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In wastewater treatment plants (WWTPs) the production of nitrite as an intermediate
in the biological nutrient removal (BNR) process has been widely observed, but not
been taken into account by most of the conventional activated sludge models yet. This
work aims to develop a mechanistic mathematical model to evaluate the BNR process
after resolving such a problem. A mathematical model is developed based on the Acti-
vated Sludge Model No.3 (ASM3) and the EAWAG Bio-P model with an incorporation
of the two-step nitrification–denitrification, the anoxic P uptake, and the associated
two-step denitrification by phosphorus accumulating organisms. The database used for
simulations originates from a full-scale BNR municipal wastewater treatment plant.
The influent wastewater composition is characterized using batch tests. Model predic-
tions are compared with the measured concentrations of chemical oxygen demand
(COD), NHþ

4 -N, NO
�
2 -N, NO

�
3 -N, PO

3�
4 -P, and mixed liquid volatile suspended solids.

Simulation results indicate that the calibrated model is capable of predicting the mi-
crobial growth, COD removal, nitrification and denitrification, as well as aerobic and
anoxic P removal. Thus, this model can be used to evaluate and simulate full-scale
BNR activated sludge WWTPs. VVC 2009 American Institute of Chemical Engineers AIChE J,

56: 1626–1638, 2010
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Introduction

In activated sludge processes for municipal wastewater
treatment plants (WWTPs) the biological removal of nitro-
gen, phosphorus, and organic carbon substances can be
simultaneously achieved. The phosphorus-removing process
is more complex, compared with the N- and chemical

oxygen demand (COD)-removing processes.1–5 Mathematical

modeling has been demonstrated to be essential to under-

stand the complex microbial systems, such as a biological

nutrient removal (BNR) activated sludge system.6,7 In addi-

tion, dynamic simulation of a WWTP is also found to be

useful for selecting operational strategies to improve process

stability, effluent quality and save operational costs.8,9

Optimum solutions to the design and operation of a WWTP
should include the mutual relationship among the different
process elements involved in wastewater and activated sludge.
Furthermore, a model regarding WWTP should be also able to
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transform the data obtained from lab-scale experiments into
quantitative knowledge, which helps in decision-making proc-
esses.10,11 Therefore, when a model is developed to simulate a
BNR WWTP, a comprehensive description of all the relevant
processes in the BNR should be taken into account.

Various types of models, such as the white-box model,
have been widely applied in this field, with learning, design,
and process optimization as the main applications.11 The
Activated Sludge Models (ASMs) developed by the Interna-
tional Water Association task group, such as Activated
Sludge Model No.1 (ASM1) and No.3 (ASM3),12 focus on
the heterogeneity of substrate and biomass types, and are
suitable for simulating a full-scale WWTP. The introduction
of the ASM model family is of great importance, as they
provide researchers and practitioners with a standardized set
of basis models. The ASM models, which integrate knowl-
edge, could also be used for many purposes, e.g., for the de-
velopment of virtual activated sludge processes.

The ASM1 was developed primarily for municipal treat-
ment plants to simulate the removal of organic carbon and
ammonium-N,13 while the subsequent ASM3 was established
to sort out a number of problems that have emerged from
the applications of ASM1.12,14 The new point of ASM3 with
respect to ASM1 is a real change in the modeling paradigm
from the maintenance/death/regeneration concepts to the
storage components. In ASM3, the storage of organic sub-
strates is included as a new process and lysis is replaced by
an endogenous respiration process. As a result, the hydroly-
sis becomes less important for the rates of oxygen consump-
tion and denitrification, and becomes independent of the
electron donor, compared with ASM1. Furthermore, the rates
of all processes (except for hydrolysis) under anoxic condi-
tions are lower than those under aerobic conditions. In
ASM3 smaller anoxic yield coefficients are used.14 ASM1
has been used as a tool for modeling the removal of organic
matter and for nitrification and denitrification processes for
more than a decade; considerable experience with this model
has been acquired. However, it is a different case for ASM3,
as it has not been extensively validated, attributed to the fact
that the model became available only recently.

ASM3 is a basic model, which can be used to predict oxy-
gen consumption, sludge production, nitrification, and deni-
trification in activated sludge for the treatment of municipal
wastewater.12 Biological phosphorus removal process is not
taken into account in ASM3. To sort out this problem, the
EAWAG Bio-P model was proposed to add biological phos-
phorus removal into a calibrated version of ASM3.15 The re-
vised ASM3 is extended by terms for phosphorus limitations
in the microbial growth processes, but almost all of proc-
esses and parameters are the same to those in ASM3.14,15

The EAWAG Bio-P model was designed without an addi-
tional glycogen pool, because previous studies had shown no
significant influence of glycogen on the biological phospho-
rus removal.15 However, kinetics of nitrification–denitrifica-
tion and denitrifying phosphorus removal in these models
are assumed as single-step processes. It is not true for some
cases, where a considerable amount of nitrite is observed to
build-up in full-scale BNR WWTPs. This is a limitation of
the ASMs and their extended versions. In this case, a model-
ing tool could be useful to anticipate the nitrite peaks,
change control strategies or operational conditions.16

In the nitrification process, the transformation from ammo-
nium to nitrate occurs in two steps with nitrite as an inter-
mediate. With the increasing application of nitrification-
including processes, modeling of nitrite in the two-step nitri-
fication has been commonly used and well documented.5,16

On the contrary, nitrite is often neglected in modeling deni-
trification processes and only few attempts have been made
to incorporate the intermediate in the existing models.17

The BNR activated sludge system has been widely used
for municipal wastewater treatment. As an aid for its appli-
cation, a mathematical simulation model for BNR would be
a useful tool. Therefore, the main objective of this study is
to develop a mechanistic model for the BNR processes in
full-scale WWTP, based on the ASM3 and the EAWAG
Bio-P model with significant modifications. After incorporat-
ing the two-step nitrification–denitrification, the anoxic P
uptake, and the two-step denitrifying phosphorus removal,
the developed model can be applied to simulate and describe
the performance of a full-scale anaerobic-anoxic-aerobic
WWTP.

