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ABSTRACT

An eight-phased AA/O process has advantages of saving energy power, cost, and enhancing
nitrogen and phosphorus removal; it does not need equipment for sludge and mixed liquor
recycle and also it required small land for construction. A computer program was built based
on activated sludge model No. 2d (ASM2d) for simulating the performance of multi-tank AA/O
activated sludge process in Wuxi campus, southeast university. The difficulty of simulation is
the system operation with unsteadily state condition. The results indicated that the growth rate
constant of ammonia oxidizing bacteria was 1.4day�1 and yield coefficient was 0.14. According
to simulation, heterotrophic organism XH, phosphate accumulating organism XPAO, and ammo-
nia oxidizing bacteria XAOB decreased in the anaerobic tanks because of the lysis reaction. Then
the XH, XPAO, and XA increased in the aerobic tanks due to aerobic growth. The heterotrophic
microorganism; phosphorus accumulating organism; and autotrophic bacteria concentrations
increased in quantities by about 56, 36, and 74% in tank one due to changes in the environmen-
tal state condition from anaerobic to aerobic and decreased in quantities by about 20, 44, and
0.14% in the tank three due to changes in the environmental state condition from aerobic to
anoxic. The ratio of total nitrifying species to total active biomass varied between 1 and 12% in
multi-tank AA/O process. The multi-tank AA/O system achieved 89±1.3%, 87.7 ± 1.1%, 73.6
± 2.1%, and 83.7 ± 0.9% of chemical oxygen demand, NH4

+ -N, TN, and total phosphorus (TP)
removal efficiencies, respectively, during a six-month operation with the effluent meeting Chi-
nese sewage discharge standard GB18918-Grade A.
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1. Introduction

Over the last 10 years, a number of biological
nitrogen and phosphorus removal processes have

been used to remove phosphorus with simultaneous
nitrification and denitrification process. Most of the
developed biological nitrogen and phosphorus
removal processes consist of a sequential anaerobic
and aerobic stage for biological phosphorus removal*Corresponding author.
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and recycle mixed liquor into anoxic zones to prop
up the removal efficiency of total nitrogen. This
approach required more energy for mixed liquid
recirculation or addition of additional carbon sub-
strate for denitrification process in anoxic zones
accordingly, increasing the operational cost of these
processes. Phosphorus and nitrogen removal
enhanced via reconfiguring biological nutrient
removal processes through canceling internal mixed
liquor recirculation. This was done by configuring
the process into anaerobic, oxic, anoxic, oxic zones
in sequence in southeast university of China. A
flow was fed into the anaerobic/anoxic zone by
changing intake location. Many types of
micro-organisms involved in the complex biological
transformation processes, such as heterotrophic
organisms, phosphate accumulating organisms, and
autotrophic organisms. In order to understand
bacterial reactions in biological nutrient removal
processes, many different types of mathematical
models have been proposed [1,2] and applied in
the biological nutrient removal processes [3–6].
Some of them two-stage nitrification models [7,8]
and other multi-stage denitrification models [9,10]
were proposed in the biological nutrient removal
processes. Although these models could predict
nitrification or denitrification successfully, the appli-
cation of these models were merely related to nitro-
gen removal, that is, the behaviors of heterotrophic
organisms, phosphate accumulating organisms, and
autotrophic organisms in both nitrogen and phos-
phorus removal process were not taken into account
simultaneously. Activated sludge model No. 2d rep-
resents a model for biological phosphorus removal
with simultaneous nitrification–denitrification in acti-
vated sludge systems. ASM2d is the extension of
ASM2 model where it expanded to include the den-
itrifying activity of the phosphorus accumulating
organism (XPAOs). Since ASM2d model can be
described as multi-stage denitrification and phos-
phorus removal simultaneously, the objectives of
this study are listed as follows: (1) to establish a
model (Activated Sludge model No. 2d) in which
multi-stage denitrification and phosphorus removal
were taken into account simultaneously, (2) to vali-
date the model by exploring the consistency
between simulated and observed values of different
components including soluble COD SS; NH4-N;
NO3-N; and PO4-P in multi-tank AA/O process,
and (3) to analyze the kinetics of different micro-
organisms including heterotrophic organisms, phos-
phate accumulating organisms, and autotrophic
organisms in the multi-tank AA/O process.

