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In this work, we attempted to modify the Activated Sludge Model No.3 and to simu-
late the performance of a full-scale sequencing batch reactor (SBR) plant for munici-
pal wastewater treatment. The long-term dynamic data from the continuous operation
of this SBR plant were simulated. The influent wastewater composition was character-
ized using batch measurements. After incorporating all the relevant processes, the
sensitivity of the stoichiometric and kinetic coefficients for the model was thoroughly
analyzed prior to the model calibration. The modified model was calibrated and vali-
dated with the data from both batch- and full-scale experiments. Model predictions
were compared with routine data in terms of chemical oxygen demand, NH4

þ-N and
mixed liquid volatile suspended solids in the SBR, combined with batch experimental
data under different conditions. The model predictions match the experimental results
well, demonstrating that the model is appropriate to simulate the performance of a
full-scale wastewater treatment plant even operated under perturbation conditions.
VVC 2009 American Institute of Chemical Engineers AIChE J, 55: 2186–2196, 2009
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Introduction

The sequencing batch reactor (SBR) has been widely used
to treat municipal wastewater,1–4 landfill leachates,5 and var-
ious industrial wastewaters since it was invented by Irvine
and his coworkers.1,6–8 The SBR is a fill-and-draw system,
where each tank is subjected to the following operations: fill
(static or mixed), react (static or mixed), settle, idle, and
decant (or draw) for predetermined time periods. These peri-
ods can be used for various microbial reactions requiring dif-
ferent environmental conditions.8 The major advantage of

the SBR is that the periods can be rearranged, or even omit-
ted, depending on design goals. In addition, the system does
not require much space and separate clarifiers, because all
the activated sludge processes are conducted within time in
one tank rather than in separate tanks. Also, the duration of
each cycle can be varied according to the influent dynamics.
The operating costs associated with aeration energy could be
saved if the aeration cycle can be terminated after the desira-
ble reactions were completed. All of these advantages of an
SBR system make it a favorable option for both municipal
and industrial wastewater treatment, especially in developing
countries like China.

Mathematical modeling has been proven to be essential
for understanding complex microbial systems, such as acti-
vated sludge processes in a SBR system.9 It is an inherent
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element of the engineering practice dealing with the optimal
design and operation of wastewater treatment plants
(WWTPs). Dynamic simulation of the processes in a WWTP
is a useful tool in the selection of operational strategies that
improve process stability, effluent quality, and save opera-
tional costs. Optimum solutions for the design and operation
of a WWTP include the mutual relationships among the dif-
ferent process elements involved in wastewater and activated
sludge. Therefore, when models are developed to simulate a
WWTP, a dynamic description of all the relevant processes
in the activated sludge system should be taken into account.

The Activated Sludge Models (ASMs) introduced by the
International Water Association (IWA) such as Activated
Sludge Model No.1 (ASM1) and Activated Sludge Model
No.3 (ASM3),10 focus on the heterogeneity of substrate and
biomass types and are suitable for simulation of a full-scale
WWTP. The ASM1 was developed primarily for municipal
treatment plants to simulate the removal of organic carbon
and ammonium-N,11 whereas the subsequent ASM3 was
established to overcome a number of problems that have
emerged from the applications of ASM1.10,12 In ASM3, the
storage of organic substrates is included as a new process,
and lysis is replaced by an endogenous respiration process.
As a result, the hydrolysis becomes less important for the
rates of oxygen consumption and denitrification and is now
independent of the electron donor, compared with the
ASM1. Furthermore, the rates of all processes (except for

hydrolysis) under anoxic conditions are lower than those
under aerobic conditions. In ASM3, smaller anoxic yield
coefficients are used.12 ASM1 has been used over a decade
for modeling the removal of organic matter and nitrification
and denitrification processes. As a result, considerable expe-
rience has been acquired with this model. However, it is a
different case for ASM3, because it has not been applied to
simulate full-scale WWTPs yet.

Therefore, the main objective of this study was to modify
ASM3 and to simulate the performance of a full-scale SBR
plant for municipal wastewater treatment. After incorporating
all the relevant processes, the model could be validated and
used as a decision tool for predicting the activated sludge
process in full-scale WWTPs. An extensive literature search
did not reveal any other attempts to simulate a full-scale
SBR plant for municipal wastewater treatment using ASM3.

Model description

In ASM3, all readily biodegradable substrate was assumed
to be initially stored as internal storage products before being
used for growth. As a modification, in our work the aerobic/
anoxic simultaneous storage and growth on organic substrates
are assumed. The modified model describes the relationships
among the five solid species: slowly biodegradable substrate,
heterotrophic microorganisms, autotrophic microorganisms,
storage products of heterotrophic microorganisms, and

Table 1. Equations for All Components in the Established Model

Component Nonsteady-State Mass Balance Equation No.