Model Development

General descriptions

The ASM3 model and the EAWAG Bio-P model are the
foundation of our model.14,15 In our work, the two models
are combined and extended through taking two-step nitrifica-
tion–denitrification, anoxic P uptake, and associated two-step
denitrification by phosphorus accumulating organisms
(PAOs) into account. For this mathematical model for BNR,
the model components, biological processes, kinetic rate
equations, and their stoichiometric interactions with compo-
nents are presented in matrix format throughout Tables 1–6.

The symbol system in ASMs is followed and appropriately
supplemented in the model development,12 as shown in
Table 1. Related process kinetics and stoichiometrics to
describe the interactions and transformations among model
components are expressed compatibly with other ASMs.12

The process rate expressions for ordinary heterotrophic
organisms (XH), ammonia-oxidizing organisms (AOB,
XAOB), nitrite-oxidizing organisms (NOB, XNOB), and phos-
phorus accumulating organisms (XPAO) are given in Table 2,
reflecting the basic kinetic relationships constituting the
model backbone. The relevant stoichiometric coefficients for
these microorganisms are incorporated in appropriate matrix
cells of Tables 3–5, with Table 3 for XH, Table 4 for XAOB

and XNOB, and Table 5 for XPAO. The changing rate (genera-
tion or utilization) of a model component for a given bio-
chemical process can be obtained through multiplication of
related process stoichiometrics and kinetics.18,19 Suggested
values for the kinetic and stoichiometric parameters are
listed in Table 6, which defines all the parameters used in
the developed model, their symbols, and their units.

Model components

To develop a mechanistic model for simulating full-scale
WWTP with the removal of COD, nitrogen, and phosphorus
from municipal wastewater, wastewater and activated sludge
need to be characterized. In our model, there are 11 COD
components identified for carbonaceous materials, four
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components for nitrogenous materials and two components
for phosphorus materials in wastewater and activated sludge
mixed liquor (Table 1).

The total influent COD can be divided into four fractions:
un-biodegradable particulate COD (XI), un-biodegradable
soluble COD (SI), readily biodegradable COD (SS), and
slowly biodegradable COD (XS). In contrast to the ASM2d,20

the fermentation of the readily degradable substrate is
neglected in our model, as experimental results demonstrate
that there is no limitation of P-release attributed to the fer-
mentation in municipal wastewater.15,21,22

For modeling purposes, microorganisms with a particular

function are grouped together as a single entity. Thus, active

biomass is divided into: ordinary heterotrophic organisms

(XH) being unable to accumulate polyphosphate; ammonia-

oxidizing organisms (XAOB) performing nitritation, nitrite-

oxidizing organisms (XNOB) performing nitratation, and poly-

phosphate-accumulating organisms (XPAO) being able to

removal phosphate. In addition, there are three internally

stored carbonaceous compounds, which play important roles

in BNR systems: storage polymers of XH (XSTO), PHA

(XPHA), and stored polyphosphate (XPP).
Influent nitrogenous materials include ammonia (SNH4), ni-

trite (SNO2), nitrate (SNO3), and organic nitrogen contained in
the relevant corresponding COD fractions. In our work, ni-
trite is also included as a separate nitrogen component, as a
significant level of nitrite has been observed in many
cases.23–25 Nitrite may accumulate in the two-step nitrifica-
tion or denitrification processes, and accordingly is consid-
ered as an independent component in this model.

Total influent phosphorus materials consist of soluble inor-

ganic P and organic P. Similar to the organic N components

given earlier, a fixed organic P content is included in each

COD component and hence organic P components are

unnecessary for direct inclusion in the model.26 All soluble

inorganic P is considered as phosphate, which is included as

a separate component (SPO4
). Furthermore, polyphosphate

(XPP) internally stored by PAOs is included as a separate

model component.

Biological processes

Hydrolysis. In our model, slowly biodegradable substrate,
XS, is hydrolyzed with a rate characterized by surface reac-
tion kinetics as in ASM models (Process 1 in Table 2). The
hydrolysis process is presumably rate limiting for partial uti-
lization processes of readily biodegradable substrate.

Ordinary Heterotrophic Organisms (XH). Ordinary heter-
otrophic organisms (XH) can grow with oxygen, nitrite, or ni-
trate as an electron acceptor. In the ASM3 model the sole
substrate for their growth is storage polymers (XSTO).

14 The
growth processes, rate equations and their stoichiometric
interactions with the components are shown in Tables 2 and
3 (Processes 2–11) with several modifications, compared
with ASM3. In the ASMs, one-step complete denitrification
(i.e., from NO�

3 to nitrogen gas) is assumed, using Monod
kinetics for growth. For instance, in ASM3 denitrification is
modeled as a single-step process, neglecting nitrite as the in-
termediate product. Such an assumption is not reasonable
when a considerable amount of nitrite is build up in the sys-
tem.24,25 Therefore, in all the anoxic processes of our model,
the facultative heterotrophs can remove organic carbon
through anoxic respiration on either nitrite or nitrate, which
serves as an electron acceptor in the absence of dissolved
oxygen (DO). Thus, there are now two separate denitrifica-
tion rates for the denitrifiers, one on nitrite-N and another on
nitrate-N. This generates two separate kinetics for the anoxic
storage (Processes 3 and 4), the anoxic growth on XSTO

(Processes 6 and 7), the anoxic endogenous respiration of
active heterotrophs (Process 9), and the anoxic endogenous
respiration of XSTO (Process 11). Furthermore, denitrification
is modeled following a sequential reduction path for oxi-
dized nitrogen species, i.e., nitrate denitrified to nitrite and
nitrite denitrified to nitrogen, to better simulate the nitrite
accumulation in two-step denitrification processes. In addi-
tion, limitations for phosphorus in all growth processes are
included in the mechanistic model.