2. Materials and methods

2.1. Experimental equipment

The main parts of a pilot plant utilized in this study
are the main body which are rectangular box
750� 630� 900mm, air compressor, pre-static pumps,
mechanical agitation mixers, PLC programmable logic
control, LCD display screen, inlet wastewater electro-
magnetic valves, outlet water electromagnetic valves,
aeration electromagnetic valves, sludge discharge elec-
tromagnetic valves PVC pipes, and others. The princi-
ple diagram of pilot plant is shown in Fig. 1. The
effective water depth in the five-step continuous flow
activated sludge system is 650mm while the total
depth is 900mm. The plane dimensions of tank two,
tank three, and tank four are square planes while tank
one and tank five are rectangular planes whereas the
effective volumes of tank two, tank three, and tank
four are 250� 250� 650mm, while for tank one and
tank five are 380� 290� 650mm which make volume
ratio between rectangular and square tanks, vtank one/
vtank two, equal 1.75. An operation cycle is composed of
two half cycles with same running schemes, in which
the raw wastewater flows from tank one to tank five
during the first half cycle, and from tank five to tank
one during the second; the first half cycle is similar to
second half cycle. The scheme of first half cycle is
included in Fig. 1 as bar diagram; it is divided into four
phases named as phase I, II, III, and IV, respectively. In
this scheme, tank one, tank two, tank three, and tank
four operated as reactors and tank five as settler. The
direction of flow was changed automatically via chang-
ing of intake location so that the system achieved auto-
matic recirculation without equipment to return sludge
and mixed liquor. Therefore, this system is effective for
reducing energy consumption. Time and environmen-
tal state condition were controlled during each phase
to achieve the function of AA/O process in the
multi-tank system. An optimized removal efficiency of
pollutant was achieved at a HRT of 16 h, SRT of 21 day,
and air/water ratio of 35% at a temperature range of
19–23˚C. The optimized running time was 1.5, 1, 1, and
0.5 h for phase I, II, III, and IV, respectively.

2.2. Data collection and model algorithms

This study was conducted in Wuxi campus, south-
east university in four different runs for calibration
and parameter estimation and also four different runs
for simulation. The raw wastewater was collected
from a main manhole every day in a storage tank so it
is steady-state simulation. The equations for imple-
menting the calculation of ASM2d were described as
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follows. First, the basic equation for a mass balance
within any defined system boundary was:

Input�Output tþ Reaction ¼ Accumulation ð1Þ

Therefore, the summary of the mathematical
model equations for the reaction rate of each compo-
nent could be described as in the following equation:

CðtÞ � ðdC=dtÞ ¼ ðIKi �OKi þDKi �DKiÞ=ðVKiCKiÞ ð2Þ
where Iki and Oki are input (influent) and output
transport terms of the ith component in the kth tank;
Pki and Dki are production and degradation terms of
the ith component in the kth tank; Vki is the volume
of the kth tank. The reaction term for the ith compo-
nent; and ri is obtained by summing the product of
the stoichiometric coefficients mij (Table 1) and the
process rate expression ej (Table 2) for the component
i being considered in the mass balance:

ri ¼
X
j

vijqj ð3Þ

2.3. Sensitivity analysis

The effects of usually large uncertainties parame-
ters in the multi-tank AA/O should be taken into
account before starting the simulation of the system
via sensitivity analysis. Interval analysis or stochastic
techniques could be applied in steady- and tran-
sient-state condition [11,12]. In this study, the sensi-
tivity of effluent components for some important
parameters was analyzed based on a 5% increased
rate in the standard values. All stoichiometrics are
four parameters and kinetic parameters include
forty-two parameters of ASM2d model. The compo-
nent concentrations in the influent are sixteen
parameters.

The sensitivity analyses of the above parameters
(p) with respect to effluent components (E) were calcu-
lated by the following equation;

Sensitivity ¼ dE=E

dp=p
ð4Þ

Fig. 1. Layout and algorithms of multi-tank AA/O process during a first half cycle.
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where dp is the change in the parameter value p and
dE is the change in the output E.

The effluent component concentrations (E) have
different sensitivities towards different parameters (P)
according to sensitivity analysis via above equation.
This study showed that the effluent ammonia-nitrogen
and nitrate-nitrogen had a sensitivity of more than
one towards five parameters, influentNH4-
N; lA; YPO4; qpp and YPO4; the effluent nitrate-nitro-

gen had sensitivity of more than one towards four
parameters, influent flow-rate, lA;YH; YPO4. The
effluent PO4-P has more sensitivity towards PO4-P,
qPHA, qPP, lPAO, YH, KMAX, YPO4.

2.4. Model calibration

There are many parameters in ASM2d model. For
those parameters that are known to be approximately
constant in domestic wastewater, the default values
from previous research studies [3,13] were used as
shown in Table 3.

