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  Abstract        Two mathematical models were used to optimize the performance of a full-scale biological 
nutrient removal (BNR) activated treatment plant, a plug-fl ow bioreactors operated in a 3-stage pho-
redox process confi guration, anaerobic anoxic oxic (A 2 /O). The ASM2d implemented on the platform of 
WEST2011 software and the BioWin activated sludge/anaerobic digestion (AS/AD) models were used in 
this study with the aim of consistently achieving the designed effl uent criteria at a low operational cost. Four 
ASM2d parameters (the reduction factor for denitrifi cation ( η  NO3, H ), the maximum growth rate of heterotrophs 
( μ  H ), the rate constant for stored polyphosphates in PAOs ( q  pp ), and the hydrolysis rate constant ( k  h )) were 
adjusted.  Whereas three BioWin parameters (aerobic decay rate ( b  H ), heterotrophic dissolved oxygen (DO) 
half saturation ( K  OA ), and  Y  P /acetic) were adjusted. Calibration of the two models was successful; both 
models have average relative deviations (ARD) less than 10% for all the output variables. Low effl uent 
concentrations of nitrate nitrogen (N-NO 3 ), total nitrogen (TN), and total phosphorus (TP) were achieved 
in a full-scale BNR treatment plant having low infl uent chemical oxygen demand (COD) to total Kjeldahl 
nitrogen (TKN) ratio (COD/TKN). The effl uent total nitrogen and nitrate nitrogen concentrations were 
improved by 50% and energy consumption was reduced by approximately 25%, which was accomplished 
by converting the two-pass aerobic compartment of the plug-fl ow bioreactor to anoxic reactors and being 
operated in an alternating mode. Findings in this work are helpful in improving the operation of wastewater 
treatment plant while eliminating the cost of external carbon source and reducing energy consumption. 

  Keyword : anaerobic anoxic oxic (A 2 /O) process; activated sludge; ASM2d; BioWin AS/AD; WEST2011 

 1 INTRODUCTION 

 One important issue for wastewater treatment 
plants (WWTPs) is low infl uent organic concentration. 
To ameliorate this problem, several strategies such as 
the addition of external carbon source, pH control, 
process improvement have been performed (Tong and 
Chen, 2007; Wang et al., 2012, 2013, 2014). WWTPs 
is relatively complex, comprising a series of unit 
processes. Each of the unit processes is designed to 
achieve a specifi c goal. Nevertheless, design 

engineers, in most cases, are limited to using their 
experiences and trial and error. Consequently, only 
limited consideration is given to interactions among 
the unit processes during the design procedure. 
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However, improvements on activated sludge models 
in the last decades have made it possible for complete 
and compatible set of unit process models for use in 
comprehensive, systematic design procedures. These 
models allow good predictions of the effl uent 
compositions of chemical elements in WWTPs. The 
models are useful tools for troubleshooting and 
optimization of existing WWTPs, and for the 
development of control strategies (Buris, 1981; 
Harleman, 1990; Parker et al., 2000; Guisasola et al., 
2006; Kennedy and McHarg, 2007; Griborio et al., 
2008; Andres et al., 2008; Zhou et al., 2009b; Oleyiblo 
et al., 2014). Nevertheless, the calibration of 
multifaceted WWTPs model is required before it can 
be applied for process optimization. A calibrated 
model should be able to predict and describe reactions 
going on in a WWTP under varying operational 
conditions, within acceptable error tolerance 
considering the uncertainties in the system.  

 Because of discoveries of new processes in recent 
decades as well as advances in research, the 
complexity of model structures have increased 
(Barker and Dold, 1997; Henze et al., 2000) .  
Therefore, a lot of time is required for ad hoc 
calibration of model parameters. The characterization 
of essential processes taking place in the bioreactors 
demands that a compromise be established between 
diffi culties in parameter estimation to calibrate 
models with numerous parameters.  Model validation 
is required prior to its application for real-time 
operation.  Therefore, four notable systematic 
protocols for model calibration have been established 
[STOWA (Hulsbeek et al., 2002; Roeleveld and van 
Loosdrecht, 2002), BIOMATH (Petersen et al., 2002; 
Vanrolleghem et al., 2003), WERF (Melcer et al., 
2003), and HSG (Langergraber et al., 2004)]. These 
protocols are structurally synonymous. Each of the 
protocol begins by defi ning the calibration goals, 
which also infl uences the remaining steps in the 
procedure. Sin et al. (2005) discussed the strength, 
weakness, opportunity, and threat (SWOT analysis) 
of the existing calibration protocols. In order to 
simplify these calibration protocols, the International 
Water Association (IWA) Task Group on Good 
Modelling Practice (GMP) — guidelines for activated 
sludge modeling based on engineering experiences — 
has been elaborated (Gillot et al., 2009; IWA Task 
group, 2011). The GMP unifi ed protocol comprises of 
fi ve major steps as shown below:   

 1) project defi nition; 
 2) data collection and reconciliation; 

 3) model setup; 
 4) model calibration and validation; 
 5) simulation and result interpretation. 
 The GMP protocol is used for the purpose of model 

calibration. 