Ammonia Oxidizers and Nitrite Oxidizers. Biological ni-
trification process can be divided into two steps: ammonia
oxidation to nitrite by ammonia oxidizers (AOB), namely

Table 1. Definition of Components in the Developed Model

Number Component Definition Unit

Model dissolved components
1 SO Dissolved oxygen g O2 m

�3

2 SS Readily biodegradable substrate g COD m�3

3 SI Inert, non-biodegradable organics g COD m�3

4 SNH4 Ammonium nitrogen g N m�3

5 SNO3
Nitrate nitrogen g N m�3

6 SNO2
Nitrite nitrogen g N m�3

7 SN2
Dissolved nitrogen g N m�3

8 SPO4
Phosphate phosphorus g P m�3

Model particulate components
9 XH Active ordinary heterotrophic organisms g COD m�3

10 XAOB Active ammonia-oxidizer bacteria g COD m�3

11 XNOB Active nitrite-oxidizer bacteria g COD m�3

12 XPAO Active phosphorus accumulating organisms g COD m�3

13 XSTO Storage polymers of XH g COD m�3

14 XPHA Stored polyhydroxyalkanoate (PHA) of XPAO g COD m�3

15 XPP Stored polyphosphate of XPAO g P m�3

16 XS Slowly biodegradable substrate g COD m�3

17 XI Inert, non-biodegradable organics g COD m�3
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‘‘nitritation’’, and nitrite oxidation to nitrate by nitrite oxidiz-
ers (NOB), namely ‘‘nitratation’’. One limitation of the
ASM3 is its simplification of the two-step nitrification pro-
cess into a single-step reaction. This simplification may
cause serious problems in specific applications where nitrite

becomes important, either as a target final product or an
unwanted intermediate. In our work, the nitrification process
is regarded as a two-step reaction, i.e., ammonium oxidation
to nitrite and nitrite oxidation to nitrate. The AOB utilize
ammonium and the NOB consume nitrite for their aerobic

