stringent in this setting, plenty of reclaimed WWTPs 
were built up. Because of massive demand for water reuse 
and the scarcity of land resources, the anaerobic-anox-
ic-oxic membrane bioreactor (A2O+MBR) process has been 
widely applied in China. A typical A2O+MBR process was 
implemented in H reclaimed WWTP (39°36’~40°02’ N, 
116°32’~116°56’ E, Beijing, China) with an area of about 
2,000 ha located at Tongzhou New Town [22]. The facil-
ity was built in 2011 and began to run in November 2013. 
The effluent water quality followed in accordance with 
the first-level limit B of Beijing municipal local standard 
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‘Comprehensive Discharge Standard for Water Pollutants’ 
(DB11/307-2013) [23].

2.1.2. Design, operation, and monitoring

A schematic of the A2O+MBR process is shown in Fig. 1, 
which consists of four parallel biological treatment series, 
eight membrane pools, and sixty-four membrane mod-
ules in the system.

It was worth mentioning that valves of Q2 side-stream 
were no longer available due to equipment damage, and 
thus diversion rate was 0 during operation. Each aerating 
area is comprised of four aeration modules (Figs. 2A, B1, B2, 
and C), which can be controlled independently according 
to the characteristics of effluent water or operating condi-
tions. Although the higher RR2 of 400% might benefit pol-
lutant removal, this approach would lead to more energy 
consumption during operation.

The volumes of the anaerobic pool, anoxic pool, inter-
changeable pool (A and C), aerobic pool (B1 and B2), and 
membrane pool were approximately 2,500; 8,900; 2,000; 
10,500 and 2,500 m3, respectively. The membrane operating 
system was operated in the following way: a filtrate flow 
rate of 350 L/s, a flux of about 0.0185 m/h, a relaxation inter-
val of 7 min, a relaxation duration of 1 min, membrane aer-
ation in an airflow rate of 28,800 m3/h, maintenance clean 
by 300~1,000 ppm effective chlorine weekly and soaking 
time of 0.5~1 h [24]. The values above were obtained from 
the design and monitoring literature of the consulting 
engineers [24], and the on-site operational staff’s experience.

2.2. Test and analysis

The main monitored and tested indexes include: COD, 
BOD, TP, TN, NH3–N, and quantity of chemical additions. 
A detailed method implemented in this study refers to the 
‘Water and Wastewater Monitoring and Analysis Method’ 
[25] issued by the Ministry of Environmental Protection of 
the People’s Republic of China (MEP) in 2002.

Chemical analytical tests of the samples were con-
ducted onsite at the H reclaimed wastewater plant labora-
tory and sent to a third-party lab each quarter. Temperature 
(T), dissolved oxygen (DO), pH and oxidation–reduction 
potential (ORP) were measured by Delta Phase (Beijing) 
probes. There were studies of Pearson’s correlation between 
chemical additions and operating parameters by SPSS 
Statistics 26. In this study, the software BioWin was pro-
vided by the Department of Municipal Engineering, School 
of Environmental Science and Engineering, Huazhong 
University of Science and Technology. The overall proposed 
framework is summarized in Fig. 3.

2.3. Calculation method

The efficiency of pollution removal (R, %) was calculated 
by Eq. (1).

R %� � � �
�

Concentration Concentration
Concentration

Inf Eff

Inf

100  (1)

The Premoval efficiency of biological activities (RBiological%) 
and chemical additions (RChemical additions%) were calculated by 
Eqs. (2) and (3).

RBiological
Inf Eff in model without chemical additTP TP

%� � � � iions

InfTP
�100  (2)

R R RChemical additions Biological Chemical additions% %� � � � � �� BBiological %� �  (3)

The daily flow of influent wastewater (QInf-d, m3/d) was 
calculated by Eq. (4).

Q
NdInf

quantity of influent wastewater per month
� �  (4)

The Daily flow of the dosing chemical agent (QFe-d, m3/d) 
was calculated by Eq. (5).