 2 METHOD AND PROCEDURE 

 2.1 Project defi nition 

 This study aims at calibrating two different models 
for a full-scale biological nutrient removal (BNR) 
treatment plant as well as to optimize the operational 
strategies of the WWTP under varying infl uent loads 
in order to achieve consistent effl uent quality. 
Therefore, the impacts of cycle time, wastage pump 
run time, internal recycles, and return activated sludge 
(RAS) on the effl uent quality were assessed; and 
operating the treatment plant in alternative 
confi guration and the infl uence of solids retention 
time (SRT) on the effl uent quality was evaluated. The 
description of the WWTP for this study is given in 
(Oleyiblo et al., 2013a, b).  

 2.2 Data collection and reconciliation  

 Available historical data on operation and 
performance were evaluated to comprehend plant 
operations and determine the treatment effi ciency of 
the existing processes. Table 1 presents three-year 
monthly average effl uent concentrations of some 
important variables, whereas Table 2 presents the 
average monthly infl uent concentrations and fl owage 
for Changzhou city WWTP.  From Table 1, it is 
obvious that the WWTP has been performing well in 
terms of meeting effl uent discharge standards of 
China. However, the performance came with extra 
operating costs incurred from, the addition of external 
carbon source, and other chemicals supplements to 
improve denitrifi cation and phosphorus removal. The 
effl uent permit limits for Changzhou WWTP are 
BOD≤10, COD≤50, NH 3 -N≤5, TN≤15, TP≤0. 5 and 
SS≤10, all in mg/L. 

 Nonetheless, evaluation on the chemical oxygen 
demand to total phosphorus ratio (COD/TP) and 
biochemical oxygen demand to total phosphorus ratio 
(BOD/TP), as well as chemical oxygen demand 
(COD) to total Kjeldahl nitrogen (TKN) ratio (COD/
TKN), with respect to nutrient requirement for BNR 
treatment plants were performed. However, the result 
revealed that, the WWTP could be operated without 
chemical polishing nor the addition of external carbon 
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source, based on some known hypotheses (Randall et 
al., 1992; Grady et al., 1999; Henze et al., 2002; 
Metcalf and Eddy Inc, 2003; Neethling et al., 2005; 
Barnard, 2006; EPA, 2010). This could result in 
considerable reduction in operating costs. According 
to Grady et al. (1999), nitrogen can be removed at 
COD/TKN ratio of 5, while the optimal ratio in most 
cases is about 9. However, the COD of NO 3 ̄   as an 
electron acceptor is 2.86 g COD per g NO 3 ̄  . Additional 
COD could be required to achieve complete 

denitrifi cation due to COD and N incorporation into 
biomass, and the fraction of COD that are slowly 
biodegradable. Nonetheless, other authors (Henze et 
al., 2002; Metcalf and Eddy Inc, 2003; Yagci et al., 
2006; Feng et al., 2009; EPA, 2010) reported COD/
TKN ratio of at least 8 and the minimum BOD/TKN 
ratio for BNR for complete denitrifi cation ranges 
between 3 and 4.3. However, the average monthly 
infl uent COD/TKN (Fig.1) for the WWTP under study 
fl uctuates in season from 8.1 to 5.34, in average at 7.1. 

 Mass balance methods were used to check for data 
reliability, and to identify possible systematic errors 
(Meijer et al., 2002; Langergraber et al., 2004; Puig 
et al., 2008; Thomann, 2008). In addition, the unit 

 Table 1 Three-years monthly average effl uent concentrations (mg/L) in Changzhou WWTP 

 Month 

 Chemical item 

 2010  2011  2012 

 COD  TN  TP  NH 3   NO 3   COD  TN  TP  NH 3   NO 3   COD  TN  TP  NH 3   NO 3  

 Jan.  19.6  17.4  0.1  0.68  16.1  23  12.8  0.27  1.56  9.4  20.3  12.1  0.18  1  11.1 

 Feb.  15.8  16.8  0.14  0.65  15.7  22.2  12.8  0.35  2  10  20  10.8  0.24  2.2  6.8 

 Mar.  15  11.8  0.09  0.56  10.5  29.2  10.6  0.29  1.1  8.2  20.8  13.6  0.1  0.55  12.1 

 Apr.  18.6  11.6  0.11  0.46  10  27.3  12.5  0.39  0.4  11.6  21  12.9  0.16  0.5  12.4 

 May  21.4  10.9  0.12  0.27  10.6  24.4  11.7  0.38  0.38  10.9  22.3  11.7  0.2  0.3  11.2 

 Jun.  19.4  13  0.15  0.25  12.2  28.2  8.8  0.29  0.21  7.3  20.7  12.5  0.44  0.3  12 

 Jul.  13.6  11.3  0.14  0.1  10.9  24.1  8.3  0.34  0.3  7.7  20.6  11  0.32  0.25  10.6 

 Aug.  11.3  11.1  0.21  0.14  10.5  21  8.5  0.3  0.21  8.2  21  8.54  0.3  0.21  8.2 

 Sep.  10.4  12  0.23  0.21  10.7  22  10.8  0.31  0.3  10.4  21.7  11.8  0.38  0.17  9.9 

 Oct.  9.2  12.4  0.32  0.32  11.3  19.9  14  0.27  0.31  12.9  21.2  12.3  0.35  0.18  11.4 

 Nov.  10  13  0.32  0.34  11.5  14.8  12.2  0.27  0.46  11.6  20  13  0.3  0.32  12.5 

 Dec.  18.4  13.1  0.28  0.32  12.6  19.6  12  0.23  0.4  10.9  18.7  12  0.32  0.26  11.7 

 Note: COD: chemical oxygen demand; BOD: biochemical oxygen demand; TN: total nitrogen; TP: total phosphorus; NH 3 -N: ammonia nitrogen; NO 3 -N: 
nitrate nitrogen. 

