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Abstract To model biological nitrogen and phosphorus removal systems with an affordable complexity, the

ASM2d model structure is based on many assumptions. In this study, some of these assumptions, however,

were observed to become invalid when the biological behaviour in the system altered in response to

changes in the operation of the system, a pilot-scale N and P removing SBR. Particularly, the three applied

operational scenarios resulted in three distinctive responses in the SBR, namely pronounced limitation of the

hydrolysis of the organic nitrogen, nitrite build-up during aerobic conditions and also nitrite build-up during

anoxic conditions. This shows that even for the same system with the same influent wastewater composition,

the model structure of the ASM2d does not remain constant but adapts parallel to dynamic changes in the

activated sludge community. On the other hand, the three calibrated ASM2d models still lacked the ability to

entirely describe the observed dynamics particularly those dealing with the phosphorus dynamics and

hydrolysis. Understanding the underlying reasons of this discrepancy is a challenging task, which is

expected to improve the modelling of bio-P removing activated sludge systems.
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Introduction

Activated sludge systems involve a myriad of processes interacting in a dynamic environ-

ment which usually challenges our engineering ability to optimise, control and maintain a

stable treatment performance with respect to effluent quality. To meet these challenges,

modelling has been shown to be a useful tool. The IWA series of Activated Sludge

Models (ASMs, Henze et al., 2000) represents the most widely accepted and used models

for this aim.

One of the important steps in the overall application of models is the selection of an

appropriate model structure to describe the biological processes ongoing in the system

under study (see Vanrolleghem et al., 2003). The ASM2d of Henze et al. (2000), for

example, is used to describe process behaviour in enhanced biological phosphorus remov-

ing (EBPR) plants carrying out nitrification, denitrification and aerobic COD oxidation

processes on top of the phosphorus removal by phosphorus accumulating organisms

(PAOs). To maintain an adequate model complexity, however, the ASM2d model had to

be based on many simplifying hypotheses and assumptions, e.g. single step nitrification

and single step denitrification, among others. These hypotheses however may not be valid

for all activated sludge systems, as will be illustrated in detail in this study.

Although some general guidelines are provided to help a modeller choose an appropri-

ate model structure for the activated sludge system under study (Henze et al., 2000; Huls-

beek et al., 2002; Govoreanu et al. 2003; Melcer et al., 2003; Langergraber et al., 2004;

Vanrolleghem et al., 2003), they tend to be rather simple and, as such, limited to certain

types of treatment plant behaviour and performance. Beck (1987), on the other hand,

suggests using systems identification tools to ground the development of a model
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structure on a scientific footing. However, such a tool has not yet been customised for the

purpose of activated sludge modelling. In this study, qualitative reasoning is used to

develop a model structure. In this approach, the observed systems behaviour, e.g.

obtained through dedicated measurement campaign data and long-term daily measure-

ments, is interpreted to find out which biological processes are the most dominating in

the system and, hence, need to be included in the model structure that will be chosen or

developed.

The main objective of this study is, therefore, to gain insight into the development of

appropriate model structures for mechanistic modelling of nitrogen and phosphorus remov-

ing activated sludge systems, particularly in SBRs. More specifically, it is aimed at evalu-

ating the ability of a chosen model structure to adequately represent the system subject to

changing biological behaviour. To this aim, a pilot-scale SBR receiving a constant waste-

water composition and constant influent load was operated using three different operational

scenarios. Correspondingly, three measurement campaigns were performed for in-depth

monitoring of the dynamics of the process behaviour. To describe the system behaviour,

after each measurement campaign an appropriate model structure was developed taking

the ASM2d model as a reference model. The results from these three calibrated models are

then confronted with reality and evaluated. The BIOMATH protocol (Vanrolleghem et al.,

2003) was used to ensure a systematic calibration approach in this study.

Material and methods

The pilot-scale sequencing batch reactor (SBR), described in Insel et al. (2006), was

operated using two main operating configurations, shown in Figure 1. The influent waste-

water used was synthetic. The volumetric exchange ratio (VER), the HRT and the SRT

of the SBR were fixed to 0.5, 12 h and 10 d, respectively. The oxygen was controlled

using an on-off controller with a dead band (^0.1) during aerobic react sub-phases. In

the last aerobic sub-phase (see Figure 1), the DO set-point was maintained always at

2.0mgO2/L in all three operating scenarios, given below in the order of implementation.

First operating scenario

This is also called the reference operation with which the SBR was operated for approxi-

mately 2 years. One cycle of this operation is shown in Figure 1 (top). The total volume

of the SBR was 80L and the 40 L of influent was supplied to the reactor at once during

the anaerobic-fill phase. The DO set-point was 2mg/L.