Q
NdFe

quantity of dosing chemical agent per month
� �  (5)

The effective daily mass of Fe was calculated by Eq. (6).

M Qd dFe Fe� �� �10%  (6)

The effective mass concentration of Fe was not less 
than 10%.

The daily concentration of influent IndexInf-d was 
calculated by Eq. (7):

Index

daily concentration of inflent index
quantity o

Inf� �

�

d
ff daily influent wastewater

quantity of influent wastew
1

N

�
aater per month

 (7)

The average daily mass of influent TP was calculated by 
Eq. (8):

TP dInf Tot

daily concentration of inflent TP
quantity of 

� � �

�
ddaily influent wastewater1

N

N

�
 (8)

N denotes the number of monthly days [Eqs. (4), (5) 
and (8)].

Fig. 1. Schematic diagram of the A2O+MBR process.
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2.4. Model study

2.4.1. Model Software

The emulating platform BioWin software based on 
ASM2d includes 21 biological and chemical reaction pro-
cesses, with 22 stoichiometric and 45 kinetic parameters 
[7]. In addition to the biological processes, two chemical 
processes are used to model chemical P precipitation, as 
shown in Eq. (9). Further, the absolute values of stoichiom-
etry and kinetics are taken based on the assumption that 
Fe(OH)3 precipitate SPO4

 in the form of FePO4 + Fe(OH)3 [7]. 
Nevertheless, chemical P precipitation was a very complex 
process involving various parameters. Mainly depended 
on chemicals P removal agent and phosphate ion con-
centrations, supersaturation, ionic strength, temperature, 
ion types, pH, and time (solid–solid transformation) [26].

X S XMeOH PO MeP4
� �  (9)

2.4.2. Model established

Only essential components and biochemical processes 
were included in the model framework to make a succinct 
model. One series of biochemical reactors was chosen to 
construct a mode. The model simulation was conducted 
with calibrated parameters under dynamic state simula-
tion conditions. According to operational conditions, in 
emulating system (Fig. 4), the temperature (T) of influent 
water was set at 14°C. The DO set is as follows: anaerobic 

pool (0 mg/L), anoxic pool (0 mg/L), interchangeable pool 
(A&C) (2 mg/L), aerobic pool (B1, B2) (2 mg/L). The aer-
ation rate at the MBR membrane pool was controlled at 
3,600 m3/h. Sludge recirculation ratios were set according 
to operational conditions (Fig. 2). Surplus sludge discharge 
was approximately 200 m3/d with the moisture content of 
99%. The mass concentration of Fe3+ should be at least 10%, 
and namely mass concentration of FeCl3 should be at least 
29.1%. The in-site operating carbon source was NaAc, and 
1.0 units of NaAc can be converted to 0.78 units of CH3 OH 
in the simulation system. Since the absence of non-degrade 
substances mixing and the complex testing process, total 
Kjeldahl nitrogen (TKN) was nearly consistent with TN. 
Thereby, TN was used in the model instead of total Kjeldahl 
nitrogen. Although sensitivity analysis of parameters in 
the model was not the main focus of this study, there was 
a significant impact of the maximum growth rate, and aer-
obic decay rate of ammonia oxidation bacteria (AOB), and 
nitrite oxidation bacteria (NOB) on ammonia simulation 
output. The maximum growth rate, aerobic decay rate and 
yield coefficient of heterotrophic bacteria (HB) were also 
significant on BOD, COD, and TN simulation output [27].

2.4.3. Model calibration

This paper contains properties of influent water quality 
(Table 1) obtained from former experiments and research-
ers [22] in the same city, Beijing. As to kinetic and stoichio-
metric parameters, default values were applied. Parameters 
of influent fractions were higher than the default values 

Fig. 2. Schematic of modular aerating areas.