 Table 2 Designed and three-year recorded data in 
Changzhou WWTP 

 Load  Designed 
2008 

 Recorded 

 2010  2011  2012 

 Mean fl ow (m 3 /d)  50 000  34 342.2  35 207  43 273.4 

 Standard Deviation (m 3 /d)  -  5 562  9 000  7 687 

 Minimum fl ow (m 3 /d)  -  17 956  10 620  17 057 

 Maximum fl ow (m 3 /d)  -  49 162  52 100  58 860 

 Raw sewage composition 

 BOD 5  (mg/L)  180  53  74.2  62 

 COD (mg/L)  400  143  174  165.5 

 TN (mg/L)  45  26.75  30.53  29.5 

 NH 3 -N (mg/L)  35  21.34  23  25.5 

 TP (mg/L)  4  2.1  3.26  2.82 

 SS (mg/L)  250  122  142  160 

 Note: COD: chemical oxygen demand; BOD: biochemical oxygen demand; 
TN: total nitrogen; TP: total phosphorus; SS: suspended solid; NH 3 -N: 
ammonia nitrogen. 
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 Fig.1 Three-year average infl uent COD/TKN ratios 
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processes and additional sampling campaign aimed 
at missing data for specifi c compounds, and key 
parameters of interests were undertaken. The infl uent, 
effl uent, sludge recirculation fl ow rates, internal 
recycle ratio, pH, and temperature data were 
evaluated and measured during special sampling 
campaigns. 

 The infl uent to the treatment plant was measured 
online. Samples were taken every 2 h from the 
infl uent, raw infl uent with recycles, secondary 
effl uent, and fi nal effl uent for 24 h, in two separate 
special sampling campaigns (April, and September/
October 2011), for model calibration and validation, 
respectively. The 24-hour composite data were used 
for the analysis. The infl uent characterization was 
determined by STOWA method (STOWA, 1996; 

Meijer et al., 2001). Samples were analyzed on COD 
of non-fi ltered (total COD), and fi ltered through 
0.45-μm and 1.2-μm diameter pores (COD infl uent 
soluble, fi ltered, fl occulated), BOD of non-fi ltered 
and fi ltered, volatile fatty acids (VFA), ammonium 
nitrogen (NH 3 -N), nitrate nitrogen (NO 3 -N), total 
Kjeldahl nitrogen (TKN), total phosphorus (TP), 
ortho-phosphate (PO 4 3), total suspended solids (TSS) 
and volatile suspended solids (VSS) concentrations. 
The experiment was performed in the Changzhou 
WWTP laboratory in accordance with the standard 
methods for the examination of water and wastewater 
(APHA, 1995). The average data (Table 3) collected 
during the two sampling campaigns were used for 
steady state calibrations, whereas daily dynamic 
infl uent profi les were used for dynamic simulations. 

 Table 3 Operation parameters and the infl uent characteristics of the WWTP during model calibration and validation 

 Parameter 
 April 2011  September/October 2011 

 Mean  SD  Min  Max  Mean  SD  Min  Max 

 Flow rate (m 3 /d)  33 985  2 376  28 500  39 269  42 401  3 249  37 096  48 070 

 SRT (d)  18  0.6  16  19  14  0.4  13  16 

 RAS fl ow rate (m 3 /d)  23 312  1 366  19 950  25 629  17 692  600  16 692  18 620 