Table 2. Process Kinetic Rate Equations in the Developed Model

Process Process Rate Equations

1. Hydrolysis kH
XS=XH

KXþXS=XH
XH

Ordinary heterotrophic organisms
2. Aerobic storage kSTO

SS
KS;HþSS

SO2
KH;O2

þSO2
XH

3. Anoxic storage on nitrate kSTOgH;NOx
SS

KS;HþSS

KH;O2

KH;O2
þSO2

SNO3
KNO3

þSNO3
XH

4. Anoxic storage on nitrite kSTOgH;NOx
SS

KS;HþSS

KH;O2

KH;O2
þSO2

SNO2
KNO2

þSNO2
XH

5. Aerobic growth lH
XSTO=XH

KSTOþXSTO=XH

KS;H

KS;HþSS

SO2
KH;O2

þSO2

SNH4
KH;NH4

þSNH4

SPO4
KH;PO4

þSPO4
XH

6. Anoxic growth on nitrate lHgH;NOx
XSTO=XH

KSTOþXSTO=XH

KS;H

KS;HþSS

KH;O2

KH;O2
þSO2

SNO3
KNO3

þSNO3

SNH4
KH;NH4

þSNH4

SPO4
KH;PO4

þSPO4
XH

7. Anoxic growth on nitrite lHgH;NOx
XSTO=XH

KSTOþXSTO=XH

KS;H

KS;HþSS

KH;O2

KH;O2
þSO2

SNO2
KNO2

þSNO2

SNH4
KH;NH4

þSNH4

SPO4
KH;PO4

þSPO4
XH

8. Aerobic endogenous respiration bH;O2

SO2
KH;O2

þSO2
XH

9. Anoxic endogenous respiration bH;NOx
KH;O2

KH;O2
þSO2

SNO2þSNO3
KNOxþSNO2þSNO3

XH

10. Aerobic respiration of XSTO bSTO;O2

SO2
KH;O2

þSO2
XSTO

11. Anoxic respiration of XSTO bSTO;NOx
KH;O2

KH;O2
þSO2

SNO2þSNO3
KNOxþSNO2þSNO3

XSTO

Autotrophic organisms

12. Aerobic growth of XAOB lAOB
SO2

KA;O2
þSO2

SNH4
KA;NH4

þSNH4

SPO4
KA;PO4

þSPO4
XAOB

13. Aerobic growth of XNOB lNOB
SO2

KA;O2
þSO2

KI;NH4

KI;NH4
þSNH4

SNO2
KA;NO2

þSNO2

SPO4
KA;PO4

þSPO4
XNOB

14. Aerobic endogenous respiration of XAOB bAOB;O2

SO2
KA;O2

þSO2
XAOB

15. Aerobic endogenous respiration of XNOB bNOB;O2

SO2
KA;O2

þSO2
XNOB

16. Anoxic endogenous respiration of XAOB bAOB;NOx
KA;O2

KA;O2
þSO2

SNO2þSNO3
KNOxþSNO2þSNO3

XAOB

17. Anoxic endogenous respiration of XNOB bNOB;NOx
KA;O2

KA;O2
þSO2

SNO2þSNO3
KNOxþSNO2þSNO3

XNOB

Phosphorus accumulating organisms

18. Storage of XPHA qPHA
SS

KS;PAOþSS

XPP=XPAO

KPP;PAOþXPP=XPAO
XPAO

19. Aerobic storage of XPP qPP
SO2

KPAO;O2
þSO2

SPO4
KPO4 ;PP

þSPO4

XPHA=XPAO

KPHAþXPHA=XPAO

Kmax;PAO�XPP=XPAO

KiPP;PAOþKmax;PAO�XPP=XPAO
XPAO

20. Anoxic storage of XPP on nitrate qPPgPAO;NOx
KPAO;O2

KPAO;O2
þSO2

SNO3
KNO3

þSNO3

SPO4
KPO4 ;PP

þSPO4

XPHA=XPAO

KPHAþXPHA=XPAO

Kmax;PAO�XPP=XPAO

KiPP;PAOþKmax;PAO�XPP=XPAO
XPAO

21. Anoxic storage of XPP on nitrite qPPgPAO;NOx
KPAO;O2

KPAO;O2
þSO2

SNO2
KNO2

þSNO2

SPO4
KPO4 ;PP

þSPO4

XPHA=XPAO

KPHAþXPHA=XPAO

Kmax;PAO�XPP=XPAO

KiPP;PAOþKmax;PAO�XPP=XPAO
XPAO

22. Aerobic growth lPAO
XPHA=XPAO

KPHAþXPHA=XPAO

SO2
KPAO;O2

þSO2

SNH4
KPAO;NH4

þSNH4

SPO4
KPAO;PO4

þSPO4
XPAO

23. Anoxic growth on nitrate lPAOgPAO;NOx
XPHA=XPAO

KPHAþXPHA=XPAO

KPAO;O2

KPAO;O2
þSO2

SNO3
KNO3

þSNO3

SNH4
KPAO;NH4

þSNH4

SPO4
KPAO;PO4

þSPO4
XPAO

24. Anoxic growth on nitrite lPAOgPAO;NOx
XPHA=XPAO

KPHAþXPHA=XPAO

KPAO;O2

KPAO;O2
þSO2

SNO2
KNO2

þSNO2

SNH4
KPAO;NH4

þSNH4

SPO4
KPAO;PO4

þSPO4
XPAO

25. Aerobic endogenous respiration bPAO
SO2

KPAO;O2
þSO2

XPAO

26. Anoxic endogenous respiration bPAOgPAO;NOx
KPAO;O2

KPAO;O2
þSO2

SNO2þSNO3
KNOxþSNO2þSNO3

XPAO

27. Aerobic respiration of XPP bPP
SO2

KPAO;O2
þSO2

XPP

28. Anoxic respiration of XPP bPPgPAO;NOx
KPAO;O2

KPAO;O2
þSO2

SNO2þSNO3
KNOxþSNO2þSNO3

XPP

29. Aerobic respiration of XPHA bPHA
SO2

KPAO;O2
þSO2

XPHA

30. Anoxic respiration of XPHA bPHAgPAO;NOx
KPAO;O2

KPAO;O2
þSO2

SNO2þSNO3
KNOxþSNO2þSNO3

XPHA
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growth. The growth processes, rate equations and their stoi-
chiometric interactions with the components are shown in
Tables 2 and 4 (Processes 12–17).

Phosphorus Accumulating Organisms. In our model, the
storage of XPHA (Process 18 in Tables 2 and 5) describes the
storage of readily degradable substrate (SS) in the form of
cell-internal storage products (XPHA), according to the
EAWAG Bio-P model.15 The energy that becomes available
during the release of polyphosphate (XPP) is used to store the
substrate. This process occurs mainly under anaerobic condi-
tions, but is also observed in aerobic and anoxic zones. For
this reason, no inhibition terms are implemented in the
kinetic expression.

The PAOs require energy for the uptake of orthophosphate
(SPO4) and its storage in the form of cell internal polyphos-
phates (XPP). This energy can be obtained from the aerobic
or anoxic respiration of XPHA. An inhibition term is imple-
mented to take a maximum P-content of the PAOs into
account. To account for the reduced P uptake under anoxic
conditions, a separate kinetics for P uptake per PHA utilized
is introduced for anoxic conditions (Processes 20 and 21 in
Table 5). In the two anoxic P uptake processes, nitrate
(Process 20) or nitrite (Process 21) is respired instead of
oxygen. A reduction factor (gPAO,NOx) is introduced because
not all PAOs are capable of denitrification, which may only
proceed at a reduced rate, compared with the aerobic
P uptake.

In the EAWAG Bio-P and ASM 2/2d models, PAOs grow
only on the stored PHA. For this growth, the aerobic growth
process of PAOs present in the EAWAG Bio-P model is
included without modification (Process 22 in Tables 2 and
5). Additionally, two anoxic processes are included for
the anoxic PAOs growth on PHA under denitrifying

conditions. In this case, PAOs can utilize PHA for their syn-
thesis through anoxic respiration on either nitrite or nitrate,
which serves as an electron acceptor instead of using DO
(Processes 23 and 24 in Tables 2 and 5). To accommodate
anoxic growth of PAOs, their aerobic growth processes
(Process 22 in Tables 2 and 5) are duplicated for anoxic con-
ditions (Processes 23 and 24 in Tables 2 and 5), but with the
processes rates multiplied by the reduction factor gPAO,NOx.
In addition, a separate anoxic growth yield coefficient for
PAOs (YPAO,NOx, see Table 5) is introduced into the model.
The aerobic yield coefficient is reduced by a ratio to give an
anoxic yield coefficient.

Aerobic (Process 25 in Tables 2 and 5) and anoxic (Pro-
cess 26 in Tables 2 and 5) endogenous respiration processes
of PAOs account for all forms of biomass loss and energy
requirements not associated with growth by considering the
related respiration under both aerobic and anoxic conditions,
including decay, endogenous respiration, lysis, predation,
motility, death, etc. The anoxic endogenous respiration is
similar to the aerobic process, but both nitrite and nitrate,
instead of DO, serve as an electron acceptor, and the reduc-
tion factor gPAO,NOx should be introduced. Aerobic (Proc-
esses 27 and 29 in Tables 2 and 5) and anoxic (Processes 28
and 30 in Tables 2 and 5) respiration and lysis of the inter-
nal storage products (XPP and XPHA) processes are analogous
to the endogenous respiration of the biomass, which ensures
that the storage products decay along with the biomass.

Stoichiometry and kinetics

The stoichiometric matrix for our model is shown in
Tables 3–5, whereas all stoichiometric parameters are

Table 3. Stoichiometric Matrix for the Heterotrophic Organisms in the Developed Model

Variable Process SO SS SNH4
SNO2

SNO3
SN2

SPO4
XH XSTO XI

2 YSTO;O2
� 1 �1 iN;SS iP;SS YSTO;O2

3 �1 iN;SS
1�YSTO;NOx

1:14
YSTO;NOx�1

1:14 iP;SS YSTO;NOx

4 �1 iN;SS
YSTO;NOx�1

1:71
1�YSTO;NOx

1:71 iP;SS YSTO;NOx

5
YH;O2

�1

YH;O2
�iN;BM �iP;BM 1 �1

YH;O2

6 �iN;BM
1�YH;NOx

1:14YH;NOx

YH;NOx�1

1:14YH;NOx
�iP;BM 1 �1

YH;NOx

7 �iN;BM
YH;NOx�1

1:71YH;NOx

1�YH;NOx
1:71YH;NOx

�iP;BM 1 �1
YH;NOx

8 fI � 1 iN;BM � iN;XIfI iP;BM � iP;XIfI �1 fI

9 iN;BM � iN;XIfI fI � 1ð Þ=2:86 1� fIð Þ=2:86 iP;BM � iP;XIfI �1 fI

10 �1 �1

11 �1=2:86 1=2:86 �1

Table 4. Stoichiometric Matrix for the Autotrophic Organisms in the Developed Model