Time (min) 45 15 150 60 30 45 15

Fill
Anaerobic
Aerobic react
Anoxic react
Settle
Draw

Total cycle 360 min

Time (min) 45 15 32.5 20 32.5 20 32.5 20 32.5 20 30 45 15

Fill
Anaerobic
Aerobic react
Anoxic react
Settle
Draw Total cycle 360 min

Figure 1 Two operating configurations of the SBR: The reference operating configuration (top), the optimal

operating configuration with four aerobic/anoxic sequences (bottom)
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Second operating scenario

This scenario, the so-called optimal operation, was found by a systematic model-based

study and contains four alternating aerobic and anoxic sub-phases, shown in Figure 1

(bottom). The optimal DO set-point was 0.5mg/L. The total volume of the SBR was

68L. Twenty-four litres of the influent was supplied during the anaerobic-fill phase and

the remaining 10 L was equally step-fed to the following anoxic phases, i.e. 2.5 L per

anoxic phase (see Figure 1 (bottom)).

Third operation scenario

This scenario is in fact the same as the second operation. However, two degrees of free-

dom of the second operation were changed. First, the DO set-point was increased to

1.0mg/L and second, the concentrations of the divalent cations (Ca2þ and Mg2þ ) were

increased in the influent composition to improve the settling process (Sin et al., 2006b).

All modelling and simulations were performed using WESTw (Hemmis NV, Kortrijk,

Belgium).

Results and discussion

The above-mentioned three operating scenarios were implemented in the SBR in the

above-mentioned order. The measurement campaigns of the first and the second oper-

ations were already described in Insel et al. (2006) and Sin et al. (2006a), respectively.

The third measurement campaign was performed in this study.

Part 1. First operation period: development of the ASM2dN model-structure

The dynamics observed in the SBR obtained during the first operation period are shown in

Figure 2 (Insel et al., 2006). In the anaerobic phase, denitrification was completed without

nitrite build-up. In this phase, the ammonium concentration only reached approximately

8mgN/L. Compared to the organic nitrogen present in the reactor, around 30mgN/L, this

level is rather low, indicating a limitation in the hydrolysis/ammonification of the organic
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Figure 2 Measured vs. simulated NH4-N, NO2-N and NO3-N (top), oxygen (bottom-left) and phosphate

dynamics (bottom-right) with the ASM2dN model (Insel et al., 2006)
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Table 1 Summary of the modifications made to the ASM2d model structure in the ASM2dN and ASM2d2N versions (for the complete matrix representation see Sin et al. (2004b))

Modified processes SNH SND SNO3
SNO2

SN2 XND XH XNH XNO Kinetic expressions

ASM2dN model (Insel et al., 2006)
Hydrolysis of
entrapped N

1 21 rhydrolysis
XND

XS

Ammonification 1 21 kaSNDXH

ASM2d2N model (this study)

NH4 oxidation 2 iNBM 2

1/YNH

1/YNH 1 mNH
SO

KO;NHþSO

SNH

KNH;NHþSNH
XNH

NO2 oxidation 2 iNBM 1/YNO 21/YNO 1 mNO
SO

KO;NOþSO

SNO

KNO2;NOþSNO
XNO

NO3 denitrification 2 iNBM 2 (1 2 YHNO3
)/

(1.14 YHNO3
)

(1 2 YHNO3
)/

(1.14 YHNO3
)

1 hNO3;HmH
KO

KO;HþSO

SNO3
KNO3;HþSNO3

SNO3
SNO2þSNO3

SA
KAþSA

SA
SFþSA

XH

NO2 denitrification 2 iNBM 2 (12YHNO2
)/

(1.72 YHNO2
)

(1 2 YHNO2
)/

(1.72 YHNO2
)

1 hNO2;HmH
KO

KO;HþSO

SNO2
KNO2;HþSNO2

SNO2
SNO2þSNO3

SA

KAþSA

SA

SFþSA
XH

Lysis of XNH 21 bNHXNH
Lysis of XNO 21 bNOXNO
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nitrogen. The phosphorus release was observed to be inhibited by the presence of nitrate

but reached up to ca 20mgP/L by the end of the anaerobic phase.

In the subsequent aerobic phase, the nitrification proceeded as one-step and the

hydrolysis of the organic nitrogen was observed to proceed, as can be deduced from the

nitrogen mass balance in the aerobic phase. Based on these observations, Insel et al.

(2006) developed the so-called ASM2dN by incorporating the ASM1 hydrolysis and

ammonification processes of organic nitrogen into the ASM2d model structure (Henze

et al., 2000). This modification is shown in Table 1. It is important to note that the com-

plete matrix representation of these processes is not shown due to space limitations but

can be found in Sin et al. (2004a,b). The calibrated ASM2dN predictions are also shown

in Figure 2. The model simulations are observed to catch the dynamics of nitrogen, phos-

phorus and oxygen reasonably well.