Model calibration procedure is a process of adjust-
ing coefficient values of the model as shown in Fig. 2,
therefore the results simulated by the ASM2d model
with these coefficients closely agree with the observed
data. The model parameters are highly dependent on
environmental state conditions. The parameter values
are estimated by minimizing the sum of squares of

Table 2
Process rate equations

j Process Process rate equation qj0qj � 0 ðM1L
�3T�1Þ

Heterotrophic organisms: XH

1 Aerobic growth on SF lH
S02

KO2HþSO2

SF
KFHþSF

SF
SSþSF

SNH

KNH4HþSNH

SPO
KPHþSPO

SALK

KALKþSALK
XH

2 Aerobic growth on SA lH
S02

KO2HþSO2

SA
KAHþSA

SA
SAþSF

SNH

KNH4HþSNH

SPO
KPHþSPO

SALK

KALKþSALK
XH

3 Anoxic growth on SF,
denitrification (SNO)

lHgNO3H
KO2H

KO2HþSO2

SNO

KNO3HþSNO

SF
KFHþSH

SA
SAþSF

SNH

KNH4HþSNH

SPO
KPHþSPO

SALK

KALKþSALL
XH

4 Anoxic growth on SA,
denitrification (SNO)

lHgNO3H
KO2H

KO2HþSO2

SNO

KNO3HþSNO

SA
KFHþSF

SA
SAþSF

SNH

KNH4HþSNH

SPO
KPHþSPO

SALK

KALKþSALL
XH

5 Fermentation qfe
KO2H

KO2HþSO2

KNO3H

KNO3HþSNO

SF
KfeþSF

SALK

KALKþSALK
XH

6 Lysis bHXH

Ammonia oxidizers (nitrifying organisms, autotrophic): XA

7 Aerobic growth of XAOB lAOB
SO2

KO2AOBþSO2

SNH

KNH4AOBþSPO
SALK

KALKþSALK
XAOB

8 Lysis bAOBXAOB

Hydrolysis process

9 Aerobic hydrolysis Kk
SO2

KO2SþSO2

XS=XH

KXSþXS=XH
XH

10 Anoxic hydrolysis KhgNO3S
KO2S

KO3SþSO2

SNO

KNO3SþSNO

XS=XH

KXSþXS=XH
XH

11 Anaerobic hydrolysis Khgfe
KNO2S

KO2SþSO2

KNO3S

KNO3SþSNO

XS=XH

KXSþXS=XH
XH

Phosphorus accumulating organisms (PAO): XPAO

12 Storage of XPHA qPHA
SA

KAPAOþSA
SALK

KALKPAOþSALK

XPP=XPAO

KPPþXPP=XPAO
XPAO

13 Aerobic storage of XPP qPP
SO2

KO2PAOþSO2

SPO
KPSþSPO

SALK

KALKPAOþSALK

XPHA=XPAO

KPHA=XPAO

KMAX�XPP=XPAO

KIPPþKMAX�XPP=XPAO
XPAO

14 Anoxic storage of XPP,
denitrification (SNO)

qPPgNO3PAO
KO2PAO

SO2

SNO

KNO3PAOþSNO

SO2

KO2PAOþSO2

SPO
KPSþSPO

SALK

KALKPAOþSALK

XPHA=XPAO

KPHAþXPHA=XPAO

KMAX�XPP=XPAO

KIPPþKMAX�XPP=XPAO
XPAO

15 Aerobic growth of XPAO lPAO
SO2

KO2PAOþSO2

SNH

KNH4PAOþSNH

SPO
KPPAOþSPO

SALK

KALKPAOþSALK

XPHA=XPAO

KPAHþXPHA=XPAO
XPAO

16 Anoxic growth of XPAO,
denitrification (SNO)

lPAOgNO3PAO
KO2PAO

SO2

SNO

KNO3PAOþSNO

SNO

KO2PAOþSO2

SNH

KNH4PAOþSNH

SPO
KPPAOþSPO

SALK

KALKPAOþSALK

XPHA=XPAO

KPHAþXPHA=XPAO
XPAO

17 Lysis of XPAO bPAOXPAO

18 Lysis of XPP bPPXPP

19 Lysis of XPHA bPHAXPHA
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the deviations between the observed data and the
model predictions data with the objective function
given in the following equation [14]:

R2 ¼
PðSim� aobsÞ2PðSim� aobsÞ2 þPðSim� obsÞ2 ð5Þ

where R2 is the coefficient of determination, sim is the
model simulated value, obs is the observed value, and
aobs is the average observed value.