Mass balance for XS
dXS

dt
¼ �kH

XS=XH

KXþXS=XH
XH (1)

Mass balance for SS
dSS
dt

¼ � dXS

dt
� 1

YSTO
q1 � 1

YSTO
q2 � 1

YH;S
q3 � 1

YH;S
q4 (2)

Mass balance for SNH4

dSNH4

dt
¼ �iNSI

dXS

dt
� iNBMq3 � iNBMq4 � iNBMq5 � iNBMq6

� iNBM þ 1=YAð Þq11 þ iNBM � fIiNXIð Þ q7 þ q8 þ q12 þ q13ð Þ
(3)

Mass balance for SNO3

dSNO3

dt
¼ � 1� YSTO

2:86YSTO

q2 � 1� YH;S

2:86YH;S
q4 � 1� YH;STO

2:86YH;STO
q6

� 1� fI

2:86
q8 � 1

2:86
q10 þ 1

YA

q11 � 1� fI

2:86
q13

(4)

Mass balance for SN2

dSN2
dt

¼ � dSNO3
dt

þ 1
YA

q11 (5)

Mass balance for XSTO
dXSTO

dt
¼ q1 þ q2 � 1

YH;STO
q5 � 1

YH;STO
q6 � q9 � q10 (6)

Mass balance for XH
dXH

dt
¼ q3 þ q4 þ q5 þ q6 � q7 � q8 (7)

Mass balance for XA
dXA

dt
¼ q11 � q12 � q13 (8)

Mass balance for XI

dXI

dt
¼ fIq7 þ fIq8 þ fIq12 þ fIq13 (9)

Mass balance for SO

dSO

dt
¼ � 1� YSTO

YSTO

q1 � 1� YH;S

YH;S
q3 � 1� YH;STO

YH;STO
q5

� 1� fIð Þq7 � q9 � 4:57� YA

YA

q11 � 1� fIð Þq12
(10)
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residual inert biomass; three soluble species: readily biode-
gradable substrate, ammonia (NH4

þ-N), and dissolved nitro-
gen; and two electron acceptors, which are dissolved oxygen
(DO) and nitrate (NO3

�-N). The present model uses the fol-
lowing symbols for concentrations: slowly biodegradable sub-
strate (XS), heterotrophic microorganisms (XH), autotrophic
microorganisms (XA), heterotrophic storage products (XSTO),
residual inert biomass (XI), readily biodegradable substrate
(SS), ammonia (SNH4

), dissolved nitrogen (SN2
), dissolved oxy-

gen (SO), and nitrate (SNO3
). The units for all species are oxy-

gen demand or oxygen (for DO), which is directly propor-
tional to electron equivalents (8 g O2 per e

� equivalent).
The nonsteady-state mass balances for all model compo-

nents are written as Eqs. 1–10 in Table 1, whereas the corre-
sponding process rate expressions are given in Table 2. For
the heterotrophs, MS ¼ SS

KSþSs
and MO ¼ SO

KOþSO
are Monod

kinetic functions for the external substrate and DO, respec-
tively. IO ¼ KO

KOþSO
is a Monod-type inhibition function for

the effect of DO on anoxic biological reactions, and
MNO3

¼ SNO3
KNO3

þSNO3
is Monod kinetic functions for nitrate.

MNH4
¼ SNH4

KNH4
þSNH4

is Monod kinetic functions for ammonia

for heterotrophic growth. MSTO ¼ XSTO=XH

KSTOþXSTO=XH
stands for a

saturation-kinetic function for utilization of XSTO, and

IS ¼ KS

KSþSS
is a Monod-type inhibition function for the effect

of high SS on utilization of XSTO. In this approach, XSTO is

used to support synthesis of active heterotrophic biomass

when usual synthesis is precluded by low SS. For the auto-

trophs, MA;NH4
¼ SA;NH4

KA;NH4
þSA;NH4

and MA;O ¼ SO
KA;OþSO

are Monod

kinetic functions for ammonia and DO, respectively.

IA;O ¼ KA;O

KA;O;SO
is the Monod-type inhibition function for the

effect of DO on anoxic endogenous respiration of XA. For

the mass balance equations for the influent filling period,

each mass balance has an advective term, QS0/V � QS/V;

where V is the liquid volume, Q is the flow rate, and S0 and

S represent the influent and reactor concentrations, respec-

tively. Rate terms in each mass balance are explained in the

equations shown in Tables 1 and 2.