Fig. 3. Proposed framework overview.
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proportion of soluble degradable COD, and TKN due to 
the difference’s location of WWTPs and the living habits of 
the local people.

2.4.4. Simulation of A2O+MBR process

The fitness of the model to the full-scale A2O+MBR was 
assessed by comparing the operating data to emulating 
results (including COD, NH3–N, TN, and TP).

The average emulating effluent COD, NH3–N, TN, and 
TP concentrations were 11.8, 0.66, 11.0, and <0.1 mg/L. 
Simulating effluent TP concentration was extremely low, 
resulting from combined EBPR and chemical P removal 
agent. However, the total chemical P removal agent in the 
model (126 m3, effective mass concentration of Fe was not 
less than 10%) was lower than the actual dosage (150 m3). 
This might be caused by side reactions (such as iron salt 
oxidation precipitation) or avoiding the risk of excess water 
discharge standards resulting in slight overdosing during 
operation. There were few reports that a full-scale model 
of WWTPs in terms of dosing chemical additions, despite 
ASM2d, was successfully used for describing wastewater 
process at a pilot scale [28]. The simulated results of COD 
concentrations (Fig. 5a) were in good agreement with the 
experimental monitoring. The standard deviation (SD) 
was 2.53. The fluctuation of the simulation results was 

less drastic than that of the experiment monitored. The 
slightly inaccurate simulation may result from the actual 
parameters of influent fractions variation. The model also 
showed good fitness in the effluent NH3–N and TN con-
centrations. The standard deviation in NH3–N and TN sim-
ulation (Fig. 5b and c) was 0.93 and 0.30, respectively. The 
average absolute error in COD, NH3–N, and TN between 
simulation and actual effluent water quality were 3.3, –0.1, 
and –1.52 mg/L. Therefore, predictions of the ASM2d model 
may not be perfect, particularly in terms of actually dosing 
chemical additions. Overall, the results of the simulation 
effluent can be accepted, which could provide a relatively 
liable base for the simulation of the different scenarios.

3. Result and discussion

3.1. Removal efficiency of pollution

The following sections studied the removal efficiency 
of COD, TN, NH3–N, TP, and the characteristics of dosing 
chemical additions in the full-scale activated sludge system.

As explained in Fig. 6a–d, the average removal efficiency 
of COD, NH3–N, TN, and TP were 94%, 99%, 77%, and 
96%, respectively. Although an indication of fluctuations of 
removal efficiency existed, the A2O+MBR process was thus 
prove promising. The average concentration of influent 

Fig. 4. A2O+MBR process model based on BioWin software.

Table 1
Dynamic state simulation parameters calibration

Parameter Default value Calibration value

Percentage of fast-degrading CODa 0.160 0.191
Percentage of particulate COD in slow degradation CODa 0.750 0.880
Proportion of non-degradable COD in a dissolved statea 0.050 0.044
Proportion of non-degradable COD in a particulate forma 0.130 0.150
Dissolved biodegradable TKNa 0.660 0.752
Alpha factorb – 0.75
Aerobic pool diffuser coveragec % 25.00
Coverage of membrane pool diffuserc % 30.00

aParameters were calibrated around values obtained from former research, and local experiments of influent characteristics of WWTPs in the 
same city, Beijing [22].
bParameter was calibrated according to an oxygen-transfer experiment by reported Sun et al. [17].
cParameters were calibrated according to the literature [17].
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COD in spring and winter was higher than in summer and 
autumn. This trend was also evident for TN and NH3–N. 
The average influent TP concentration was relative stability. 
The mixing of rainwater could determine this in the sewer 
network in summer and autumn. Phosphorus release from 
the sediment could occur in the sewer network.

