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Modeling and simulation of a complex biological process for the remo®al of nutrients
( )nitrogen and phosphorus from municipal wastewater are addressed. The model de®el-
oped in this work employs a distributed-parameter approach to describe the beha®ior of
components within three different bioreaction zones and the beha®ior of sludge in a
secondary settler. Results from a comprehensi®e experimental ®alidation on an existing
pilot-scale biological-nutrient-remo®al acti®ated-sludge plant show that model predic-
tion of the components’ dynamics is generally good with the exception of acetate in the
anaerobic zone and soluble phosphate in the aerobic zone in two experiments. Good
results are achie®ed despite the apparent plant � model mismatch, such as uncertainties
with the beha®ior of phosphorus-accumulating organisms. Validation of the proposed
secondary-settler model shows that it is superior to two state-of-the-art models in terms
of the sum of the square relati®e errors.

Introduction
The conventional activated-sludge plant typically consist-

ing of, among others, a series of long-channeled bioreactors
and a secondary settler has traditionally been employed for
the oxidation of carbonaceous materials to carbon dioxide,
biomass, and water. During the recent decades, it has been

Ž .extended to allow nutrients nitrogen and phosphorus re-
moval. Under the mounting pressure of problems caused by
eutrophication, design, and construction of full-scale biologi-

Ž .cal-nutrient-removal BNR activated-sludge plants have
moved ahead, despite the lack of mechanistic understanding
of the process, in particular biological phosphorus removal

Ž .and the lack of related scientific research Henze et al., 1987 .
Evidently, mathematical models, in conjunction with proto-

type models such as pilot plants, are important not only for
optimizing design but also for improving operation and con-
trol of these complex biological processes. Much of the work
done on BNR-activated-sludge bioreactor modeling in recent
years has been largely concentrated on improving the under-

Žstanding of the kinetics of the process Sen and Randall, 1992;
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Henze et al., 1994; Ante et al., 1994; Johannsson, 1994; Smol-
.ders et al., 1995; Barker and Dold, 1997a . The hydraulics of

bioreactors, on the other hand, has often been overlooked
and, although its importance has been highlighted by the
mathematical modeling task group on the activated-sludge
process of The International Association on Water Quality
Ž . Ž .IAWQ Henze et al., 1987 and recently by Barker and Dold
Ž .1997b , very little work has been done until now. Recently, a
distributed parameter approach to the hydraulics of
channel-type, continuous bioreactors has been addressed by

Ž .the authors Lee et al., 1999a in a study on the dynamics of
carbonaceous substrates, dissolved oxygen, and biomass
within a conventional activated-sludge process. Using pilot-
scale experimental data, it has been shown that this approach
is superior to the widely used tanks-in-series technique, and
the transient properties of three components can be correctly

Ž .predicted by simulation. Lee et al. 1999b further pointed
out that their advanced hydraulics could be extended to model
the BNR-activated-sludge bioreactor.

In contrast to the activated-sludge bioreactors, dynamic
modeling of the activated-sludge secondary settler has re-
ceived much less attention, and therefore settler models have
not been fully developed. Also, there is a deficiency of model

Ž .validation at full scale Olsson and Newell, 1999 . State-of-
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the-art settler models for predicting the outlet sludge concen-
trations have been based on the solids flux theory of Coe and

Ž .Clevenger 1916 , which stated that total solids flux equals
the sum of solids flux due to gravity settling and bulk down-

Ž .ward movement of liquid. Based on Kynch’s 1952 hypothe-
Ž .sis on settling velocity of sludge particles, Vesilind 1968

proposed his well-known single-exponential, empirical set-
tling velocity equation to calculate the gravity-settling flux.

Using a constrained gravity solids flux formulation and
Ž .Vesilind’s settling velocity equation, Vitasovic 1989 devel-

oped a distributed-parameter model to predict the profiles of
sludge with respect to settler’s height by assuming that the
settler consists of a preselected number of equally sized lay-
ers. This so-called ‘‘layered’’ settler model has since become
the state-of-the-art technique used by subsequent workers.

Ž .Takacs et al. 1991 extended Vitasovic’s work by modifying
Vesilind’s settling-velocity equation to a double-exponential
version to account for the different behavior of small-size

Ž . Ž .particles 0.5 to 5 �m and large flocs 10 to 5,000 �m , such
that the solids settling velocity decreases as concentration ap-
proaches. They further showed that their 10-layer settler
model gave good predictions of effluent suspended solids, as
well as excellent matches of the solids concentration profiles
with respect to the length of the settler. Simple flow and con-
centration step tests showed that their model is able to give
reasonable prediction of effluent suspended solids dynamics.