Materials and Methods

Process description of the Zhuzhuanjing WWTP

The Zhuzhuanjing WWTP is located in Hefei City, China,
in which wastewater originating from the surrounding city
areas is treated. The plant consists of gridirons, primary
clarifiers, and eight sets of SBRs. Each SBR has a rectangle
configuration and is operated in a fill-and-draw mode.
Wastewater is introduced and simultaneously mixed in the
fill period; the reactor is aerated in the reaction period; later,
the mixed liquor is allowed to settle in the settling period; at
the end of each cycle, the supernatant is discharged from the
reactor. The working volume of each SBR is 2000 m3. The
time allotted for each SBR operating cycle is 30 min for fill,
120 min for react, 60 min for settle, and 30 min for decant.
The wastewater characteristics (including average and

Table 2. Kinetics Rate Expressions for the Established
Model

Heterotrophic Microorganisms
Aerobic storage of SS q1 ¼ kSTOMSMOXH

Anoxic storage of SS q2 ¼ kSTOgNOxMSIOMNO3
XH

Aerobic growth on SS q3 ¼ lH;SMSMOMNH4
XH

Anoxic growth on SS q4 ¼ lH;SgNOxMSIOMNO3
MNH4

XH

Aerobic growth on XSTO q5 ¼ lH;STOMSTOISMOMNH4
XH

Anoxic growth on XSTO

q6 ¼ lH;STOgNOxMSTOISIOMNO3
MNH4

XH

Aerobic endogenous
respiration

q7 ¼ bHMOXH

Anoxic endogenous
respiration

q8 ¼ bH;NOxIOMNO3
XH

Aerobic respiration of XSTO q9 ¼ bSTOMOXSTO

Anoxic respiration of XSTO q10 ¼ bSTO;NOxIOMNO3
XSTO

Autotrophic microorganisms
Aerobic growth q11 ¼ lAMA;OMA;NH4

XA

Aerobic endogenous
respiration

q12 ¼ bAMA;OXA

Anoxic endogenous
respiration

q13 ¼ bA;NOxIA;OMNO3
XA

Table 3. Characteristics of the Influent and Effluent as well
as Key Reactor Constituents for the Full-Scale SBR Plant

(the standard Deviations are Listed in Parentheses After the
Average Values)

Characteristics Reactor Constituents Influent Effluent

SVI (mL g�1) 85 (20) – –
MLSS (mg L�1) 4000 (1500) – –
MLVSS (mg L�1) 2400 (1000) – –
COD (mg L�1) – 160 (70) 40 (10)
BOD5 (mg L�1) – 60 (20) 1.5 (2)
NH4

þ-N (mg L�1) – 30 (15) 4 (3.5)
NO2

�-N (mg L�1) – 0.1 (0.1) 6 (4)
NO3

�-N (mg L�1) – 0.5 (0.5) 17 (6)
Total N (mg L�1) – 35 (20) 25 (10)
VSS (mg L�1) – 90 (40) 10 (9)

Table 4. Measurements for the Characterization of Wastewater

Definition Symbol Unit Average Value Source of Data

Influent total COD CODinf g COD m�3 212.6 Measurement
Influent COD in filtered sample CODf,inf g COD m�3 84.6 Measurement
Influent BOD5 BOD5 g BOD5 m

�3 91.4 Measurement
Effluent COD in filtered sample CODf,eff g COD m�3 27.9 Measurement
Effluent COD CODeff g COD m�3 40.3 Measurement
Biodegradable COD in influent BCOD g COD m�3 156.1 Calculation Grady et al.18BCOD ¼ BOD5

fBOD 1�YH fXIð Þ
BOD5/BODU ratio fBOD – 0.67 Grady et al.18

Heterotrophic biomass yield coefficient YH g COD g�1 COD 0.63 Grady et al.18

Nonbiodegradable fraction resulting
from the biomass decay

fXI – 0.2 Grady et al.18
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standard deviations), key reactor constituents [sludge volume
index (SVI) and mixed liquid suspended solid (MLSS), etc.],
and effluent constituents are listed in Table 3.

The Zhuzhuanjing WWTP was a conventional activated
sludge process. This plant was initially designed and has
been operated mainly for treating organic pollutants and
NH4

þ-N. Thus, the operating strategy selected at the present
time was not an ideal one for effective removal of both N
and P. It is true that this plant should be upgraded for a bet-
ter removal of nutrients. As a useful tool for WWTP upgrad-
ing, model simulation could be used to make the best
decision with the following steps: formulation of an appro-
priate model; characterization of the wastewater; calibration
of the model; verification of the calibration; and model simu-
lation for optimization. The developed model should be fully
calibrated and evaluated with the data from the WWTP oper-
ation, which then could be used for better understanding and
further optimization of this full-scale SBR plant. In addition,
a well-structured model should be able to simulate the
microbial consortium data under different conditions.