It should be noted that the concentration of the influ-
ent water COD is related to habits and level of living. As 
the capital, Beijing is one of the most prosperous cities 
located in the north of China. People lifestyle are different 
from those in the south of China, such as the frequency of 
bathing and the style of eating. Thereby, the influent COD 
concentration in Beijing is higher than in other cities. In 
comparison, external carbon source addition involves 
process control ability, mainly determined by on-site staff 
in the developing countries. External carbon source addi-
tion occurs to achieve effluent standards, particularly in low 
environment temperatures.

3.2. Variation and correlation analysis of chemical additions

The standard deviations were 56.49 and 80.69 per month, 
while the average daily quantities of Fe (QFe-d) and NaAc 
(QNaAc-d) were 202.58 and 135.75 m3, respectively. Table 2 
summaries the quantities of influent wastewater (QInf-d), 
dosing chemical P removal agent (QFe-d) and external carbon 
sources (QNaAc-d) in 2018. Table 3 shows the Pearson’s cor-
relation coefficient.

Results suggested that a negative correlation exists 
between the chemical P removal agent (QFe-d) and BODInf-d 
(Table 4, r1 = –0.843), BODInf-d concentration was lower during 
summer and autumn than in spring and winter. On account 
of upgrading groups of MBR modulars, from September aver-
age effluent quantity increased to approximately 6,000 m3/d.

The MFe-d/TPInf-Tot-d ratio was 3.3 (g/g) or higher in sum-
mer and autumn and was about 2.3 (g/g) (Table 3) in spring 
and winter. Further, the ratio of MFe-d/TPInf-Tot-d in summer 

Fig. 5. Influent and effluent of (a) COD, (b) NH3–N, and (c) TN concentrations compared with the simulation results.
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and autumn was of more fluctuations than that in spring 
and winter. During autumn and winter, a different linear 
relationship existed between MFe-d/TPInf-Tot-d and time- 
going (Fig. 8, Phase 3), as the same trend occurred in sum-
mer (Fig. 8, Phase 2). Nevertheless, it was not sequential 

and more like a jumping result from the trigger of an EBPR 
upset, which was strongly affected by high aerobic HRTs, 
influent OLRs of the plant, and high environmental factors 
investigated by previous studies [4,5]. Gradually, the per-
formance of EBPR improved to a steady (Fig. 8, Phase 1),  

Fig. 6. Removal efficiency of pollution.

Table 2
Main influent characteristics and chemical additions

Month QInf-d (km3/d) BODInf-d (mg/L) TPInf-d (mg/L) TNInf-d (mg/L) QFe-d (m3/d) MFe-d/TPInf-Tot-d (g/g) QNaAc-d (m3/d)

Jan. 31.83 160.52 6.11 57.94 4.52 2.32 1.94
Feb. 31.43 153.68 6.16 59.93 4.57 2.36 2.14
March 30.89 170.00 6.45 57.30 4.52 2.27 1.94
April 33.28 123.68 5.78 55.55 8.53 4.43 2.67
May 35.73 103.15 6.22 53.73 8.81 3.96 2.23
June 33.00 116.00 6.50 52.72 8.10 3.78 2.67
July 31.13 116.31 6.20 43.26 8.94 4.63 3.87
Aug. 31.81 88.42 6.30 44.50 7.74 3.86 4.84
Sept. 37.60 116.84 6.30 49.03 7.80 3.29 8.00
Oct. 38.44 131.05 5.79 46.74 5.81 2.61 7.42
Nov. 37.77 143.68 6.83 52.82 5.67 2.20 7.00
Dec. 37.29 135.26 6.58 49.99 4.84 1.97 8.71
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leading to less chemical P agent with temperature and 
influent biodegradable COD/P ratio declining [5]. Due to 
this characteristic, the process could be optimized with 
adjusting aeration triggered by the saltation of the MFe-d/
TPInf-Tot-d ratio. Whereas, if a change in MFe-d was caused by 
fluctuation of effluent TP concentration, adjusting aeration 
tank modules, in this case, became unnecessary.