Variable Process SO SNH4
SNO2

SNO3
SN2

SPO4
XAOB XNOB XI

12 YAOB�3:43
YAOB

� 1
YAOB

� iN;BM 1=YAOB �iP;BM 1

13 YNOB�1:14
YNOB

�iN;BM �1=YNOB 1=YNOB �iP;BM 1

14 fI � 1 iN;BM � iN;XIfI iP;BM � iP;XIfI �1 fI

15 fI � 1 iN;BM � iN;XIfI iP;BM � iP;XIfI �1 fI

16 iN;BM � iN;XIfI fI � 1ð Þ=2:86 1� fIð Þ=2:86 iP;BM � iP;XIfI �1 fI

17 iN;BM � iN;XIfI fI � 1ð Þ=2:86 1� fIð Þ=2:86 iP;BM � iP;XIfI �1 fI
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explained and listed in Table 6. The distinct aerobic and
anoxic yields are applied in our model, which is a modifica-
tion to ASM3. Furthermore, nitrification process has been
extended into two steps as described earlier: nitritation and
nitratation. Thus, two separated yield coefficients are
included. YAOB and YNOB are the yield coefficients of AOB
and NOB, respectively. When one unit of SNH4 or SNO2

is
utilized for AOB or NOB growth, a stoichiometric ratio of
(3.43�YNH4

) or (1.14�YNO2
) is applicable for the amount of

dissolve oxygen (SO) consumed in the two-step nitrification
process.

Table 2 shows the kinetics of the developed model. The
kinetic parameters are listed in Table 6 with their definitions
and units. Similarly, the kinetic rate equations have been
modified significantly through the inclusion of the two-step
nitrification–denitrification, the anoxic P uptake, and the
two-step denitrification by PAOs (Table 2). For instance,
lAOB and lNOB are the two different maximum specific
growth rate constants for the AOB (XAOB) and NOB (XNOB)
groups, respectively, with KNH4 and KNO2 are the half-satura-
tion constants for the growth of the related microbial groups.

Definitions and default values for all the kinetic and stoi-
chiometric coefficients of our model are shown in Table 6.
The sources for the default values of all the parameters are
also included. The calibration of the parameters is presented
subsequently.

Materials and Methods

Description of the full-scale WWTP for BNR

A full-scale WWTP, consisted of primary clarifiers and
four lines of the activated sludge systems, is an A/A/O
(Anaerobic-Anoxic-Aerobic) process as shown in Figure 1.
This plant was designed for removal of COD, N and P from
domestic and industrial wastewaters of nearby communities.
After primary sedimentation, wastewater is introduced into
the activated sludge units in parallel, each consisting of three
concentric compartments, i.e., anaerobic tank, anoxic tank,
and aerobic tank. With diffused aeration, agitation by propel-
lers and a high internal recirculation, the activated sludge in
these units is well mixed. The activated sludge leaves the

aerobic tank via a weir prior to splitting into secondary set-
tlers. After settling, the purified sewage is discharged into a
river. A large fraction of the settled activated sludge (sec-
ondary sludge) is returned to the anaerobic tank to maintain
the desired biomass content, whereas the remaining part
(excess sludge) is wasted. The mixed liquor recirculation
and returned activated sludge recirculation are usually set at
300% of influent flux and 80% of influent flux, respectively.

The reactor volumes of the anaerobic, anoxic, and aerobic
tanks are 3,220, 6,441, and 22,543 m3, respectively. Their
corresponding hydraulic retention times are 1.5, 3.2, and
10.8 h, respectively, with an influent flow rate of 2150 m3

h�1. The operating sludge retention time of the Anaerobic-
Anoxic-Aerobic activated sludge system is �10 days. The
constituent characteristics of the influent and the effluent are
listed in Table 7.

Experimental data collection

The recordings of routine measurements for this full-scale
WWTP are used as a data source for dynamic simulation.
The measurements include COD, ammonia (NHþ

4 AN), ni-
trate (NO�

3 AN), nitrite (NO�
2 ), phosphate (PO3�

4 AP), mixed
liquid suspended solid (MLSS), and mixed liquid volatile
suspended solid concentrations. These measurements were
conducted according to the Standard Methods.27

Influent characterization

The active and endogenous biomass concentrations of the
ordinary heterotrophic organisms (XH), ammonia-oxidizing
organisms (XAOB), nitrite-oxidizing organisms (XNOB), and
polyphosphate accumulating organisms (XPAO) are experi-
mentally determined following the methods of Wentzel
et al.28 The biodegradable COD (BCOD) in the influent was
the sum of the readily biodegradable soluble COD (SS) and
the slowly biodegradable particulate COD (XS).

29 The biode-
gradable COD (BCOD and SSþXS) concentration was calcu-
lated according to Grady et al.8 The inert fraction SI was
determined independently and subtracted from the soluble
COD to give the fraction SS. SI was evaluated from the inert
COD in the effluent of the WWTP. The concentrations of XS

Table 5. Stoichiometric Matrix for the Phosphorus Accumulating Organisms in the Developed Model

Variable Process SO SS SNH4
SNO2

SNO3
SN2

SPO4
XPAO XPP XPHA XI

18 �1 iN;SS YPO4
þ iP;SS �YPO4

1

19 �YPHA �1 1 �YPHA

20 YPHA=1:14 �YPHA=1:14 �1 1 �YPHA

21 �YPHA=1:71 YPHA=1:71 �1 1 �YPHA

22
YPAO;O2�1

YPAO;O2
�iN;BM �iP;BM 1 �1

YPAO;O2
23 �iN;BM

1�YPAO;NOx
1:14YPAO;NOx

YPAO;NOx�1

1:14YPAO;NOx
�iP;BM 1 �1

YPAO;NOx

24 �iN;BM
YPAO;NOx�1

1:71YPAO;NOx

1�YPAO;NOx
1:71YPAO;NOx

�iP;BM 1 �1
YPAO;NOx

25 fI � 1 iN;BM � iN;XIfI iP;BM � iP;XIfI �1 fI

26 iN;BM � iN;XIfI fI � 1ð Þ=2:86 1� fIð Þ=2:86 iP;BM � iP;XIfI �1 fI

27 1 �1

28 1 �1

29 �1 �1

30 �1=2:86 1=2:86 �1
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Table 6. Definition and Default Values for the Kinetic and Stoichiometric Coefficients in the Developed Model