Part 2. Second operation period: development of the ASM2d2N

Compared to the first operation period (see above), different dynamics were observed,

particularly in the nitrogen turnover and the phosphorus concentrations (see Figure 3).

First of all, in the anaerobic-fill phase, the NH4-N is observed to increase up to approxi-

mately 18mgN/L, which indicates the hydrolysis rate of the organic nitrogen is faster

than the rate of the first operation.

During the aerobic conditions, NO2-N was observed to build-up alongside the increas-

ing NO3-N profile (see Figure 3 (top)), which indicates that the first step of the nitrification

process, i.e. ammonia oxidation, occurs faster than the second step, i.e. nitrite oxidation. In

the subsequent anoxic conditions, the nitrite and nitrate are observed to be simultaneously

denitrified (see Figure 3 (top)) which shows that denitrification occurs using both electron

acceptors. The P-release is observed to proceed till the end of the anaerobic phase, reaching

about 30mgP/L (see Figure 3 (bottom)). In the following aerobic conditions, P-uptake took

place but in the subsequent anoxic conditions, no P-uptake was observed. On the contrary,
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Figure 3 Measured (points) vs. simulated (lines) NH4-N, NO2-N and NO3-N (top), oxygen (bottom-left) and

phosphate dynamics (bottom-right) with the ASM2d2N model
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Table 2 Summary of the calibrated parameters (indicated in bold) of the ASM2dN (Insel et al., 2006) and the ASM2d2N models in the first, second and third operation periods, respectively

Parameters Description ASM2dN-1st ASM2d2N-2nd ASM2d2N-3rd Default

Temp Operating temperature in the SBR 16 8C 23 8C 16 8C 20 8C
KO,NH Saturation coefficient of XNH for oxygen 0.07 0.1 0.1 0.5 mgO2/L
KO,NO Saturation coefficient of XNO for oxygen – 0.3 0.3 0.5 mgO2/L
KNH,NH Saturation coefficient of XNH for ammonium 1 0.25 0.40 1 mgN/L
KNH,NO Saturation coefficient of XNO for ammonium – 0.05 0.1 1 mgN/L
KO,Het Saturation coefficient of XH for oxygen 0.06 0.2 0.2 0.2 mgO2/L
KNH,Het Saturation coefficient of XH for ammonium 0.01 0.05 0.05 0.05 mgN/L
KNO3,Het Saturation coefficient of XH for nitrate 0.5 0.7 0.91 0.5 mgN/L
KNO2,Het Saturation coefficient of XH for nitrite – 0.5 0.15 0.5 mgN/L
mH Maximum growth rate of XH 6 6 5.1 6 d21

mNH Maximum growth rate of XNH 1.5 1.05 1.1 1 d21

mNO Maximum growth rate of XNO – 1.75 1.8 1 d21

mPAO Maximum growth rate of PAO 1.8 1.8 1 1 d21

QPHA Rate constant for storage of PHA 6 4.9 3 3 d21

QPP Rate constant for P-uptake 1.5 1.7 1.5 1.5 d21

hNO2,Het Reduction factor for NO2 denitrification – 0.7 0.23 0.8
hNO3,Het Reduction factor for NO3 denitrification 0.8 0.7 0.27 0.8
KX Half saturation constant for hydrolysis 0.045 0.1 0.1 0.1
hhyd Anoxic hydrolysis reduction factor 0.6 0.7 1.0 0.6
hfe Anaerobic hydrolysis reduction factor 0.4 1.0 1.0 0.4
bNO Decay rate of XNO – 0.1 0.15 0.15 d21

bH Decay rate of XH 0.45 0.4 0.4 0.4 d21

YHNO2 Anoxic yield of heterotrophs with NO2 – 0.55 0.63 0.63
YHNO3 Anoxic yield of heterotrophs with NO3 0.58 0.63 0.63 0.63
iNBM Nitrogen content of biomass 0.07 0.086 0.073 0.07
iNXI Nitrogen content of inert COD 0.02 0.1 0.2 0.02

G.SinandP.A.Vanrolleghem2
4

2



phosphorus was slightly increasing probably due to the step-feed of the influent. This

implies that the anoxic P-activity is negligible in this SBR reactor.

Confronting the calibrated ASM2dN model with the new dynamics observed in the

second operation period led to its falsification (see Sin et al., 2006a). This was not surprising

since it was expected that the new established dynamics in the system fall outside the validity

range of the ASM2d, i.e. nitrite build-up was assumed negligible in ASM2d. A change in

the activated sludge community induced by the second operation was believed to be the

underlying reason for this new behaviour reported elsewhere (see Sin et al., 2006b).

To adequately describe the nitrite dynamics in the system, a two-step nitrification

model, which is well established in literature (see e.g. Hao et al., 2002) was considered.