Accordingly, the MFe-d/TPInf-Tot-d priorities MFe-d as a 
triggering indicator in operation. Additionally, the upset 
trigger sharply happened 1–2 d before elevated P levels 
are detectable in the effluent [6]. To overcome the coming 
EBPR upset, in light of a few factors that can be changed 
in actual operation, influent OLRs and environmental tem-
peratures were unlikely to be manually changed. As to the 
H reclaim WWTP, bypass side-stream, HRTs of the aerobic 
and changing DO concentration in the interchangeable pool 

(A and C) might be the alternative options, which also be 
carried out by recent literatures [29,30]. It was essential to 
monitor the impact of this optimization on effluent qual-
ities simultaneously, especially TN and NH3–N. These 
options and effects were discussed in the following sections 
of this paper. Additionally, Liu et al. [31] suggested that at 
10°C the bioactivities of Tetrasphaera-dominated commu-
nities were obviously inhibited and the EBPR efficiency 
was only 73%. Yet at 20°C–30°C, EBPR efficiency reached 
99% and the relative abundance of Tetrasphaera was up to 
90%. However, Brown et al. [30] recently reported that in 
the full-scale activated sludge system abundance of some 
Accumulibacter clades were found contrary some past small-
scale studies and studies utilizing synthetic wastewater. 
Further, abundance of known PAOs did not significantly 
correlate with changes in phosphorous removal perfor-
mance, contrary to reports from small-scale and batch 
studies [31,32]. Thereby, it is worth deeply exploring the 
differences between small-scale or batch and full-scale  
studies in terms of microorganisms in the future.

3.3. Discussion of emulating results

The following sections discussed the performance 
of the process model in different operating and aerating 
scenarios.

3.3.1. Performance of chemical additions and by-pass side-
stream pattern

The related parameters in the scenarios 1 and 2 complied 
with the sections 2.3.2 and 2.3.3, ‘Model established and 

Table 3
Correlation between main influent characteristics and dosing chemical additions

QInf-d (km3/d) BODInf-d (mg/L) TPInf-d (mg/L) TNInf-d (mg/L) QFe-d (m3/d) MFe-d/TPInf-Tot-d (g/g) QNaAc-d (km3/d)

QInf-d (km3/d) 1 –0.157 0.137 –0.264 –0.012 –0.280 0.808**
BODInf-d (mg/L) 1 0.113 0.683* –0.843** –0.748** –0.188
TPInf-d (mg/L) 1 0.007 –0.216 –0.370 0.258
TNInf-d (mg/L) 1 –0.497 –0.420 –0.572
QFe-d (m3/d) 1 0.950** –0.090
MFe-d/TPInf-Tot-d 
(g/g)

1 –0.297

QNaAc-d (km3/d) 1

*Correlation is significant at the 0.05 level (two-tailed);
**Correlation is significant at the 0.01 level (two-tailed).

Table 4
Simulation conditions

Scenarios Carbon source Chemical P removal agent Q1 Q2

1 (C1) √ × Q 0
2 (C2) × × Q 0
3 (C3) √ √ 0.7Q 0.3Q

Q was a dynamic influent quantity on each day in Dec. 2018;
0.3Q was the max. by-pass side-stream flow to the anoxic pool in the process.

Fig. 7. Chemical additions variation.
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Model validation’, besides those illustrated in Table 4. Fig. 9 
shows the results of the simulation.