Symbol Definition Values Unit Source

Composition factors
iN,BM Nitrogen content of biomass 0.07 g N g�1 COD (a)
iP,BM Phosphorus content of biomass 0.02 g P g�1 COD (a)
iN,XI Nitrogen content of XI 0.02 g N g�1 COD (a)
iP,XI Phosphorus content of XI 0.01 g P g�1 COD (a)
iN,SS Nitrogen content of SS 0.03 g N g�1 COD (a)
iP,SS Phosphorus content of SS 0.01 g P g�1 COD (a)

Hydrolysis
kH Hydrolysis rate constant 0.125 h�1 (b)
KX Hydrolysis saturation constant 1.0 g COD g�1 COD (b)

Heterotrophic organisms
YSTO,O2

Aerobic yield coefficient for XH storage 0.85 g COD g�1 COD (b)
YSTO,NOx Anoxic yield coefficient for XH storage 0.80 g COD g�1 COD (b)
YH,O2

Aerobic yield coefficient for XH growth 0.63 g COD g�1 COD (b)
YH,NOx Anoxic yield coefficient for XH growth 0.54 g COD g�1 COD (b)
gH,NOx Anoxic reduction factor 0.6 — (b)
fI Fraction of XI in endogenous respiration 0.2 g COD g�1 COD (b)
kSTO Storage rate constant of XH on SS 0.21 h�1 (b)
lH Maximum growth rate of XH on XSTO 0.083 h�1 (b)
bH,O2

Aerobic respiration rate of XH 0.0083 h�1 (b)
bH,NOx Anoxic respiration rate of XH 0.0042 h�1 (b)
bSTO,O2

Aerobic respiration rate of XSTO 0.0083 h�1 (b)
bSTO,NOx Anoxic respiration rate of XSTO 0.0042 h�1 (b)
KS,H Biomass affinity constant of XH for SS 2.0 g COD m�3 (b)
KSTO Biomass affinity constant of XH for XSTO 1.0 g COD g�1 COD (b)
KH,O2

Dissolve oxygen affinity constant of XH 0.20 g O2 m
�3 (b)

KH,NH4
Ammonia affinity constant of XH 0.01 g N m�3 (b)

KH,PO4
Phosphorus affinity constant of XH 0.01 g P m�3 (a)

KNO3
Biomass nitrate affinity constant 0.50 g N m�3 (b)

KNO2
Biomass nitrite affinity constant 0.50 g N m�3 (b)

KNOx Biomass SNOx affinity constant 0.50 g N m�3 (b)
Autotrophic organisms
YAOB Yield coefficient for XAOB growth 0.15 g COD g�1 N (c)
YNOB Yield coefficient for XNOB growth 0.041 g COD g�1 N (c)
fI Fraction of XI in endogenous respiration 0.2 g COD g�1 COD (b)
lAOB Maximum growth rate of XAOB 0.017 h�1 (c)
lNOB Maximum growth rate of XNOB 0.046 h�1 (c)
bAOB,O2

Aerobic respiration rate of XAOB 0.0042 h�1 (c)
bAOB,NOx Anoxic respiration rate of XAOB 0.0013 h�1 (c)
bNOB,O2

Aerobic respiration rate of XNOB 0.0025 h�1 (c)
bNOB,NOx Anoxic respiration rate of XNOB 0.0013 h�1 (c)
KA,O2

Autotrophic oxygen affinity constant 0.5 g O2 m
�3 (b)

KA,NH4
Ammonia affinity constant of XAOB 2.4 g N m�3 (c)

KA,NO2
Nitrite affinity constant of XNOB 0.238 g N m�3 (c)

KA,PO4
Autotrophic SPO4

affinity constant 0.01 g P m�3 (a)
KI,NH4

Ammonia inhibition of nitrite oxidation 5.0 g N m�3 (d)
KNOx Biomass SNOx affinity constant 0.50 g N m�3 (b)

Phosphorus accumulating organisms
YPO4

Requirement of XPP per XPHA storage 0.35 g P g�1 COD (e)
YPHA Requirement of XPHA per XPP storage 0.2 g COD g�1 P (e)
YPAO,O2

Aerobic yield coefficient for XPAO 0.6 g COD g�1 COD (e)
YPAO,NOx Anoxic yield coefficient for XPAO 0.5 g COD g�1 COD (e)
fI Fraction of XI in endogenous respiration 0.2 g COD g�1 COD (e)
gPAO,NOx Anoxic reduction factor 0.6 — (a)
qPHA Rate constant for storage of XPHA 0.25 h�1 (e)
qPP Rate constant for storage of XPP 0.0625 h�1 (e)
lPAO Maximum growth rate of XPAO 0.0417 h�1 (e)
bPAO Endogenous respiration rate of XPAO 0.0083 h�1 (e)
bPP Lysis of XPP 0.0083 h�1 (e)
bPHA Respiration rate for XPHA 0.0083 h�1 (e)
KS,PAO Biomass saturation constant for SS 10 g COD m�3 (e)
KPP,PAO Saturation constant for XPP/XPAO 0.05 g P g�1 COD (e)
KPAO,O2

Biomass saturation constant for SO 0.2 g O2 m
�3 (e)

KPO4,PP
Saturation constant for SPO4

of storage 0.2 g P m�3 (e)
KPHA Saturation constant for XPHA/XPAO 0.1 g COD g�1 COD (e)
KiPP,PAO Saturation for Kmax,PAO-(XPP/XPAO) 0.05 g P g�1 COD (e)
Kmax,PAO Maximum ratio of XPP/XPAO 0.2 g P g�1 COD (e)
KPAO,NH4

Biomass saturation constant for SNH4
0.01 g N g�1 m�3 (e)

KPAO,PO4
Saturation constant for SPO4

of growth 0.05 g P g�1 m�3 (e)
KNO3

Biomass nitrate affinity constant 0.50 g N m�3 (e)
KNO2

Biomass nitrite affinity constant 0.50 g N m�3 (e)
KNOx Biomass SNOx affinity constant 0.50 g N m�3 (e)

(a) Henze et al.20; (b) Gujer et al.14; (c) de Kreuk et al.5; (d) Henze et al.12; (e) Rieger et al.15
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and XI were estimated based on the BOD5 measurements.30

With the characterization of the organic fractions SI, SS and
XS, the fraction XI could be found to be the difference
between the total COD and the other fractions. The fractio-
nation was performed on each consecutive day during the
long-term simulation period.