 Temperature (°C)  16.6  1.18  14.7  18.7  26.2  1  24.5  28.6 

 pH  7.5  -  -  7.5  7.5  -  -  7.5 

 TSS (mg/L)  152  22  126  183  168  19.5  115  227 

 VSS (mg/L)  89  18  71  130  125  12.2  104  180 

 ISS (mg/L)  61  12  30  69  43  9  36  58 

 BOD 5  (mg/L)  88.2  12.9  56  98  48.6  15.2  42.7  71 

 COD tot  (mg/L)  229.6  26  151  246  123  22.3  76  178 

 S F  (mg/L)  39  3  30  43  18  1.4  12  24 

 S A  (mg/L)  22  1.7  16  29  15  0.7  9  17.9 

 X S  (mg/L)  56  5.2  43  66  27  3.4  20.3  35 

 S I  (mg/L)  23.6  1.3  17.8  26  12.2  0.9  8  15 

 X I  (mg/L)  60  6.2  48  74  32  4.3  25  39 

 X H  (mg/L)  30  2.4  24  41  18.8  0.6  16.4  21 

 TP (mg/L)  4.18  1.12  2.32  8.68  2  0.4  1.32  2.62 

 SPO 4  (mg/L)  2.25  0.53  1.64  6.8  0.94  0.1  0.53  1.16 

 TN (mg/L)  31.48  2.9  15.2  35.2  26  2.5  22  28.1 

 TNi-sol (mg/L)  29.1  3.2  13.4  31.5  23.7  1.4  18.9  25.2 

 N-NH 3  (mg/L)  27.5  4.16  18.2  35.8  16.6  2.48  14.2  22.5 

 N-NO 3  (mg/L)  0.22  0.1  0.12  0.26  0.4  0.21  0.1  1.25 

 N-NO 2  (mg/L)  0.11  0.12  0.04  0.42  0.14  0.1  0.1  0.52 

 Note: SRT: solids retention time; RAS: return activated sludge; TSS: total suspended solids; VSS: volatile suspended solids; ISS: inert suspended solids; 
BOD 5 : fi ve-day biochemical oxygen demand; COD tot : total chemical oxygen demand; TP: total phosphorus; SPO 4 : soluble phosphate; TN: total nitrogen; 
TNi-sol: infl uent soluble total nitrogen; NH 3 -N: ammonia nitrogen; NO 3 -N: nitrate nitrogen; NO 2 -N: nitrite nitrogen; S F : fermentable COD; S A : acetate; X S : 
slowly biodegradable COD fraction; S I : inert soluble COD fraction; X I : inert particulate COD fraction; X H : heterotrophic biomass. 
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 2.3 Plant model set-up 

 ASM2d (Henze et al., 1999)   on the platform of 
WEST2011, and the BioWin ®  model (Barker and 
Dold, 1997) were chosen for this study. Although 
both models use different approaches, nevertheless, 
they can simulate the metabolic processes of 
microorganism under anaerobic, anoxic, and aerobic 
environment in the BNR treatment processes . 
 Incorporated in the WEST2011 is the Takács’s settling 
model (Takács et al., 1991). Whereas BioWin® has 
three models to evaluate settling and separation 
processes, a fl ux based model, an ideal separation 
model, and a point separation model ( User Manual 
for BioWin v3.0, 2008   ).  In this study, the ideal 
separation model was used.   Moreover,   both models 
have been used extensively for treatment plant process 
design and optimizations (Guisasola et al., 2006; 
Kennedy and McHarg, 2007; Griborio et al., 2008; 
Andres et al., 2008; Zhou et al., 2009b; Liwarska et 
al., 2013; Oleyiblo et al., 2014). The   WEST 
confi guration of Changzhou WWTP is shown in 
Fig.2.  

 ASM2d model is an extension of ASM2 (Henze et 
al., 1995) and ASM1 (Henze et al., 1987).   ASM1 have 
proved very well for modeling nitrifi cation and 
denitrifi cation, while ASM2 can simulate phosphorus 

utilization by phosphorus accumulating organisms 
(PAOs) only under aerobic conditions. On the other 
hand, ASM2d is capable of simulating phosphorus 
uptake under both anoxic and aerobic conditions 
(Mino et al., 1998; Meinhold et al., 1999). The infl uent 
total COD (COD tot ) is introduced into the WEST 
model as COD tot = S  A + S  F + S  I + X  I + X  S + X  H,  through the 
WEST inbuilt infl uent fractionation tool.  

 On the other hand, the BioWin ®  AS model 
differentiates fi ve fractions of carbonaceous 
substrates. These are: (1) fraction of total infl uent 
COD, which comprises of soluble and readily 
biodegradable including acetate ( F  bs ); (2) fraction of 
readily biodegradable that is volatile fatty acid (VFA) 
or fermentation product — acetate ( F  ac ); (3) fraction 
of total infl uent COD that is soluble non-biodegradable 
( F  us ); (4) fraction of total infl uent COD that is 
particulate non-biodegradable ( F  up ); and (5) fraction 
of slowly biodegradable infl uent COD that is 
particulate and colloidal ( F  xsp ) ( User Manual for 
BioWin v3.0, 2008   ). The   BioWin ®  confi guration of 
Changzhou WWTP is shown in Fig.3.  

 2.4 Model calibration and validation 

 According to Petersen et al. (2002), model 
calibration is fi tting a model to a set of data collected 
from a full-scale WWTP. This will required, in most 
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 Fig.2 Schematic fl ow diagram of the biological reactor of Changzhou WWTP in WEST 
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 Fig.3 Schematic fl ow diagram of the biological reactor of Changzhou WWTP in BioWin 
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cases, the modifi cation or adjustment of some model 
parameters from their original or default values. 
However, model validation with an independent data 
set collected under entirely different condition from 
the same WWTP is required prior to its application 
for process optimization and scenarios analysis. In 
this study, the data used for model calibration was 
collected in April 2011, whereas the data for model 
validation was collected in September/October 2011. 

 Simple steady state calibration aimed at solids 
balance over the entire system was performed fi rst. 
Having a good knowledge of the SRT of the WWTP 
under study, thus, the wastage sludge was estimated 
in steady-state loading. It should be stated here that 
the calibration parameters were selected based on the 
knowledge of the WWTP rather than on sensitivity 
analysis. The simulation was performed with the 
model default parameters; and then the measured and 
simulated sludge concentrations were compared. The 
discrepancies between measured and simulated 
sludge concentrations was negligible, consequently, 
no parameter associated with biomass concentration 
was calibrated. This is because the fractionation of the 
infl uent compositions were properly performed. More 
so, the measured and simulated ammonium 
concentrations matched well, indicating that both 
defaults values for nitrifi er decay rate ( b  AUT ) and 
oxygen saturation coeffi cient ( K  NO2

 ) needed no 
adjustment.  