The standard deviation for parameter determina-
tion was required to be lower than 50% to ensure the
validity of the values of the parameters obtained. To
make the first move of the calibration procedure, an
initial guess of the parameters is essential. Such initial
values are obtained with the values in the literature as
shown in Table 3. To make simpler calibration
process, it is preferred to change little constants as
possible, due to the limited changeability of some
parameters. The choice of the parameters for calibra-
tion is mostly based on the result of sensitivity analy-
sis.

2.5. Analytical methods

COD, NH4-N, NO3-N, PO4-P, TP, and TN were
analyzed according to standard methods [16]. NO3-N
were analyzed by the IC method (Metrohm 761 com-
pact IC equipped with metrosep asupp 5 column) and
TN was analyzed by analytikjena AG multi N/C 3000.

2.5.1. Biomass batch tests

The procedures were fully or partially adopted
from Standard Methods [17] or previous studies [18–
21]. In order to determine the kinetic parameters of
XAOB, we determined oxygen uptake rate of different
microbial functional group for calculation [22,23].
Batch experimental tests were performed for four dif-
ferent runs for determining the kinetic parameters of
XAOB and XNOB. The oxygen uptake rate measuring
system consisted of four airtight, cylindrical chambers,
with same height and volume, four magnetic stirrers
for stirring, and an aeration stone in each chamber.
DO was monitored by four oxygen meters of high sta-
bility connected to a data acquisition system. Since
this oxygen uptake rate measurer was airtight, the
actual respiration rate of the tested biomass at any
time during the batch test did not depend on oxygen
input. Therefore, the dissolved oxygen concentration
represented the actual oxygen uptake rate. A certain
amount of activated sludge sample was taken from
the pilot plants and added into oxygen uptake rate
chambers. Distilled water containing organic carbon
source and nutrient including glucose, NH4SO4, and
KH2PO4 were added resulting in total volume of
800mL in chamber. The measuring system was
periodically aerated, then the difference between the
measured OUR and baseline oxygen respiration was
calculated and compared. The pH value was main-
tained at seven during batch test. In order to evaluate
the kinetic parameters and active biomass of XH,

Table 3
Raw wastewater characteristics of Wuxi campus, Southeast University

Item Symbol no. Concentration (mg/L)

Case study 1 2 3 4

Total chemical oxygen demand COD in-filtrated 805 688 458 513

Particulate inert organic material XI 63 61 55 59

Slowly biodegradable substrate XS 340 297 201 222

Readily biodegradable substrate SS 306 261.5 174 195

Active heterotrophic biomass XH 5 4 4 1

Active autotrophic biomass XA 0.1 0.7 0.3 0.0

Volatile fatty acids SA 88 73 61 67

Inert soluble organic material SI 7 5 4 4

Oxygen SO 0 0 0 0

Nitrate nitrogen SNO 2.23 1.23 1.26 2.8

Ammonia nitrogen SNH 18 27 32 19.4

Total nitrogen TN 31.7 39.6 43.2 33.1

PO4-P SPO 2.59 3.25 3.41 1.01

Total nitrogen TP 3.07 3.71 4.32 1.79

Alkalinity SALK 4.97 5.01 4.99 5.00

Mixed liquor suspended solid MLSS 87 73 71 67

2424 S. Abualhail et al. / Desalination and Water Treatment 52 (2014) 2419–2432



XAOB, and XNOB different types of oxygen uptake rate
values should be considered: total oxygen uptake rate
(OURT), oxygen uptake rate of XH (OURH), and oxy-
gen uptake rate of XAOB (OURAOB). The determination
of oxygen uptake rates of XH, XAOB, and XNOB was
based on the subsequent addition of allylthiourea
(ATU) and NaN3. Allylthiourea (86 lM) was added to
the chambers to keep the NH4-N concentration con-
stant during the incubation by selectively inhibiting
XAOB activity without affecting the activity of XNOB,
while Azide (86 lM) was added to the chambers to
keep the NO2-N concentration constant during the
incubation by selectively inhibiting XNOB activity with-
out affecting the activity of XAOB [24]. When determin-
ing OURT, no inhibitor was added. When determining
OURH, both allylthiourea (86lM) and NaN3 (24lM)
were added. If only NaN3 (24 lM) was added, the
determined oxygen uptake rate was the sum of OURH

and OURAOB, then OURNOB= (OURH+OURAOB)�
OURH.