Simulation approach

In this work all simulation and parameter estimation were
performed with a nonlinear least-squares algorithm in the
AQUASIM software package.31 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.6

Results and Discussion

Influent characterization

For the influent wastewater of the WWTP, the active and
endogenous biomass concentrations of the ordinary hetero-
trophic organisms (XH), ammonia-oxidizing organisms
(XAOB), nitrite-oxidizing organisms (XNOB), and polyphos-
phate accumulating organisms (XPAO) are experimentally
determined and all of them are found to be close to zero.
Thus, the total influent COD can be simply characterized as
the sum of SS, XS, SI, and XI. The average contribution of
the individual model components, i.e., SS, XS, SI, and XI, to
the total influent COD is calculated prior to model calibra-
tion. During the simulation period, the influent COD fraction
did not fluctuate substantially. The SS fraction is measured to
be �23% of the total COD after settling, and this value is
comparable with the results of other studies4,9,30 in which
the SS concentration of the settled wastewater constitutes
26–32% of the total COD. The initially SI fraction is esti-
mated to be �6% of the total COD. The initially established
XI fraction, 22% of the total COD, lies within the range of
10–29% reported in the literature.4,9,10,30,32 The contribution
of XS is calculated to be 49% of the total COD. Thus, the
SS=ðSS þ XSÞ ratio is calculated and the values remain within
the suggested range of 0.3–0.5.9

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 model incorporates a number of stoichiometric and
kinetic parameters relating to XH, XAOB, XNOB, and XPAO.
With regard to the stoichiometric and kinetic parameters,
most of these values are taken from the previous studies to
reduce the number of parameters to be calibrated.5,12–15

However, with the modifications through the introduction of
two-step nitrification–denitrification, anoxic P uptake, and
two-step denitrification by PAOs, a number of associated
new stoichiometric and kinetic parameters are introduced
into in our model. They include: yield coefficient for XAOB

growth (YAOB), yield coefficient for XNOB growth (YNOB),
maximum growth rate of XAOB (lAOB), maximum growth
rate of XNOB (lNOB), ammonia inhibition of nitrite oxidation
(KI,NH4), anoxic yield coefficient for XPAO (YPAO,NOx), anoxic
reduction factor of XH (gH,NOx), and anoxic reduction factor
of PAOs (gPAO,NOx), etc.

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

F pð Þ ¼
Xn
i¼1

yexp;i � y pð Þi
� �2 !1=2

(1)

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

Figure 1. A flow sheet of the A/A/O process at the full-scale WWTP.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Table 7. Characteristics of the Influent and Effluent for the
Full-scale WWTP (The Standard Deviations are Listed in

Parentheses just After the Average Values)

Characteristics Influent Effluent

COD (mg L�1) 400 (100) 35 (10)
BOD5 (mg L�1) 200 (50) 4.0 (3.0)
NHþ

4 AN (mg L�1) 45 (15) 5.0 (10)
NO�

2 AN (mg L�1) 0.1 (0.1) 2.5 (3.0)
NO�

3 AN (mg L�1) 0.5 (0.5) 6.0 (7.0)
PO4

�AP (mg L�1) 5.0 (4.0) 1.0 (1.5)
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vector of the model parameters. The standard deviation in
parameter determination is required to be lower than 50%
to ensure the validity of the values of the obtained
parameters. The identifiability of the model is investigated
by starting the minimizing of the objective function (Eq. 1)

with different initial conditions on the parameters and
examining if the results (the values of the optimal
parameters) are consistent or not. The approach used in
our work is to change the studied parameters with a certain
percentage of their nominal and the behavior of the model

Figure 2. Measured and predicted results of the full-scale WWTP in model calibrations: (A) effluent COD concen-
trations and (B) COD removal contents.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 3. Measured and predicted results of the full-scale WWTP in model calibrations: (A) effluent ammonia con-
centrations; (B) ammonia removal contents; (C) effluent nitrite concentrations; and (D) effluent nitrate
concentrations.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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is evaluated as a consequence of a variation of the input
parameters.

The values for YAOB, YNOB, and YPAO,NOx are obtained
from the experimental data reported in the literature,5,15 but
the values for gH,NOx and gPAO,NOx should be estimated
through fitting simulation results to the experimental
data.33,34 To find appropriate values for gH,NOx and gPAO,NOx
for the full-scale BNR WWTP, the values for gH,NOx and
gPAO,NOx are adjusted until the predicted effluent nitrate and
nitrite concentrations match those measured. The parameters
of lAOB and lNOB for the two nitrifiers (AOB and NOB) are
usually considered to be wastewater characteristics-depend-
ent,33–35 because they vary from system to system and are
significantly influenced by the wastewater characteristics.
Accordingly, their actual values have to be calibrated for
each system by simulation, until the predicted effluent am-
monia matches the measured. In addition, our model is also
calibrated with the experimentally determined COD removal
through adjusting the storage rate constant of XH on SS
(kSTO) and maximum growth rate of XH on XSTO (lH). Simi-
larly, the experimentally determined P uptake is used to cali-
brate the rate constant for storage of XPP (qPP) and maximum
growth rate of XPAO (lPAO). The model calibration processes
are described in detail in the subsequent subsections.

COD Consumption. For the simulated WWTP, the COD
removal content is first evaluated for model calibration. It
should be noted that the substrate type, reactor operating
conditions, and microbial communities are important factors
affecting the organic substrate consumption processes. Thus,
the substrate-consumption-related kinetic parameters, i.e.,
kSTO and lH, should be calibrated for different WWTPs.36

The predicted effluent COD concentrations and COD re-
moval contents match the measured results well after adjust-
ing the two parameters (Figure 2). After calibration, a kSTO
value of 0.14 h�1 and a lH value of 0.12 h�1 can be applied
to this BNR WWTP. The obtained optimal kSTO and lH val-
ues are consistent at different initial values of the parame-
ters, indicating the identifiability of the model.