Yet, modelling the denitrification intermediates under anoxic conditions is not straightfor-

ward as there is no unified approach but conflicting theories and assumptions of the

reduction pathway for NO3-N down to N2 gas exist (Thomsen et al., 1994; Almeida et al.,

1995).

However, the following two hypotheses were considered. Hypothesis 1 assumes a paral-

lel denitrification, i.e. NO3 ! N2 and NO2 ! N2. Hypothesis 2 assumes a sequential deni-

trification of nitrate down to nitrogen gas, i.e. NO3 ! NO2 ! N2. These two hypotheses

were tested and both provided a good description of the observed behaviour. The problem,

in fact, is that the available data were not sufficient to decide which hypothesis holds

(Beck, 1987). However, to continue the modelling exercise, hypothesis 2 was selected. The

modifications to ASM2d led to the development of the ASM2d2N shown in Table 1.

In Table 2, the calibrated ASM2d2N model parameters are given together with the

calibrated parameters of the other two models. The Arrhenius equation was also included

in the ASM2d2N to take into account temperature effects. Therefore, the parameters

reported in Table 2 correspond to the reference temperature, i.e. 20 8C. The rest of the

model parameters were taken default from ASM2d (Henze et al., 2000) and from Hao

et al. (2002) for the 2-step nitrification model. The predictions of the ASM2d2N model

are shown in Figure 3 next to the measurements.

Part 3. Third operation period: Validation of the ASM2d2N model structure

In this period of the SBR operation the oxygen set-point of the second operation was

doubled from 0.5 to 1.0mg/L to improve the activated sludge settling in the system (see

Sin et al., 2006b). The resulting response of the SBR to this change is shown in Figure 4.

It appears that the bio-P activity of the biomass is lost (Figure 4 (bottom-right)). This is

most probably due to inefficient utilisation of the VFA in the influent, which is either oxi-

dised (higher oxygen set-point) or denitrified.

In this operation, the denitrification is clearly observed to occur sequentially, leading

to nitrite build-up under anoxic conditions (see the first 45min in Figure 4 (top)). This

information supports the above-mentioned hypothesis 2 that denitrification proceeds via

the nitrite route in this SBR. The aerobic nitrite build-up was not pronounced, which is

expected since the oxygen stress on the nitrite oxidisers was relieved by the increased

oxygen set-point. As for the hydrolysis of organic nitrogen, it is clearly observed to take

place in the anoxic conditions too, indicating that hydrolysis is less dependent on the

electron acceptor. This is approached by adjusting the reduction factor of the anoxic

hydrolysis to 1 (see Table 2).

Although the model structure did not require a modification in this operation period,

the model parameters, however, had to be recalibrated, most probably due to the changed

behaviour of the biological system.
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Critical evaluation of the modified ASM2d models and future perspectives

Although the above-calibrated models were able to catch the dynamics of the system’s

behaviour to a large extent, still some aspects of it, particularly dealing with the phos-

phorus removal and anaerobic hydrolysis, could be better described. For example, the fit

of ASM2dN to the ammonium profile in the anaerobic phase was different from the

observed trajectory (see Figure 2 (top)). Further, the ASM2d2N was clearly limited in

predicting the fast rate followed by a decelerated rate in the P-release profile in the

anaerobic phase (see Figure 3 (bottom-right)).

The reasons for this discrepancy could be, among others, unobserved system input dis-

turbances, measurement errors, errors in the internal description of the system, i.e. not

fully understood biological processes. A system identification approach, as eloquently

presented in Beck (1987) and Dochain and Vanrolleghem (2001), may help identification

of these discrepancies and therefore contribute to improving the description of the com-

plex behaviour of activated sludge systems.

Conclusions

In this study, the ASM2d was used as a reference model for the description of biological

nitrogen and phosphorus removal in a pilot scale SBR. Some of the hypotheses associated

with the ASM2d model, hydrolysis of organics nitrogen, nitrite build-up in aerobic and

anoxic conditions were observed to become invalid when the systems’ behaviour chan-

ged. This change was shown elsewhere to be related to a change in the activated sludge

community in response to a change in the operation of the system. Therefore, to ade-

quately describe the changed behaviour of the system, the ASM2d had to be modified

with new hypotheses such as limited hydrolysis of organic nitrogen, 2-step nitrification

and 2-step denitrification. This means that even for the same system receiving a constant

influent composition, the ASM2d model structure had to be adapted in response to a

change in the system’s behaviour.

The modified and calibrated ASM2dN and ASM2d2N were able to well describe nitro-

gen and oxygen dynamics in the system. However, the prediction of the phosphorus
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phosphate dynamics (bottom-right) with the ASM2d2N
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dynamics remained inadequate. The underlying reasons remain unclear and perhaps would

benefit from a system identification approach. Further identifying these discrepancies

should help improving modelling of biological phosphorus and nitrogen removal systems.
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