2.5.2. PHA test

The initial concentration of PHA in each zone of a
new system was analyzed according to the method
that is described in Ref. [25] for estimating initial con-
centration of PHA in each zone. In the initial step,
duplicate 20mL samples of MLSS was obtained and
immediately centrifuged at 4˚C. Then, the cold sludge
pellet was lyophilized. After that, the pellet was added
to the tube closed with a Teflon-lined screw cap for
drying. About 2mL of sulfuric acid, 3% methanol, and
2mL of chloroform were added to the tube. This was
digested for 1,200min in an oven at 104˚C. At the sec-
ond step, once the sample had cooled at 25˚C, 1mL of
water was added and the tube contents were shaken
for 600 s. The chloroform content remained at the bot-
tom of the tube, and this was drawn off for GC exami-
nation. The digested product was exposed on a Varian
3400 GC fitted with a 1.8-m Alltech 0.2% Carbowax
1500 on Graphpac-GC 80/100 mesh stainless steel
column. The column temperature was 170˚C and the

µ

µ

µ

Fig. 3. Diagram depicting the retention/passage of influent wastewater COD components [26].

YN

First guess of parameters and initial concentrations Integration of model equations

Calibration of objective function Definition of model structure

Experimental dataIS Minimum of objective function 
reached?

Experimental dataNew estimate of parameters

Fig. 2. Illustration of parameter estimation routine [15].
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inoculation temperature was 180˚C. PHA was
measured by comparison to a standard consisting of a
copolymer of the above-described alkanoates.

2.5.3. Wastewater characterization

Activated sludge models (ASM) distinguish
between the mechanisms acting on different compo-
nents in the influent wastewater stream. The term
wastewater characteristic refers to the partitioning of
influent organic material into biodegradable and un-
biodegradable (inert) portions, the ammonia portion
of the total nitrogen, and so on. The influent wastewa-
ter is often varied from one municipal wastewater to
another. Wastewater characteristics have a very signif-
icant impact on system performance, particularly for
nutrient removal systems.

Characterization of the carbonaceous material in
municipal wastewater for modeling purposes was
usually in terms of the chemical oxygen demand
(COD). The division of the total influent COD (CODT)
into the various fractions used in nutrient removal
system design and modeling is shown in Fig. 3. In
ASM2d model, the CODtot of the wastewater consisted
of inert soluble organic matter (SI), readily and slowly
biodegradable substrate (SS and XS, respectively), and
inert suspended organic matter (XI), whereas biomass
in the wastewater is considered to be insignificant.

2.6. Wastewater quality

The raw wastewater used in the experiment was
collected from a main manhole of southeast university
in Wuxi city and the characteristic of wastewater qual-
ity is listed in Table 3. In this study, four testing runs
with different operations were implemented in Wuxi
campus, southeast university. The raw wastewater is
typical in Wuxi city-southeast university, China. COD
infiltrated was between 150 and 850mg/L with aver-
age of 650mg/L, of which SS, SI, XS, and XI accounted
for about 38, 2, 43, and 11%, respectively. MLSS was
between 45 and 93mg/L with average of 76mg/L.
NH4-N was between 10 and 40mg/L with average of
22mg/L. TP was between 1.7 and 4.5mg/L with aver-
age of 2.6mg/L, of which PO4-P accounted for about
70–90%.

2.7. Model structure of the system

The model structure was built using stoichiometric
matrix Table 1, process rate Table 2, algorithms, and
multi-tank AA/O environmental state conditions dur-
ing each phase. The algorithms of multi-tank AA/O

are shown in Fig. 2. The model structure has taken
the environmental state condition changing of every
tank and phase time into consideration.

The equations that described the transformation of
the wastewater quality in the model formed an ordin-
ary differential equations (ODEs) system. The set of
equations in this model then was integrated simulta-
neously by the fourth-order range Kutta numerical
analysis integration method [27]. According to the
program structure of multi-tank AA/O, the entire
model was implemented by means of a computer pro-
gram that was coded with MATLAB�2010 language.
When all the vectors 1

Cki
ðdCdtÞ were nearly equal to zero,

a steady state was reached. The integration was most
accurate when time step is very small but the comput-
ing time increased inversely with the size of time step.
Conversely, too large time step would result in large
errors and other numerical problems. Thus, one crite-
rion for an upper limit on time step is:

Dt\� CðtÞ � dC

ct

� ��1

ð6Þ

where Dt is time step. By combining Eqs. (2) and (4),
and neglecting the Fki and Pki terms in the mass bal-
ance, resulted in an equation for the maximum step
size:

Dt\
VkCki

Oki þ Kki

¼ hki ð7Þ

The term hki is the mean residence time of compo-
nent i in reactor component k at steady state.