Two-Step Nitrification–Denitrification. In our model, the
two-step nitrification–denitrification processes are included
to better model the N conversion dynamics of. The model
simulations are evaluated by comparing the predicted results
with the measured. The parameters of lAOB and lNOB for
the two nitrifiers (AOB and NOB) and the two anoxic reduc-
tion factors of gH,NOx (for XH) and gPAO,NOx (for XPAO) are
adjusted until the simulated effluent ammonia, nitrite, and
nitrate concentrations and ammonia removal contents closely
match the measured results. The values lAOB and lNOB are
calibrated to be 0.028 h�1 and 0.039 h�1, respectively. The
parameters of gH,NOx and gPAO,NOx are determined to be 0.48
and 0.52, giving a good fit with the predicted two-step nitri-
fication–denitrification behavior. The calibrated kinetic
parameter values in this work are comparable with those
reported in the literature.3,5,7,14,15,20,30,32,37 Furthermore,
these calibrated kinetic parameter values are consistent at
different initial values of the parameters. Thus, the model
has a good identifiability. As shown in Figure 3, the calibrated
model gives good predictions for this full-scale WWTP.

Biological P Uptake. The comparison between the pre-
dicted PO3�

4 AP removal contents and the effluent PO3�
4 AP

concentrations with the measured results is shown in
Figure 4, and a good agreement between the predictions
and the measurements is observed. In the model simulation,
the kinetic parameters of P uptake (qPP and lPAO) have a
significant effect on the predictions for biological P uptake
in the full-scale WWTP. To improve the simulations for
this BNR system, a value of 0.105 h�1 for qPP and a value
of 0.058 h�1 for lPAO are obtained after model calibration
with the experimental results. Also, the calibrated value of
qPP and lPAO are consistent at different initial values, sug-
gesting the identifiability of the model again.

Model validation

Model validation was based on the comparison between
the model predictions from the calibrated parameters in the

Figure 4. Measured and predicted results of the full-scale WWTP in model calibrations: (A) effluent PO3�
4 AP con-

centrations; and (B) PO3�
4 AP removal contents.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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section earlier (no parameters were changed in the subse-
quent validation step) and the experimental data, which were
not used in the calibrations earlier. The validation results are
shown in Figure 5. The model results match the trends in
biomass production (i.e., MLVSS concentrations), COD con-
sumption, ammonia removal, effluent nitrite and nitrate
concentrations, and biological P uptake for the full-scale
WWTP. The maximum difference between the measured and
calculated values is 20%, and 70% of the results have a dif-
ference by less than 10%. Furthermore, the model shows no
systematic deviations.

The predicted VSS concentrations in the aerobic tank ver-
sus are shown in Figure 5A with the measured results. The
model gives reasonable VSS predictions. However, the pre-

dicted VSS concentrations are higher than the measured ones
in most case. Such a discrepancy may be attributed to the
estimated higher fractions for the influent COD concentra-
tion, which is non-biodegradable particulate in the influent
characterization. As shown in Figure 5B, the predicted COD
show a close correlation with the measured one, suggesting
that the calibrated parameters can be applicable in this full-
scale WWTP.

It is noted that the predicted ammonia removals are
slightly higher than the measured values in some cases
(Figure 5C). This is associated with the fact that denitrifica-
tion may partially take place in the aerobic tank because of
an air supply shortage problem.34 The both predicted and
measured P uptake efficiencies are shown in Figure 5D and

Figure 5. Measured and predicted results of the full-scale WWTP in model validations: (A) VSS concentrations; (B)
COD removal contents; (C) ammonia removal contents; (D) PO3�

4 AP removal contents; (E) effluent nitrite
concentrations; and (F) effluent nitrate concentrations.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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a close correlation is observed. This supports for the inclu-
sion of denitrifying PAOs, two-step PAO denitrification, and
anoxic P uptake into our model, and also demonstrates the
effectiveness of the calibrated values for the processes. For
denitrification, the model gives reasonable simulation results
for the effluent nitrite and nitrate concentrations (Figures 5E,
F). Because of the inclusion of the two-step nitrification–
denitrification into our model, the predicted effluent nitrite
concentrations match the measured ones. Thus, with the cali-
brated parameters, the developed model is applicable to
simulate this full-scale WWTP.

Long-term simulation

Over 1-month operating data of this WWTP, which are not
previously used for model calibration, are employed for model
evaluation. The selected simulation results are illustrated in
Figure 6 along with the measured data. There is a close correla-
tion between the measured and the modeled results. The pre-
dicted effluent COD levels match the measured ones. More-

over, the model is capable of accurately simulating the short-
term effects resulting from the variation of influent COD load-
ing in which high simulated peaks of COD are observed at the
high influent COD levels (Figure 6A).

A good prediction is also observed with respect to the
effluent NHþ

4 -N concentration and its disturbance
(Figure 6B). The mean value of the differences between the
measured data and model predictions is relatively low. For
the long-term dynamic behavior of nitrite and nitrate, the av-
erage difference between the simulated and measured efflu-
ent nitrite (Figure 6C) and nitrate concentrations (Figure 6D)
is less than 2 mg N L�1, showing a good agreement.
Regarding the effluent PO3�

4 AP concentrations, the model is
also capable of simulating the disturbances under hydraulic
stress conditions (Figure 6E). The difference between the
simulated and measured PO3�

4 AP concentrations is � 15%.
Even though such a value appears to be high, the model is
able to reasonably predict the PO3�

4 AP changing trends
(Figure 6E).

Conclusions

In this work a mechanistic model is developed and used
to simulate and predict the operating performance of acti-
vated sludge BNR systems for municipal wastewater treat-
ment. Such a model is based on the ASM3 and the EAWAG
Bio-P model with significant modifications, e.g., inclusion of
the two-step nitrification–denitrification, the anoxic P uptake,
and the associated two-step denitrification by PAOs. After
incorporating all these processes and characterizing the influ-
ent wastewater, the model is capable of simulating and pre-
dicting the full-scale BNR WWTP in terms of COD and
ammonia removal, effluent nitrite and nitrate concentrations,
biological P uptake, and biomass production. Moreover, the
model is able to accurately simulate the 1-month continuous
operating performance and the short-term effects resulting
from the variation of influent loading. The prerequisite for a
successful application of this model is the implementation of
an extensive calibration and validation procedure, as demon-
strated in this work. Such a modeling exercise is not only
carried out to gain more experience from practical applica-
tion of the model, but is also beneficial to a better under-
standing of plant operation and treatment processes and to a
further optimization of WWTPs.
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