 However, the simulated effl uent nitrate 
concentration was much lower than the measured 
nitrate concentration; thereby requiring the calibration 
of the reduction factor for denitrifi cation ( η  NO3

 ,  H ) and 
the maximum growth rate of heterotrophs ( μ  H ). It 
should be noted that in ASM2d, denitrifi cation is 
accomplished by both heterotrophic and phosphorus 
removing bacteria. Moreover, a reduction factor for 
denitrifi cation is infl uent specifi c dependent. To fi t the 
measured effl uent nitrate concentrations to the 
simulated nitrates concentrations, the reduction factor 
was reduced from 0.8 to 0.4, and the growth rate of 
heterotrophs was reduced from 6 to 4.5. Nonetheless, 
there was disparity between the measured and 
simulated phosphate concentrations. In order to fi t the 
measured phosphate to the simulated phosphate, the 
rate constant for stored polyphosphates in PAOs ( q  pp ) 
was calibrated, the default value was reduced from 
1.5 to 1.3. Hence, the steady state calibration was 
complete, and all the simulated output variables fi tted 
well with the measured output variables.   

 Dynamic simulation was necessary in order to 

evaluate whether the calibrated model can mimic the 
dynamic trend in the WWTP. However, the value of 
hydrolysis rate constant ( k  h ) had to be increased from 
3 to 3.2/day to achieve denitrifi cation during the 
dynamic simulation. Increasing the rate constant for 
hydrolysis increases the availability of soluble 
substrates, which resulted from the conversion of 
particulate substrates through hydrolysis process. It 
should be noted, the calibrated parameters are within 
the range used in ASM models. In a case by Makinia 
et al. (2006), a larger  k  h  value (4.5) was used, whereas 
a study by Ginestet et al. (2002), gave different values 
for different wastewater sources ranging from 7 to 21/
day. Makinia et al. (2006), assigned a higher value 
(0.9) for ( η  NO3, H ), whereas 0.58 and 0.35 were used by 
Manga et al. (2003) and Russel et al. (2002), 
respectively. Yagci et al. (2006) used four different  q  pq   
 values: 1.3, 1.65, 1.86, and 2, respectively, whereas 
Makinia et al. (2006) used a lower value, 1.2. On the 
other hand, Insel et al. (2004) used 1.3 for  q  pp , which 
is the same with the value used in this study. The 
operating parameters and wastewater characteristics 
are given in (Table 3) and the calibrated parameters 
are given in Table 4. 

 In addition to the specifi c raw wastewater COD 
fractions (Table 5) determined according to Mamais 
et al. (1993), three BioWin ®  parameters were 
calibrated. Two parameters, aerobic decay rate ( b  H ) 
and heterotrophic dissolved oxygen (DO) half 
saturation ( K  OA ) were adjusted during the steady state 
simulation.  b  H  was reduced from 0.62 to 0.6 whereas 
K OA  was increased from 0.05 to 0.1, during the steady 
state simulation to fi t the simulated mixed liquor 

 Table 4 Values of parameters adjusted during the 
calibration of WEST ASM2d and BioWin AS 
model 

 Parameter defi nition  Symbol  Unit  Default  Calibrated 

 ASM2d
  Reduction factor 
for denitrifi cation 

  η  NO3, H     0.8  0.4 

 Maximum growth 
rate of heterotrophs   μ  H   /d  6  4.5 

 Hydrolysis rate constant   k  h   /d  3  3.2 

 Rate constant for 
storage of X PAO , pp   q  pp   gP. (g COD/d)  1.5  1.3 

 BioWin   
Y  P /acetic    mg P/mg COD  0.49  0.41 

 Aerobic decay rate   b  H   /d  0.62  0.6 

 Switches  
Heterotrophic DO 

half saturation 
  K  OA   mg O2/L  0.05  0.1 
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suspended solid (MLSS) and NH 3  to their observed 
values. Furthermore, one parameter ( Y  P /acetic) was 
calibrated during the dynamic simulation in order to 
reproduce the phosphorus trend in the effl uent 
concentration. Nonetheless, the calibrated parameters 
are within the range used in the ASM models 
(Hulsbeek et al., 2002; Liwarska and Biernacki, 
2010). The measured and simulated steady state 
effl uent variables are given in Table 6 for model 
calibration and validation. 

 The aim of steady state calibration is for the model 
to have average simulated effl uent concentrations in 
the same order of magnitude with the plant-measured 
data, and to get the solids balance right in order to 
have good initial conditions for the dynamic 
simulation. However, dynamic simulation, on the 
other hand, aimed at imitating the trend in the WWTP 
for all the output variables, with an acceptable error 
margin.. Therefore, targets were set for parameters of 
interests as follows: effl uent TP=10%, TN=10%, 
COD=10%, NO 3 -N=10% and NH 3 -N=15%, average 
relative difference (ARD) between simulated and 
observed values for the dynamic simulations.  ARD 

can be expressed as Eq.1: 

1

(Ob Mod )1ARD 100%
Ob

N
i i

i iN 

  
   ,  (1) 

 where ARD=average relative deviation,  N =number of 
observations, Ob i =observed value at time  i , 
Mod i =modeled value at time  i . 