3. Results and discussion

3.1. Removal efficiency

According to investigation results, this system
achieved 89± 1.3%, 87.7 ± 1.1%, 73.6 ± 2.1%, and 83.7
± 0.9% of SS, NHþ

4 -N, TN, and TP removal efficiencies,
respectively, during a six-month operation with the
effluent meeting Chinese sewage discharge standard
GB18918-Grade A. The results showed that this sys-
tem operates with SND and denitrifying phosphorus
removal phenomena which are benefits for enhancing
nitrogen and phosphorus removal and also reducing
energy power because it needs low dissolved oxygen
concentration.

3.2. Model evaluation

The model evaluation is performed from the com-
parison between the predicated and observed values.
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The experimental data of four related runs in south-
east university –Wuxi campus are used for model
evaluation. The influent raw wastewater characteris-
tics are shown in Table 3. The predicated and
observed are shown in Figs. 4–7 for all related runs.
Figs. 4–7 shows the simulated and observed COD,
NH4-N, NO3-N, and PO4-P in tank one, tank two,
tank three, and tank four, respectively, of multi-tank
AA/O activated sludge process. Fig. 4 depicts the
observed and predicated data of NH4-N, PO4-P,
COD, and NO3-N concentration of tank one under
four runs, This figure shows a good consistency
between the observed and predicated data whereas
the sum of squares of the deviations R2 of NH4-N,
PO4-P, COD, and NO3-N were 0.95, 0.96, 0.93, and
0.98, respectively, at run 1; 0.98, 0.95, 0.91, and 0.97,
respectively, at run 2; 0.99, 0.95, 0.87, and
0.99, respectively, at run 3; and 0.95, 0.97, 0.87 and
0.92, respectively, at run 4. Fig. 5 depicts the
observed and predicated data of NH4-N, PO4-P,
COD, and NO3-N concentration of tank two under
four runs. This figure shows a good consistency
between the observed and predicated data whereas
the sum of squares of the deviations R2 of NH4-N,

PO4-P, COD, and NO3-N were 0.95, 0.73, 0.94, and
0.99, respectively, at run 1; 0.99, 0.89, 0.95, and 0.99,
respectively, at run 2; 0.99, 0.89, 0.97, and 0.98,
respectively, at run 3; and 0.97, 0.86, 0.97, and 0.98,
respectively at run 4. Fig. 6 depicts the observed and
predicated data of NH4-N, PO4-P, COD, and NO3-N
concentration of tank three under four runs. This fig-
ure shows good consistency between the observed
and predicated data whereas the sum of squares of
the deviations R2 of NH4-N, PO4-P, COD, and NO3-
N were 0.95, 0.66, 0.95, and 0.95, respectively, at run
1; 0.96, 0.77, 0.95, and 0.95, respectively, at run 2;
0.98, 0.63, 0.95, and 0.99, respectively, at run 3; and
0.97, 0.74, 0.95, and 0.997, respectively, at run 4.
Fig. 7 depicts the observed and predicated data of
NH4-N, PO4-P, COD, and NO3-N concentration of
tank four under four runs. This figure shows a good
consistency between the observed and predicated
data whereas the sum of squares of the deviations R2

of NH4-N, PO4-P, COD, and NO3-N were 0.96, 0.56,
0.96, and 0.98, respectively, at run 1; 0.97, 0.61, 0.93,
and 0.96, respectively, at run 2; 0.99, 0.60, 0.95, and
0.94, respectively, at run 3; and 0.95, 0.59, 0.96, and
0.99, respectively, at run 4.

2.Tank one - Run 2 1.Tank one - Run 1 

4.Tank one - Run 4 3.Tank one - Run 3

Fig. 4. Simulated and observed COD, NH4-N, NO3-N, and PO4-P in tank one of multi-tank A2/O process.
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1.Tank two - Run 1 2.Tank two - Run 2

3.Tank two - Run 3 4.Tank two - Run 4

Fig. 5. Simulated and observed COD, NH4-N, NO3-N, and PO4-P in tank two of multi-tank A2/O process.

1.Tank three - Run 1

3.Tank three - Run 3 4.Tank three - Run 4

2.Tank three - Run 2

Fig. 6. Simulated and observed COD, NH4-N, NO3-N, and PO4-P in tank three of multi-tank A2/O process.