Simulation

In this work, all simulation and parameter estimation were
performed with a nonlinear least-squares algorithm in the

AQUASIM software package.13 This program offers a free
definition of the biokinetic model, flow scheme and process
control strategies, graphic support of the simulation, experi-
mental data, and communication with spreadsheet programs.14

Model calibration and validation procedure

Because of the complexity of the model, extensive calibra-
tion and validation procedures were applied. First, the input
wastewater and biomass were characterized. Then, simula-
tions were initially performed with the model default values,
but the model required a further calibration. The calibration
procedure included the long-term dynamic simulations of the
performance of both full-scale SBR and the batch tests with
the municipal wastewater. The one set of model parameters
obtained were then applied for model validation. The other
operational data from the batch tests and the full-scale SBRs
were used for model validation.

Collection of the routine data of the WWTP

The recordings of routine measurements for the full-scale
reactors were used as a primary source for dynamic simula-
tion. The measurements included chemical oxygen demanded
(COD), ammonia (NH4

þ-N), nitrate (NO3
�-N), nitrite

(NO2
�-N), MLSS, and mixed liquid volatile suspended solid

(MLVSS) concentrations. In addition, ‘‘on-line’’ recordings
of flow rate, temperature, pH, and DO concentrations in the
SBRs were also collected for the simulation.

Batch experiments

The batch tests were carried out using two 2-L reactors at
20�C, which were seeded with fresh activated sludge taken
from the full-scale SBRs. The batch tests include the follow-
ing: (i) aerobic respirometric tests with allylthiourea (ATU)
(a nitrification inhibitor); (ii) aerobic respirometric tests

Table 5. Fractionation of Organic Matters in Wastewater

Definition Symbol Unit Equation

Inert soluble organic
compounds

SI g COD
m�3

0:95 � CODf;eff

Readily biodegradable
organic compounds

SS g COD
m�3

CODf;inf � SI

Slowly biodegradable
organic compounds

XS g COD
m�3

BCOD� SS

Inert particulate organic
compounds

XI g COD
m�3

CODinf � CODf,inf

� XH,inf � XS

Table 6. Kinetic and Stoichiometric Coefficients for the Model

Parameter Definition Initial Values Calibrated Values Unit

Stoichiometry
YSTO Yield coefficient for XH storage 0.81 0.78 g COD g�1 COD
YH,S Yield coefficient for XH growth on SS 0.58 0.56 g COD g�1 COD
YH,STO Yield coefficient for XH growth on XSTO 0.68 0.65 g COD g�1 COD
YA Yield coefficient for XA growth 0.24 0.24 g COD g�1 COD
gNOx Anoxic reduction factor 0.60 0.60 —
fI Fraction of XI in respiration 0.20 0.20 g COD g�1 COD
iNBM Nitrogen content of biomass 0.07 0.07 g N g�1 COD
iNXI Nitrogen content of XI 0.02 0.02 g N g�1 COD

Kinetics
kSTO Maximum storage rate of XH 0.21 0.25 h�1

lH,STO Maximum growth rate of XH on XSTO 0.083 0.17 h�1

lH,S Maximum growth rate of XH on SS 0.083 0.11 h�1

KS Biomass affinity constant for SS 2.00 19.7 g COD m�3

KSTO Biomass affinity constant for XSTO 1.00 0.59 g COD g�1 COD
KO2

Dissolve oxygen affinity constant 0.20 0.20 g O2 m
�3

bSTO Respiration rate coefficient of XSTO 0.0083 0.013 h�1

bH Respiration rate coefficient of XH 0.0083 0.013 h�1

lA Maximum growth rate of XA 0.042 0.052 h�1

bA Respiration rate coefficient of XA 0.0063 0.0063 h�1

KA,O2
Oxygen affinity constant for XA 0.50 0.50 g O2 m

�3

KNH4
Biomass NH4 affinity constant 0.01 0.01 g N m�3

KA,NH4
NH4 affinity constant for XA 1.0 4.30 g N m�3

KNO3
Biomass NO3 affinity constant 0.50 0.50 g N m�3
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without ATU; (iii) anoxic respirometric tests; and (iv)
aerobic endogenous respiration tests.

Three types of initial operating conditions were applied to
the batch tests: the first one with a high initial substrate/bio-
mass (SO/XO) ratio (significant microbial growth), the second
one with a moderate initial SO/XO ratio (moderate microbial
growth), and the third one with a low initial SO/XO ratio
(negligible microbial growth). For the tests with an inhibi-

tion on nitrification, 20 mg/L of ATU was added into the
reactors. In the anoxic tests, nitrate was externally added at
a predetermined concentration.