Rather than constraining the gravity solids flux, Hamilton
Ž .et al. 1992 employed a model that includes a constant-

dispersion term and Vesilind’s gravity-settling velocity to ob-
tain their solids concentration profiles. An independent eval-

Ž .uation of settler dynamic models by Grijspeerdt et al. 1995
Ž .showed that a model that incorporates Takacs et al.’s 1991

settling velocity gave the most reliable results followed by the
Ž .model of Hamilton 1992 , but the former requires much more

computation time than the latter and more parameters to be
w Ž .evaluated five parameters for Takacs et al. 1991 against

Ž .xthree parameters for Hamilton et al. 1992 . However, an-
other independent evaluation of settler dynamic models car-

Ž .ried out by Koehne et al. 1995 showed that, under different
dynamic conditions, simulations with models that incorporate

Ž . Ž .the settling velocities of Vesilind 1968 , Takacs et al. 1991 ,
Ž . Ž .Hartel and Popel 1992 , and Otterpohl and Freund 1992

failed to give consistent results when compared to their
pilot-scale experimental data. Further research is therefore
needed to ascertain if other fundamental issues have been
overlooked in the existing settler models.

The objectives of this work are listed as follow:
� Formulation of three different distributed-parameter

bioreactor models for the BNR-activated-sludge process
based on the advanced hydraulics developed in our previous

Ž .work Lee et al., 1999a,b . A modified, reduced-order acti-
vated-sludge kinetic model for biological removal of nitrogen

Žand phosphorus, the Activated Sludge Model No. 2 ASM
. Ž .No. 2 recently developed by Henze et al. 1994 is also in-

cluded in the model formulation.
� Proposal for a one-dimensional, activated-sludge sec-

ondary-settler model similar to the work of Hamilton et al.
Ž .1992 , but considers back mixing of upward and downward
movement of the activated sludge.

� Validation of the settler model using the experimental
Ž .data published by Pflanz 1969 and provides quantitative

Ž .comparison with the model of Hamilton et al. 1992 and
Ž .Takacs et al. 1991 . This is followed by selection of an ap-

propriate number of layers, based on a numerical investiga-
tion of the dynamics of the activated sludge.

� Development of a numerical algorithm to simulate the
BNR-activated-sludge process using the distributed bioreac-
tor models and the proposed secondary-settler model.

� Experimental validation of the distributed parameter
bioreactor models using a total of nine sets of pseudo-
steady-state and dynamic experimental data independently
acquired from an existing BNR-activated-sludge pilot plant.
Model parameters such as those related to the kinetics of
biological nitrogen and phosphorus will be checked for their
sensitivities toward steady-state simulation results. Concur-
rently, key parameters will be identified and estimated using
the basis data sets. Dynamic simulation will then be per-
formed and predicted results will be compared with plant data
before concluding.

Results from this work are aimed at not only giving impor-
tant insights into this challenging biological process but also
providing an easy-to-implement computational algorithm for
advanced control studies and design assistance both to the
researchers and practitioners.

Process Description
Typically, a main-stream biological phosphorus removal

process such as the Johannesburg configuration shown in Fig-
ure 1 consists of anaerobic, anoxic, and aerobic zones and a
secondary settler with multiple recycle streams. To ensure
that plug flow conditions prevail in the bioreactors, the basins
are normally partitioned such that back mixing is minimized.
In the anaerobic zone, fermentable organic from the influent

Ž .wastewater are mixed with the return activated sludge RAS
Ž .and converted to volatile fatty acids VFA by heterotrophic

organisms. The latter are consumed by phosphorus accumu-
Ž .lating organisms PAO and stored internally as poly-� hy-
Ž .droxy alkanoates PHA . Concurrently, poly-phosphate and

hence energy for VFA accumulation are released.
There is a net reduction of alkalinity and hence pH in this

zone due to acids production. If the amount of VFA is insuf-
ficient, additional acids from an external source can be added
to maintain a maximum PHA uptake by the biological phos-
phate organisms in the system. Frequently a prefermenter or
an ‘‘activated’’ primary sedimentation tank is used to produce
VFA by fermentation of readily biodegradable substrate in

Ž .the incoming sewage. In the anoxic zone, nitrate S , whichNO3

is recycled from the aerobic zone, is converted to dinitrogen
by facultative heterotrophic organisms. Denitrification results
in the release of alkalinity and hence an increase in pH. There
is also evidence of a pronounced removal of phosphorus in
this zone.

On reaching the aerobic zone, virtually all the readily
wbiodegradable organic hereafter referred to as biodegrad-

Ž .xable chemical oxygen demand COD in the partially treated
wastewater has been consumed by the heterotrophic organ-
isms in the previous zones. In this zone, two major processes

Ž .occur. In the presence of dissolved oxygen S , the releasedO2
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phosphate is taken up by PAO growing on the stored PHA.
The phosphorus is stored internally as poly-phosphate. This
results in a net reduction in phosphate in the wastewater.
The second process occurring in this zone is nitrification of

Ž .ammonia S to nitrate in the wastewater by the auto-NH4

trophic organisms. In order to minimize the amount of dis-
solved oxygen going into the anoxic zone, the last compart-
ment is typically not aerated. Part of the sludge, which con-
tains phosphorus to be removed, is wasted, while the remain-
der is returned to the anaerobic zone after thickening in the
settler and additional denitrification in the RAS tank.