 The calculated ARD results are given in Table 7. 
 The trend in the WWTP versus the model prediction 

are given in Figs.4a–d and 5a–d for model calibration 
and validation, respectively to support the results in 
Table 7. 

 The values of ARD (Table 7) varied from 0.89 to 
5.5, which is within the calibration targets set for 
every variable. More importantly, the ARD values are 
all below 20%, which is the upper discrepancy limit 
acceptable for a calibrated model (Petersen et al., 
2002). This shows that the calibration of the two 
models were performed properly (Makinia et al., 
2006; Makinia, 2010). 

 Furthermore, the model predictive ability was 
evaluated by determining its predictive quality and 
stability between the calibration and the validation 
data sets, using Janus coeffi cient ( J ) (Power, 1993; 
Sin et al., 2008). The  J  value varies between 0 and ∞. 

 Table 5 specifi c raw wastewater COD fractions for BioWin 

 Name  Description  Model default  Calculated 

  F  bs   Fraction of total infl uent COD which is soluble and readily biodegradable including acetate  0.15  0.14 (plant data) 

  F  ac  
 Fraction of readily biodegradable which is VFA or fermentation 

product — acetate (very essential for bio-P removal)  0.16  0.13 (plant data) 

  F  us   Fraction of total infl uent COD which is soluble non- biodegradable  0.05  0.061 (plant data) 

  F  up   Fraction of total infl uent COD which is particulate non- biodegradable  0.13  default 

  F  xsp   Fraction of slowly biodegradable infl uent COD which is particulate and colloidal  0.75  default 

  F  na   Ammonia  0.66  0.88 (plant data) 

  F  PO4   Phosphate  0.5  0.65 (plant data) 

 Table 6 Measured and simulated values of variables under 
steady state simulation and validation 

 Model  TP  TN  NH 3   NO 3   COD  TSS  MLSS 

 April 2011 for model calibration 

 Observed  0.34  11.6  0.4  8.9  27.1  10  4 624 

 BioWin  0.36  11.3  0.5  9.3  25.8  8  4 671 

 WEST  0.38  12.2  0.44  8.6  27.5  10.86  4 540 

 Sept/Oct 2011 for model validation 

 Observed  0.31  12.6  0.3  8.7  23.2  5  2 722 

 BioWin  0.35  13.1  0.33  10  21.7  6.6  2 745 

 WEST  0.37  15.2  0.36  8.3  22.5  9  2 680 

 Note: COD: chemical oxygen demand; TN: total nitrogen; TP: total 
phosphorus; NH 3 -N: ammonia; NO 3 -N: nitrate; TSS: total suspended 
solids; MLSS: mixed liquor suspended solids. 

 Table 7 ARD results for both calibration and validation 
period 

 Month  TP  TN  COD  NO 3 -N  NH 3 -N  MLSS 

 April 2011, 
calibration BioWin  0.89  2.4  2.2  5  5.2  3.5 

 WEST  0.91  2.7  2.7  4.3  3.5  3.4 

 Sept/Oct 2011, 
validation BioWin  1.12  3.1  2.2  4.4  4.8  3.1 

 WEST  1.14  3.6  2.7  3.1  5.5  3.3 

 Note: COD: chemical oxygen demand; TN: total nitrogen; TP: total 
phosphorus; NH 3 -N: ammonia; NO 3 -N: nitrate; MLSS: mixed liquor 
suspended solids. 
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The higher  J  becomes or greater than 1, the poorer the 
predictive ability of the model with regard to a 
particular variable. If  J  is approximately equal to 1, 
then the predictive ability of the model remains more 
or less constant outside the calibration period. 

 Janus coeffi cient is calculated as Eq.2:  

 
2

1 ob mob
2

2
1 ob mob

1 ( )

1 ( )

m n i n i
i

n i i
i

C C
mJ

C C
n

 












,  (2) 

 where  J =Janus coeffi cient,  n =number of values in the 
calibration data set,  m =number of values in the 
validation data set, C ob i =observed value at time  i , 
C mob i =modelled value at time  i .  

 The predictive ability of the model outside its 
calibration (Table 8) are within the neighborhood of 
1, indicating that the model is stable, and it also 
confi rmed the agreement between the averages 
observed and modeled (Table 6), and the ARD results 
(Table 7), respectively. However, it is obvious in 
Tables 5 and 6 and Figs.4 and 5 that the main fraction 
of total nitrogen concentration in the effl uent was 
nitrate, having concentrations varied from 8.3 to 
10 mg N/dm 3 , whereas the concentration of 
ammonium varied from 0.3 to 0.5 mg N/dm 3 . This 
implies that the treatment plant had diffi culties in 
denitrifying properly. Consequently, there is need to 
optimize the operating conditions in order to improve 
the effl uent concentrations of this WWTP. 