To obtain a high initial SO/XO ratio, no activated sludge was
added to the reactors, in which wastewater was placed and res-
piration rate was measured for 1 day. In this case, only the
microorganisms present in the municipal wastewater contrib-
uted to the respiration. Initial and final samples were drawn
and total COD was measured. For the moderate SO/XO test
(around 1–2 g COD/g VSS), wastewater sample with a prede-
termined volume was added into the reactor with aerated
sludge. For the test at a low SO/XO ratio, a small volume of
wastewater sample was added into the reactor with aerated
sludge, with a ratio sufficiently low for an insignificant micro-
bial growth but a constant endogenous respiration. This ratio
has been reported to be around 0.2 g COD/g VSS.15,16

The batch reactors were inoculated with the activated
sludge withdrawn from the full-scale SBRs at the end of
the react phase, and the aeration lasted for 10 h to ensure
the depletion of the external substrate. The final volume in
the batch reactors was adjusted to 2 L using tap water and
the endogenous respiration rate was measured for 2–3 h until
it became constant. Then, a known amount of wastewater
was added to the reactors to reach an SO/XO ratio in a range
0.01 to 2 g COD/g VSS. Samples were withdrawn from the
reactors every 5–10 min, and were immediately centrifuged
and then stored at 4�C for analysis.

Wastewater and biomass characterization

The organic matters in the municipal wastewater were frac-
tionized using the results in Table 4 according to the procedures
given in Table 5. The biodegradable COD (BCOD) in the influ-
ent is the sum of the readily biodegradable soluble COD (SS)
and the slowly biodegradable particulate COD (XS).

17 The bio-
degradable COD (BCOD and SS þ XS) concentration was cal-
culated from the formula proposed by Grady et al.18 The inert
fraction SI was determined independently and subtracted from
the soluble COD to give the fraction SS. SI is evaluated from the
inert COD in the effluent of the examined treatment plant. The
concentrations of XS and XI were estimated based on the BOD5

measurements.19 With the presented methodology for the char-
acterization of the organic fractions SI, SS, and XS, the fraction
XI is found to be the difference between the total COD and the
other fractions. The fractionation was performed on each
consecutive day during the long-term simulation period.

Municipal wastewater contains a significant concentration
of heterotrophs.20 However, the concentration of hetero-
trophs in the municipal wastewater is not important relative
to the biomass enriched for and maintained in the reactor
and should not be taken into account. In the ASMs, the con-
centration of the heterotrophic biomass in wastewater, XH, is
assumed to be negligible.17 Therefore, in this work, the con-
centration of heterotrophs in the municipal wastewater was
not taken into account.

Analytical methods

The DO concentration was measured with a DO elec-
trode (MO128, Mettler-Toledo, Switzerland). Sludge mor-
phology was observed using an optical microscope (Olympus

Figure 1. Effect of the stoichiometric parameters on
the model outputs (,, y 5 MLVSS; 2, y 5
COD; 7, y 5 NHþ

4 -N): (A) YSTO; (B)YH,S; and (C)
YH,STO.
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CX41). Measurements of COD, NH4
þ-N, NO3

�-N, NO2
�N,

MLSS, and MLVSS followed the Standard Methods.21 The
oxygen uptake rate (OUR) was determined from the measure-
ment of the DO profiles in an air-tight vessel, as described
previously.22

Results and Discussion

Wastewater characterization

The average contribution of the individual model compo-
nents to the total influent COD in the period of January 2007–
May 2007 is calculated according to Tables 4 and 5. During
the simulation period, the influent COD fraction did not
change substantially from the average values with a maximum
difference less than 1.4%. The estimated SS fraction is deter-

mined to be 30.1% � 3.9% of the total COD, and this value is
comparable with the results of other studies,19,23,24 in which
the SS concentration of the settled wastewater constitutes 26–
32% of the total COD. The initially SI fraction is estimated to
be 10.3% � 2.3% of the total COD. The initially established
XI fraction, approximately 11% of the total COD, lies within
the range of 10–29% reported in the literature.19,23–26 The con-
tribution of XS is calculated to be 43.6% of the total COD.
Thus, the SS/(SSþXS) ratio is calculated and the values remain
within the suggested range of 0.3–0.5.24

Sensitivity analysis

Prior to the model calibration, sensitivity analysis should
be conducted to evaluate the most important parameters in
the model, which should be strictly kept under control in the

Figure 2. Effect of the kinetic parameters on the model outputs (,, y 5 MLVSS; 2, y 5 COD; 7, y 5 NHþ
4 -N):

(A) kSTO; (B) lH,S; (C) lH,STO; (D) lA; (E) bH; and (F) bSTO.
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calibration and model validation.27,28 In the sensitivity analy-
sis, the behavior of the model is evaluated as a consequence
of a variation of the input parameters and is performed using
a one-variable-at-a-time approach. The sensitivity coefficient
represents the change in the output variable, resulting from a
change in the input variable. The sensitivity analysis is con-
ducted using the curve profiles of output with input varia-
bles. Dimensionless values are used by dividing the basic
variables for input ones or the corresponding output results.