The average simulating effluent COD, NH3–N at sce-
narios 1, 2, 3 were 15.1, 13.2, 13.56 mg/L and 0.26, 0.29, 
0.65 mg/L, respectively. These two indexes achieve the dis-
charge limits. There exist no significant changes in COD 
and NH3–N at scenarios 1, 2, 3, and three curves of COD 
and NH3–N in Fig. 9a and b fully overlap, and similar 
trends to TN at scenario 1, 3 (Fig. 9c). Whereas, most of the 
time, effluent TP discharge limit has not been obtained due 
to cancelling chemical P removal addition in the ASM2d 
model in scenarios 1, 2 (Fig. 9d). The average simulated 
TP concentration of aerobic pool effluent and final efflu-
ent were 2.89 and 2.71 mg/L, and the standard deviations 
were 1.80 and 1.84, respectively. Since that Pearson’s cor-
relation coefficient was 1.00, TP at aerobic pool effluent 
and final effluent (Fig. 8d) have a full correlation. It was 
again demonstrated that chemical P removal addition cou-
pled with biological phosphorus removal activities plays an 
important role in the process in term of achieving discharge 
limits in full-scale WWTPs.

Nevertheless, cancelling chemical P removal addition has 
little influence on the effluent concentration of TN, which 
meets the TN discharge limit in scenario 1 (Fig. 9c). In the 
comparison of simulations C1 and C2, it was found that car-
bon source also profoundly accounts for TN removal. The 
removal efficiency of TN simultaneously declines, while car-
bon source is hindered. At the same time, effluent TP con-
centration decreases immediately. Accordingly, TP removal 
was promoted, as well as biological TN removal activities 
with a supplement of carbon source. However, there were 
more reports that in biological systems, biological N and 
P removal could form a competitive relationship of carbon 
source (e.g., volatile fatty acid, VFA) [33,34]. Moreover, a neg-
ative correlation exists between biological N and P removal 
reported by Carvalheira et al. [15].

In scenario 3, the average simulating effluent COD, 
TN, NH3–N, and TP concentration (13.65, 0.66, 10.56, and 
<0.1 mg/L) (Fig. 9a–d) were nearly consistent with the result 

at section 2.3.4 ‘Model study: Simulation of A2O+MBR 
Process’. The result might suggest that the bypass side-stream 
slightly improved the removal efficiency of COD, NH3–N, 
TN, and TP, which was inconsistent with a previous study 
[13]. Commonly, in the S2EBPR configuration, both denitri-
fication and EBPR were enhanced. Return activated sludge 
was diverted into the anaerobic pool to promote fermenta-
tion and enrichment of PAOs, and the influent was bypassed 
to the anoxic pool for enhancing denitrification [13]. For the 
anaerobic uptake of carbon sources in EBPR systems, GAOs 
have been shown to compete with PAOs [4]. PAOs had less 
adaptivity to rapid environmental changes than GAOs, 
commonly found in temperate EBPR systems and thrived at 
higher temperatures [35]. In this WWTP, to some extent, P 
removal was dominated by chemical P removal agents, so the 
competitive relationship would not be remarkably shown. 
Overall, external carbon source and chemical P removal were 
valuable procedure for lower effluent TN and TP concentra-
tion. In actual practice, if the TP limit would exceed, there 
was a preference for dosing chemical P removal agents rather 
than external carbon sources to promote biological P removal 
efficiency. Dosing chemical P removal agents produce less 
residual sludge than carbon sources. Commonly, less sludge 
means fewer disposal costs. Finally, the carbon source is 
responsible for about 31% of TN removal and 38.03% of TP 
removal based on the average simulating values, the chemi-
cal P removal addition, and the influent water are responsible 
for about 39.7% and 20.79% of TP removal.

3.3.2. Effect of temperature and adjustment of aerating aera

In the scenarios 4 and 5, operating parameters are shown 
in Table 5, and the rest complied with sections 2.3.2 and 2.3.3, 
‘Model Established and Model Validation’. Fig. 10 displays 
the simulation results.