 2.5 Simulation and result interpretation 

 To achieve the project goals as stated under project 
defi nition, a number of scenarios simulations were 
performed with the aid of the validated model, and 
they are discussed as follows:  

 2.5.1 The impacts of cycle time and wastage pump 
run time on effl uent quality 

 An interval between wastage events defi nes the 
cycle time, and it is equal to the sum of pump on-and-
off times. A sensitivity analysis was performed to 

evaluate the impacts of cycle time, the wastage pump 
run time, and the internal recycle ratios. The result 
reveals that the longer the cycle time, the greater the 
risk and possibility of secondary TP release in the 
sedimentation tank, and the shorter the cycle time, the 
less the risk of secondary TP release (Fig.6a). When 
sludge was wasted for 3 h in every 6 h [3 h, 6 h],  
effl uent TP concentrations deteriorated compared to 
when sludge was wasted for 1.5 h in every 4.5 h 
[1.5 h, 4.5 h]. This phenomenon is due to defl occulating 
of the fl oc in the sedimentation tanks causing cell 
lysis and the release of stored poly-phosphate into the 
water phase, and consequently, increasing the effl uent 
TP concentrations (Fig.6a). However, Wouters-
wasiak et al. (1994) attributed secondary P release to 
low nitrate (below 0.5 mg N/L) in the clarifi er in the 
absence of oxygen. 

 To confi rm that the high TP observed did not arise 
from the rising sludge caused by undesired 
denitrifi cation in the secondary clarifi er (Henze et al., 
1993), nor that of low nitrate in the clarifi er (Wouters-
wasiak et al., 1994), the effl uent concentrations of 
NH 3 -N, NO 3 -N, and TN were evaluated to compare 
their disparity under the same scenario Oleyiblo et al. 
( 2013 a). However, there was no visible difference in 
TN concentration (Fig.6c), a very negligible 
improvement in NH 3 -N concentration (Fig.6b), and a 
negligible increase in NO 3 -N concentration (Fig.6d). 
Meanwhile, NO 3 -N concentration was much higher 
than what was postulated by Wouters-wasiak et al. 
(1994), thus crediting the increase in TP effl uent 
concentration to a possible cell lysis resulting in the 
second TP release due to longer cycle time. 

 2.5.2 The effect of internal recycles on the effl uent 
quality 

 A 200%–400% internal recycle results (not shown) 
showed little improvement on TN effl uent 
concentration and the ammonium concentration, 
however, there was no obvious improvement on TP 
effl uent concentration. Nevertheless, the use of 
300%–400% internal recycle would not be 
economically prudent as it requires 3–4 times energy 
consumption compared to a 100% internal recycle, 
thereby increasing the operating costs (Baeza et al., 
2003). Moreover, an increase in nitrate load to the 
anoxic reactor indicates a higher COD removal in the 
reactor; however, in this study, the infl uent COD 
concentration was low and thus a higher internal 
recycle is not necessary. Besides, the most effective 
internal nitrate recycle depends on the COD/TKN 

 Table 8 Values of Janus coeffi cient on model predictive 
ability  

 Month  TP  TN  COD  NO 3 -N  NH 3 -N  MLSS 

 BioWin  0.94  0.81  0.92  0.97  0.81  0.98 

 WEST  0.95  0.83  0.94  0.95  0.97  0.94 

 Note: COD: chemical oxygen demand; TN: total nitrogen; TP: total 
phosphorus; NH 3 -N: ammonia; NO 3 -N: nitrate; MLSS: mixed liquor 
suspended solids. 
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ratio in the anoxic zone. In addition, if there is 
insuffi cient BOD to reduce the quantity of nitrates 
entering the anoxic zone, additional recycle may 
rather be detrimental instead of being benefi cial in the 
treatment process because internal recycle normally 
recycles DO as well as nitrates. Hence, the use of a 
100% internal recycle prevented the possibility of 
excessive dissolved oxygen (DO) being introduced to 
anoxic reactor, which might have negative impact on 
the reactor’s denitrifying effi ciency.  

 2.5.3 The effect of RAS on effl uent quality 

 Sensitivity analysis was performed starting with a 
25% and ending with a 100% proportional RAS fl ow 
ratio to determine the optimal ratio. The result of the 
sensitivity analysis shows that 70% proportional RAS 
fl ow ratio gave the best effl uent concentrations for the 
output variables during the model calibration on the 
data sampled in the April campaign. However, for 
model validation on September/October campaign, 
45% gave the best effl uent concentrations. It is 
important to note (Table 1), the infl uent pollutants or 
nutrient concentrations from these periods. 

 Therefore, it can be seen that infl uent nutrients 
concentrations to the WWTP plays vital role in 

determining the %RAS. Higher RAS indicates larger 
amount of active microorganism returns into the tank, 
and vice versa. In certain operational situations, 
however, returning more competitive active 
microorganism into the anaerobic tank may happen 
when there is insuffi cient food to support their 
activities. Similarly, there is also a likelihood of 
introducing less microorganism into the tank when 
there is surplus food beyond their uptake capability, 
hence, the organism might not utilize the nutrients 
completely (Oleyiblo et al.,  2013 a). This principle 
was employed in this work, as can be seen (Tables 2 
and 3): the COD, BOD, and other nutrient 
concentrations are higher in the month of April, 
compared to September and October; therefore, 70% 
and 45%RAS were used, respectively.  