2428 S. Abualhail et al. / Desalination and Water Treatment 52 (2014) 2419–2432



1.Tank four - Run 1

3.Tank four - Run 3 4.Tank four - Run 4

2.Tank four - Run 2

Fig. 7. Simulated and observed COD, NH4-N, NO3-N, and PO4-P in tank four of multi-tank A2/O process.

(a).Run 1 (b).Run 2

(c).Run 3
(d).Run 4

Fig. 8. Variations of biomass in each tank of multi-tank AA/O process.
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Table 4
Definition and typical values for kinetic parameters

Item Description Ref. 20oc Units

Heterotrophic organisms: XH

lH Maximum growth rate on substrate [1] 6.00 g XS g�1 XH d�1

qfe Maximum rate for fermentation Modified 3.3 g XS g�1 XH d�1

gNO3H Reduction factor for denitrification (SNO) Modified 0.6 –

bH Rate constant for lysis and decay [1] 0.4 d�1

KO2H Saturation/inhibition coefficient for oxygen [1] 0.2 g O2m�3

KFH Saturation coefficient for growth on SF [1] 4 g COD m�3

Kfe Saturation coefficient for fermentation on SA [1] 4 g COD m�3

KAH Saturation coefficient for growth on acetate SA [1] 4 g COD m�3

KNO3H Saturation/inhibition coefficient for nitrate [1] 0.5 g N m�3

KNH4H Saturation coefficient for ammonium (nutrient) [1] 0.05 g N m�3

KPH Saturation coefficient for phosphate (nutrient) [1] 0.01 g N m�3

KAL Saturation coefficient for alkalinity (HCO3) [1] 0.1 mole HCO�3 m�3

Ammonia oxidizers bacteria (nitrifying
organisms, autotrophic): XAOB

lAOB Maximum growth rate of XAOB Modified 1.4 d�1

bAOB Decay rate of XAOB Modified 0.08 d�1

KO2AOB Saturation/inhibition coefficient for oxygen [1] 0.5 g O2m�3

KNH4AOB Saturation coefficient for ammonium (nutrient) [1] 1 g N m�3

KALKAOB Saturation coefficient for alkalinity (HCO�3) [1] 0.5 mole HCO�3 m�3

KPAOB Saturation coefficient for phosphorus (nutrient) [1] 0.01 g P m�3

Hydrolysis of particulate substrate: XS

Kh Hydrolysis rate constant [1] 3 d�1

gNO3S Anoxic hydrolysis reduction factor [1] 0.6 –

gfe Anaerobic hydrolysis reduction factor [1] 0.4 –

KO2S Saturation/inhibition coefficient for oxygen [1] 0.2 g O2 m
�3

KNO3S Saturation/inhibition coefficient for nitrite and
nitrate

[1] 0.5 g N m�3

KXS Saturation coefficient for particulate COD [1] 0.1 g XS g�1 XH

Phosphorus-accumulating
organisms: XPAO

qPHA Rate constant for storage of XPHA (base XPP) Modified 3.3 g XPHA g�1 XPAO

d�1

qPP Rate constant for storage of XPP [1] 1.5 g XPHA g�1 XPAO

d�1

lPAO Maximum growth rate of PAO Modified 1.2 d�1

gNO3PAO Reduction factor for anoxic activity Modified 0.8 –

bPAO Rate for lysis of XPAO [1] 0.2 d�1

bPP Rate for lysis of XPP [1] 0.2 d�1

bPHA Rate for lysis of XPHA [1] 0.2 d�1

KO2PAO Saturation/inhibition coefficient for oxygen [1] 0.2 g O2 m
�3

KNO3PAO Saturation coefficient for nitrate, SNO [1] 0.5 g N m�3

KAPAO Saturation coefficient for acetate SA [1] 4 g COD m�3

KNH4PAO Saturation coefficient for ammonium (nutrient) [1] 0.05 g N m�3

KPS Saturation coefficient for phosphorus in storage
of PP

[1] 0.2 g P m�3

KPPAO Saturation coefficient for phosphate (nutrient) [1] 0.01 g P m�3

KALKPAO Saturation coefficient for alkalinity (HCO�3) [1] 0.1 mole HCO�3 m�3

(Continued)
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3.3. Model simulation of the biomass