The model parameters are independent, and they are investi-
gated individually. All model coefficients, including kinetic
and stoichiometric coefficients, are changed one by one in
the simulation. Parameters are assigned with initial values
for calibration from literatures as shown in Table 6.10,29 In
this work, the most important model output variables of
COD, NH4

þ-N and MLVSS concentrations are analyzed as
shown in Figures 2–4.

Effect of Stoichiometric Parameters. Heterotrophic
storage of the readily biodegradable substrates plays an
important role in the substrate removal. Meanwhile, the
heterotrophic growth on the external substrate and the storage
polymers has a considerable influence on biomass growth.
In our model, three distinctive yield coefficients independent
from each other stand for storage (YSTO) (Figure 1A), direct
growth on external substrate (YH,S) (Figure 1B) and growth
on the internal storage products (YH,STO) (Figure 1C). All of
them have a significant influence on the output variables, as
shown in Figure 1.

It is found that �50% fluctuation in the yield coefficient
for storage will result in a maximum of 50% fluctuation in
the NH4

þ-N concentration, �10% fluctuation in the MLVSS
level, and �1% fluctuation in the effluent COD concentra-
tion. The yield coefficients for growth on the external sub-
strate and growth on the internal storage products have
similar effects on the model outputs. An increase in the three
yield coefficients leads to a decrease in the effluent NH4

þ-N
concentration and an increase in MLVSS level (Figure 1).
This is associated with the indirect effect of the yields
on the heterotrophic growth rate through influencing the
concentrations of the readily biodegradable substrate and
the storage polymers. The effluent COD concentration
does not change substantially, mainly because of its low
concentrations in the bulk liquid.

The other stoichiometric parameters, such as anoxic reduc-
tion factor (gNOx), fraction of XI in respiration (fI), and yield
coefficient for XA growth (YA), affect the model outputs to a
minor extent. The concentrations of COD, NH4

þ-N, and
MLVSS are practically insensitive to the changes in these
parameters.

Effect of Kinetic Rate Parameters. The results of sensi-
tivity analysis of the kinetic rate parameters are shown in
Figure 2. It should be noted that, except the respiration rate
coefficient of XA (bA), the kinetic rate parameters, especially
lH,S, bH, and lA, significantly affect at least one of the
considered model outputs.

The maximum storage rate of biomass (kSTO) has an
influence on the model outputs (Figure 2A). The effluent
NH4

þ-N concentration changes slightly with a change of
the maximum anoxic storage rate. The MLVSS concentra-
tion increases, whereas COD decreases with an increase in
the maximum storage rate. The maximum growth rates on
substrate (lH,S) and XSTO (lH,STO) have the same sensitiv-
ities to the calculation results (Figures 2B and 2C). An
increase in lH,S and lH,STO leads to a decrease in the
effluent COD concentration and an increase in the effluent
NH4

þ-N level. A 50% increase in the maximum growth
rate of XA (lA) causes a considerable decrease in the
effluent NH4

þ-N concentration (Figure 2D). The endo-
genous decay coefficient of the heterotrophs (bH) consider-
ably affects both NH4

þ-N and MLVSS concentration

Figure 3. Effect of the values of affinity constant pa-
rameters on the model outputs (,, y 5 MLVSS;
2, y 5 COD; 7, y 5 NHþ

4 -N): (A) KS; (B) KSTO;
and (C) KA,NH4

.
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(Figure 2E). By contrast, the respiration rate coefficient of
XSTO is not sensitive (Figure 2F).

Effect of Key Affinity Constant. Sensitivity of the key
affinity constants to the model outputs is evaluated. KS and
KSTO are proven to be influential to the model outputs with
50% variation to the initial values (Figure 3A). With an
increase in KS, the effluent COD concentration increases, but
the NH4

þ-N concentration decreases. The KSTO has a similar
effect on the NH4

þ-N concentration, whereas the MLVSS
concentration increases with the increasing KSTO (Figure
3B). The storage and growth on the storage polymers lead to
a slower substrate consumption and biomass growth. For the
NH4

þ-N affinity constant of XA (KA,NH4
), the effluent NH4

þ-
N concentration substantially increases with the increasing
KA,NH4

(Figure 3C). However, KA,NH4
has no influence on

the concentrations of COD and MLVSS. The other affinity
constant parameters listed in Table 6 are proven to have no
substantial influence on the output COD, NH4

þ-N, and
MLVSS concentrations.