 2.5.4 Alternating the aerobic compartment of plug 
fl ow reactor  

 Each stream or lane of the plug fl ow reactor 
comprises of one anaerobic pass, three anoxic passes, 
and four aerobic passes. In this confi guration, the 
anaerobic and anoxic compartments remained 
unchanged, and the fi rst aerobic pass was assigned 
DO value of 1 mg/L, whereas the second and the third 
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passes were converted to anoxic tank, and the fourth 
aerobic pass was assigned DO value of 2.2 mg/L. In 
other words, the aerobic compartment is simply 
operated in an alternating way (aerobic, anoxic, 
anoxic, and aerobic) and thus, resulting in a multiple 
combinations of aerobic and anoxic phases. The 
overall aerobic volume was reduced when two of the 
aerobic passes were converted to anoxic compartments. 
This reduction of aerobic volume is favorable for 
simultaneous nitrifi cation-denitrifi cation, and 
consequently improved the effl uent concentrations of 
both nitrate and total nitrogen. The simulation results 
for this confi guration achieved the best effl uent 
concentrations of the output variables as shown in 
Table 9. This result corroborate with the fi nding of 
Wang et al. (2008, 2012). According to Wang et al., 
the aerobic extended-idle (AEI) regime has some 
benefi ts, such as tolerance of higher nitrate level 
(Wang et al., 2012), and reduced dependence upon 
wastewater VFA content (Wang et al., 2008).  

 Reduction in aerobic compartment reduces the 
aerobic hydraulic retention time (HRT) from 10.67 h 
to 9 h and thereby reduces the risk of aerobic P-release 
that resulted from endogenous biomass destruction, 
whereas anoxic HRT increased from 4 h to 5.5 h, 
which favors simultaneous nitrifi cation and 
denitrifi cation. The performance indicates that the 

aeration tank was over designed, which affected the 
denitrifi cation capability of the treatment plant. It also 
shows that both limited anoxic HRT and DO were the 
major factors affecting denitrifi cation, given that the 
washout of microorganisms associated with SRT 
limitation was not observed because of suffi cient SRT 
in the systems. 

 2.5.5 The infl uence of SRT on effl uent quality 

 The infl uence of SRT on the effi ciency of biological 
nutrient removal was evaluated in the range of 12 to 
26 days, and the temperature was maintained at 14°C. 
The simulation results are shown in Figs.7 and 8. The 
infl uence of the change in SRT on the effl uent quality 
is obvious. The concentration of ammonium nitrogen 
improved substantially with increasing SRT, while 
effl uent concentrations of other variables deteriorated 
with increasing SRT, especially the total phosphorus 
(Fig.7). 

 Ammonium nitrogen concentration approaches 
zero from 20 d SRT onward, whereas the total nitrogen 
concentration and COD remained almost constant; 
and the nitrate nitrogen and TSS increased linearly 
with increase in SRT. The result suggests that 
operating the Changzhou WWTP between 12 and 18 
days SRT is long enough to sustain nitrifi cation and is 
suitable for biological nutrient removal WWTPs 
(Liwarska et al., 2013). 

 3 CONCLUSION 

 In this study, ASM2d implemented on the platform 
of WEST2011 software and the BioWin ®  activated 
sludge/anaerobic digestion (AS/AD) models were 

 Table 9 Simulated results when the aerobic compartment 
was alternated 

 Variable  TP  TN  NO 3 -N  NH 3 -N  COD  TSS  MLSS 

 Values  0.35  6.7  4.6  0.26  19.3  6.5  2692 

 Note: COD: chemical oxygen demand; TN: total nitrogen; TP: total 
phosphorus; NH 3 -N: ammonia; NO 3 -N: nitrate; TSS: total suspended 
solids; MLSS: mixed liquor suspended solids. 
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successfully calibrated. None of the variables 
exceeded the target effl uent limits in both steady state 
and dynamic simulations. The maximum difference 
between observed/measured and the simulated output 
variables based on average relative deviation (ARD) 
was 5.5, which means none of the variables did 
exceed 20%. The predictive ability of the model 
outside its calibration period for all output variables 
are in the neighborhood of 1 based on Janus 
coeffi cient, which implies that the models are stable 
and they can be used for real-time WWTPs operations. 
TP effl uent concentration was found better at shorter 
cycle times. Hence, the control of cycle time and 
wastage pump run time are paramount in meeting 
consistent effl uent TP concentration. More so, there 
was linear correlation between SRT and effl uent 
quality, indicating that operating the WWTP at the 
minimum required SRT to sustain nitrifi cation is most 
benefi cial whereas a longer SRT is detrimental to its 
performance. In addition, the concentrations of 
nutrients in the infl uent to the WWTPs should be 
considered when determining the %RAS, especially 
in WWTPs experiencing low infl uent nutrient 
concentrations. Most importantly, alternating the 
aerobic compartment of an A2/O plug fl ow 
confi guration has proved successful in improving 
effl uent concentrations without any capital work, and 
has resulted in considerable reduction in energy cost 
by converting the aerobic reactor to anoxic reactor. 
Finally, the design of BNR treatment plants should 
take into consideration the infl uent BOD/TP, COD/
TP, and COD/TKN ratios. 
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