The particulate component concentrations could be
also calculated from model simulation as shown in
Fig. 8 whereas the heterotrophic organism XH; phos-
phate accumulating organism XPAO, and autotrophic
microorganism XA concentrations in multi-tank AA/O
activated sludge process were 638–1,204, 58.4–275, and
90–200.12mg/L at run 1; 594.9–1321.4, 58.43–337.76,
and 35–203.88mg/L at run 2; 514.22–1,160, 58.42–
271.13, and 95.5–208.6mg/L at run 3; 534.26–1174.5,
58.42–272.5, and 89.72–185.36mg/L at run 4. As result,
The XH; XPAO; and XA decreased in the anaerobic tank
because of the lysis reaction. Then the heterotrophic
organism XH; phosphate accumulating organism XPAO;

and autotrophic microorganism XA increased in the
aerobic tanks due to aerobic growth. The heterotro-
phic organism XH; phosphate accumulating organism
XPAO; and autotrophic microorganism XA increased in
quantities by about 56, 36, and 74% in tank one due to
change the environmental state condition from anaero-
bic to aerobic and decreased in quantities by about 20,
44, and 0.14% in tank three due to change the envi-
ronmental state condition from aerobic to anoxic. The
ratio of total nitrifying species to total active biomass
was between 1 and 12% in multi-tank AA/O process.
In this study, the disadvantages of the developed
BNR processes were improved by reconfiguring the
process without mixed liquor and sludge recircula-
tion. This was done by configuring the process into
five-tank with variable environmental state conditions,
anaerobic/anoxic, aerobic, and settling conditions, in
each tank to achieve optimum removal of phosphorus
and nitrogen. In multi-tank AA/O process, the intake
location changing of raw wastewater was also used to
direct the influent into the anoxic zone as an external
carbon source for denitrification process. So, the het-
erotrophic organism XH; phosphate accumulating
organism XPAO; and autotrophic microorganism XA

decreased in the anoxic tank due to the dilution effect
of the flow. In addition to the dilution effect of the
influent, the XA also decreased due to the negative
growth rate that resulted from lysis reaction in the
anoxic tank. In full-scale wastewater treatment plant,
the transient system behavior is of high practical
importance since variations of composition, influent

flow-rate as well as changes of operation prevent each
real-world wastewater treatment plant from reaching
the steady-state condition. Although the application of
this ASM2d under steady state was validated in this
study; the application in transient state can be imple-
mented in the future study. In addition, the practical
applications of the ASM2d model including plant
optimization, controller layout, mathematical verifica-
tion of the purification performance, and model-based
state and parameter estimation should be taken into
account in the future study.

4. Conclusions

The variation of pollutants COD, NH4-N, NO3-N,
and PO4-P in multi-tank AA/O activated sludge pro-
cess could be modeled successfully using the activated
sludge model No. 2d. The microbial kinetic behaviors
in these testing four runs were analyzed based on
ASM2d model. The results obtained in this study can
be summarized as follows:

(1) The effective removal efficiency of COD, NH4-N,
TN, and TP at 89, 87.7, 73.6, and 83.7% were
achieved, respectively, in multi-tank AA/O acti-
vated sludge process.

(2) In this study, the growth rate constant of auto-
trophic organisms XA and its yield coefficient
value were 1.4 day�1 and 0.14, respectively.

(3) According to model simulation, the XH; XPAO;
and XA concentrations 638–1,204, 58.4–275, and
90–200.12mg/L at run 1, 594.9–1321.4, 58.43–
337.76, and 35–203.88mg/L at run 2, 514.22–
1,160, 58.42–271.13, and 95.5–208.6mg/L at run 3,
534.26–1174.5, 58.42–272.5, and 89.72–185.36mg/L
at run four in multi-tank AA/O activated sludge
process.

(4) According to simulation, XH; XPAO; and XA

decreased in the anaerobic tanks because of the
lysis reaction. Then the XH; XPAO; and XA

increased in the aerobic tanks due to aerobic
growth. The XH; XPAO; and XA increased in quan-
tities by about 56, 36, and 74% in tank one due to
change in the environmental state condition from
anaerobic to aerobic and decreased in quantities

Table 4 (continued)

Item Description Ref. 20oc Units

KPP Saturation coefficient for poly-phosphate [1] 0.01 g XPP g�1 XPAO

KMAX Maximum ratio of XPP/XPAO [1] 0.34 g XPP g�1 XPAO

KIPP Inhibition coefficient for PP storage [1] 0.02 g XPP g�1 XPAO

KPHA Saturation coefficient for PHA [1] 0.01 g XPHA g�1 XPAO
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by about 20, 44, and 0.14% in the tank three due
to change in the environmental state condition
from aerobic to anoxic. The ratio of total nitrify-
ing species to total active biomass was between 1
and 12% in multi-tank AA/O process.
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