The sensitivity analysis reveals that the model parameters
involved in the storage process, the heterotrophic endoge-
nous decay, and growth have a great influence on the model
outputs. This provides useful information for the subsequent
model calibration.

Model calibration

Model calibration procedure is a process of adjusting coef-
ficient values of the model, so that the results produced by

the model with these coefficients closely match the measured
data. Our models for simulation tasks incorporate a number
of stoichiometric and kinetic parameters relating to both XH

and XA. The initial parameter values are obtained with the
data in the literature as shown in Table 6. The selection of
the parameters for calibration is mainly based on the results
of the sensitivity analysis. Some parameters responsible for
XH and XA, such as saturation constant, decay coefficients,
and some stoichiometric parameters listed in Table 6, are set
to their default values as reported in the literature to reduce
the number of parameters to be calibrated.

The calibrating parameter values are estimated by mini-
mizing the sum of squares of the deviations between the
measured data and the model predictions with the objective
function given as below:

FðpÞ ¼
Xn
i¼1

ðyexp;i � yðpÞiÞ2
 !1=2

(11)

where yexp and y(p) are vectors of n measured values and
model predictions at times ti (i from 1 to n), and p is the vector
of the model parameters. The standard deviation in parameter
determination is required to be\50% to ensure the validity of
the values of the obtained parameters.

The model was calibrated according to a logical step-wise
procedure (sludge production, nitrification, and denitrifica-
tion) at two levels. The calibration at each level is not inde-
pendent, because the processes incorporated in the model are
coupled together. Consequently, several iterations with loops
to the earlier stages are needed to complete the entire
calibration procedure.

The model is calibrated at two levels with the characteri-
zation of the input wastewater and biomass: long-term simu-
lation of the full-scale SBR performance and simulation of
the batch tests. Initially, a series of dynamic simulations are
performed to obtain the preliminary parameters that are
related to the model outputs. The calibration approach at this
level is to fit the model simulation results on the measured
components, such as effluent COD and NH4

þ-N concentra-
tions, and MLVSS data, which were measured in 60-day
operation (March 4, 2007–January 2, 2007), by changing the
calibrated parameters. The profiles of the model predictions
and experimental observations for COD, NH4

þ-N, and
MLVSS data are shown in Figures 4A–C, respectively. The
calibrated model at this level is able to adequately simulate
the variations of the effluent COD and NH4

þ-N concentra-
tions as well as MLVSS data. Then, simulation is performed
with the calibrated model to describe the batch experimental
results. It is evaluated if the calibrated set of parameters at
first step remained unchanged when the batch experimental
results are described. However, the predictions for the OUR
and N-dynamics are not satisfactory. Thus, the model has to
be calibrated further.

The kinetic parameters concerning the nitrification and
oxygen consumption processes are further estimated based
on the batch test results. The values of the parameters
adjusted after the calibration at two levels, along with the
original set of parameters,10,29 are listed in Table 6, whereas
the batch simulation results are shown in Figure 5. The max-
imum difference between the measured and calculated values

Figure 4. Measured and predicted results of the WWTP
(March 4, 2007–January 2, 2007).

(A) COD level; (B) NH4
þ-N level; and (C) MLVSS concen-

tration.
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is 18 and 72% of the results have a difference of less than
5%, indicating that the model predictions match the batch
test data. The values of the obtained parameters do not differ
significantly from the average values obtained from a
dynamic simulation during the long-term calibration period.
The calibrated stoichiometric and kinetic parameter values in
this study are generally comparable with those reported in
the literature. 11,12,19,25,29–32

Model evaluation with the long-term
WWTP operating data

The experimental data, which are not previously used for
model calibration, are used for model evaluation. The oper-
ating data of the WWTP during the period from March 5,
2007, to May 5, 2007, are used for model evaluation. The
selected simulation results are illustrated in Figure 6 along
with the calibrated parameters. The predicted effluent COD
levels match the measured ones. Moreover, the model is
capable of accurately simulating the short-term effects result-
ing from the variation of influent COD loading, in which
high simulated peaks of COD are observed at the high influ-

ent COD levels (Figure 6A). A good prediction is also
observed with respect to the effluent NH4

þ-N concentration
and its disturbance (Figure 6B). The average difference
between the simulations and measurements is \1.25 mg
N L�1. However, the difference between the simulated and
measured MLVSS concentrations is about 20%. Even though
such a value appears to be high, the model is able to
reasonably predict the MLVSS changing trends (Figure 6C).