In scenarios 4 and 5 (Fig. 10a and b), the two curves of 
COD and NH3–N partly overlap because of slight differ-
ences. In scenario 4, the average simulating effluent NH3 
concentration (Fig. 10b) dropped to about 0.1 mg/L much 
less than that of the discharge limit. However, the aver-
age effluent TN and COD concentration (Fig. 10a and c) 
were little altered, which were 11.0 and 11.8 mg/L, respec-
tively. Effluent TP concentration (<0.1 mg/L) was still very 
low without increasing in chemical P removal addition. 
Simulation results indicated that the temperature increase 
might be insufficient to produce obvious EBPR upset at 
high influent BOD concentration. In this case, altering DO 
concentration at the interchangeable pool (A and C) was the 
only choice for mitigating possible EBPR upset. In compar-
ing of scenarios 5 with 4, effluent NH3–N, TN, TP, and COD 
concentration (Fig. 10a–c) still achieve the discharge limits. 

Table 5
Simulation conditions

Scenarios T (°C) DO (mg/L) in the 
interchangeable pool (A&C)

4 (C4) 26 2
5 (C5) 26 0

Fig. 8. MFe-d/TPInf-Tot-d (g/g) ratio variation in 2018.
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Fig. 9. Simulation results of effluent (a) COD, (b) NH3–N, (c) TN, and (d) TP concentrations in the scenarios 1, 2, and 3.
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The result matched with the foundation that low HRTs of 
aeration can be even more beneficial in EBPR performance 
by selecting for PAOs over GAOs, which could reduce 
operational costs and improve WWTP sustainability [15]. 
DO concentration as an operational factor, highly influ-
ences EBPR performance and PAOs dominance where high 
P-removal is achieved at lower DO levels [29]. Accordingly, 
DO concentration in the interchangeable pool (A and C) 
could be switched at different operating patterns in differ-
ent seasons. When the ratio of MFe-d/TPInf-Tot-d sharply rose 
to 3.3 g/g or higher, DO concentration in the interchange-
able pool (A and C) was reduced to 0 mg/L in summer and 
autumn. Aeration in the interchangeable pool (A and C)  
was switched off, which nearly did not affect the effluent 
quality, especially COD and NH3–N, but was a benefit 

to TN removal. In the H reclaimed WWTP, HRTs ratio of 
A&C to B1&B2 was 0.4:3.1 lower than 0.15:0.85 reported 
by Sun et al. [17]. Because of the differences in discharge 
limits and reducing the risk of exceeding water discharge 
limits, the gaps can be fully accepted. In winter and spring, 
as the ratio of MFe-d/TPInf-Tot-d dropped to about 2.3 (g/g), 
aeration in the interchangeable pool (A and C) should be  
turned on.

4. Conclusion

In this study, the A2O+MBR process in the full-scale 
WWTP was proven to be promising. Statistical results 
showed that a negatively correlation existed between QFe-d 
and BODInf-d (r = –0.843). Further, the ratio of MFe-d/TPInf-Tot-d 

Fig. 10. Simulation results of effluent (a) COD, (b) NH3–N, and (c) TN concentrations in scenarios 4, 5.
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in summer and autumn was of more fluctuations than that 
in spring and winter. In the H reclaimed WWTP, if the MFe-d/
TPInf-Tot-d ratio sharply rose to approximately 3.3 g/g or higher 
in summer and autumn, the time comes to halt aeration 
at the interchangeable pool (A and C). When it smoothly 
dropped to 2.3 g/g in winter and spring, it was time to 
turn on the aeration at the interchangeable pool (A and C). 
Overall, the ratio of MFe-d/TPInf-Tot-d can be regarded as a trig-
gering indicator for optimizing the operational process in 
full-scale activated sludge systems. While the HRTs ratio of 
the interchangeable pool (A and C) to the aerobic pool (B1 
and B2) was 0.4:3.1, the requirements of discharge limits can 
be achieved in different seasons. Additionally, chemical P 
removal addition and the influent water are responsible for 
about 39.7% and 20.79% of TP removal, while carbon source 
is responsible for about 31% of TN removal and 38.03% of 
TP removal based on the average simulating values. As 
to bypass side-stream, it was of almost no enhancement 
in the removal efficiency of TN and NH3–N.
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