Model evaluation with the batch test data

Oxygen Consumption Batch Tests. The oxygen consump-
tion tests show a good agreement between the predicted and
observed data (Figure 7A). Simultaneous carbon oxidation
and nitrification take place in this oxygen consumption test.
The OUR peak in the initial several minutes is assumed to
be attributed to the oxidation of SS (dash line in Figure 7A).
In this case, nitrification and oxidation of substrate released
by hydrolysis occur (dash line in Figure 7A). This transition
phenomenon for oxygen consumption curve can be simulated
well with our model.

Nitrification Batch Tests. Nitrification in the batch tests
is well predicted by the model (Figure 7B). In nitrification,
the NH4

þ-N concentration decreases rapidly with time, sug-
gesting utilization by the nitrifiers as an energy and nitrogen
source. The nitrate concentration as the end product
increases with time. The difference between the simulated
and measured NH4

þ-N concentrations is\15%, suggesting a
good model prediction for ammonia utilization. The
observed nitrate formation is approximately 20% higher than

Figure 5. Measured and predicted results of the batch
tests.

(A) Total OUR and OUR for XH; (B) COD and MLVSS
concentrations; and (C) N dynamics.

Figure 6. Measured and predicted results of the WWTP
(May 5, 2007–March 5, 2007).

(A) COD level; (B) NH4
þ-N level; and (C) MLVSS concen-

tration.
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the predicted, but its changing trend could be predicted by
the model.

Denitrification Batch Tests. The simulated and measured
nitrate consumptions in the denitrification tests are shown in
Figure 7C, in which two linear phases (slopes) of nitrate
reduction rate are observed. The first slope is related to the
denitrification on the influent SS. This is followed by a lower
denitrification rate resulting from the anoxic utilization of
the delayed SS from hydrolysis of XS. Compared with the
simulations, relatively rapid nitrate consumption is observed.
However, the nitrate reduction in the two phases can be
simulated well by the model.

Model simulation

Because of the enforcement of new national legislation for
water quality control, the Zhuzhuanjing WWTP will be
upgraded soon to meet the discharge standard requirements.

To assess whether the existing capacity of this plant is suffi-
cient for biological nitrogen removal, the verified model is
used to explore the optimized operating strategies for nitro-
gen removal in this full-scale SBR plant. With the results
from the calibration and evaluation of the present process in
Zhuzhuanjing WWTP, the values of the toichiometric and
kinetic parameters shown in Table 6 were adopted for model
simulation. The simulation results show that high-quality
effluent would be obtained if a 60-min anoxic phase was
added into the running cycle of the SBR for denitrification
and the reaction phase for COD removal and nitrification
(Figure 8). The new operating strategy should be 45 min of
influent filling, 60 min of anoxic denitrification, 150 min of
aerobic react, 60 min of settling, and 45 min of effluent
withdrawal. The total treatment capacity is not reduced (180
min influent filling per day). However, the operating costs
associated with energy consumption can be reduced because
of the decreased aerobic reaction time per day, but a high
nitrogen removal could be achieved. These results further
demonstrate that model simulation is able to provide a foun-
dation for design and operation of biological WWTPs.

Conclusions

In this work, efforts were made to simulate the performance
of a full-scale SBR plant for municipal wastewater treatment.

Figure 7. Model evaluation using the results from: (A)
oxygen consumption batch tests; (B) nitrifica-
tion batch tests, and (C) denitrification batch
tests.

Figure 8. Model predictions for the full-scale SBR per-
formance: (A) ammonia-N, (B) nitrite-N, and
(C) nitrate-N.
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After incorporating all the relevant processes and characteriz-
ing the municipal wastewater and activated sludge with batch
tests, the modified ASM3 is found to be capable of simulating
and predicting the 60-day performance of a full-scale SBR
WWTP in terms of COD, NH4

þ-N, and MLVSS in the SBR
system and the batch experimental data under different condi-
tions. The sensitivity analysis suggests that the model parame-
ters involved in the storage process, the heterotrophic endoge-
nous decay, and growth have a great influence on the model
outputs. The model is successfully calibrated and validated at
two levels with the characterization of the input wastewater
and biomass. Moreover, the model is able to accurately simu-
late the short-term effects resulting from the variation of influ-
ent COD loading. The modeling work in this article is useful
for operation and optimization of full-scale SBR plants.
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