Model Development Based on Distributed
Parameter Approach
Models for the BNR-acti©ated-sludge bioreactors

Hydraulics and Mass Balance of the BNR-Acti®ated-Sludge
Bioreactor. The tanks-in-series technique has been widely
applied to model bioreactor hydraulics, not only because of
the simplicity of mathematical manipulation of a lumped-

Ž .parameter system LPS but also because it often results in a
reasonably accurate characterization of the flow pattern. Lee

Ž .et al. 1999a recently showed that the activated-sludge proc-
ess dynamics can be more accurately modeled using the clas-
sic plug flow with axial dispersion technique, a distributed

Ž .parameter system DPS approach, with reduced plant�model
mismatch compared to the LPS approach. At low nutrient
concentration, accuracies of hydraulic modeling become criti-
cally important, especially if the model is to be used for
real-time applications. The DPS approach is therefore the
preferred alternative for modeling of the main bireactors
within the BNR-activated-sludge process in this work.

The general mass-balance equation for a component Ck
w y1 xmgL within the compartmentalized anaerobic, anoxic, or
aerobic zones is given by

2 NP� C 1 1 � C � Ck k k
s � y q ® � qM , 1Ž .Ý p , k p k2ž /� t HRT Pe � z� z ps1

where ® is the stoichiometric coefficient for component kp, k
Ž y1 y1.and process p; � mg L h is the rate equation forp

process p; NP is the number of processes; M is the external
Ž y1 y1.mass transfer mg L h ; Pe is the Peclet number for a

Ž .bioreaction zone; and HRT h is the hydraulic retention time
of the zone.

The specific component mass balances at each zone can
then be formulated based on Eq. 1 and the kinetic models
given in the Appendix. Equations 2 to 4 show the examples
of mass balances for S , S , and S within the anaerobic,A NO O3 2

anoxic, and aerobic zones, respectively. Definitions of the
variables and parameters for these equations can be found in
Table 1.

�S 1 1 � 2S �SA A A
s � y q r y rferm PHA2ž /� t HRT Pe � z� z

SALK
qb X , 2Ž .PHA PHAK qSALK , p a ALK

where

S SF ALK
r sq Xferm f e PAOK qS K qSfe F ALK , h e ALK

Figure 1. Typical BNR-activated-sludge process scheme.

October 1999 Vol. 45, No. 10AIChE Journal 2247



and

S SA ALK
r sqPHA PHA K qS K qSA , p a A ALK , p a ALK

X rXPP PAO
� X .PAOK q X rXPP PP PAO

�S � 2S �S1 1NO NO NO3 3 3s � y2ž /� t HRT Pe � z� z

1yYŽ .H
y � q�Ž .H, anox S H, anox S� F � A2.86YH

1yYŽ .PAO
y r y � , 3Ž .pp, store PAO2.86YPAO

where

SS S NHF F 4� s� �ˆH, anox S H NO , h e� F 3 K qS S qS K qSF F F A NH , h e NH4 4

S SNO PO3 4� XHK qS K qSNO , h e NO P , h e PO3 3 4

SS S NHA A 4� s� �ˆH, anox S H NO , h e� A 3 K qS S qS K qSA , h e A F A NH , h e NH4 4

S SNO PO3 4� XHK qS K qSNO , h e NO P , h e PO3 3 4

SY X rXPOPHA PHA PAO4r s qpp, store DNP2.86 K qS X q X rXP, pp PO PHA PHA PAO4

K y X rXMAX PP PAO
� XPAOK qK y X rXIPP MAX PP PAO

S SNO NH3 4� s �̂PAO PAO K qS K qSNO , p a NO NH , p a NH3 3 4 4

S S X rXPO ALK PHA PAO4� X .PAOK qS K qS X q X rXP, p a PO ALK , p a ALK PHA PHA PAO4

�S � 2S �S1 1 1O O O2 2 2s � y y 1y2ž / ž /� t HRT Pe � z Y� z H

1
� � q� y r q 1y �Ž .H , ae S H , ae S PHA, store PAO , ae� F � A ž /YPAO

4.57
q 1y � qKla S yS 4Ž .Ž .AUT O SAT O2 � 2ž /YAUT

Table 1. Notation and Typical Values of Parameters for Biological Nitrogen and Phosphorus Removal Based on
( )Henze et al. 1994

Parameter Value Units

Hydrolysis
y11. K shydrolysis rate constant 0.125 hh

2. � sanoxic hydrolysis reduction factor 0.6 �NO h y3�

3. � sanaerobic hydrolysis reduction factor 0.1 �f e
y34. K ssaturationrinhibition coef. for oxygen 0.2 g mO h y O2 � 2 y35. K ssaturationrinhibition coef. for nitrate 0.5 g mNO h y N3� y16. K ssaturation coefficient for particulate COD 0.1 g gX COD COD

Heterotrophic organisms
y17. � smaximum growth rate on substrate 0.25 hˆH

y1 y18. q smaximum rate for fermentation 0.125 g g hf e COD COD
9 � sreduction factor for denitrification 0.8 �NO h e3� y110. b srate constant for lysis 0.0167 hH

y311. K ssaturationrinhibition coef. for oxygen 0.2 g mO h e O2 � 2 y312. K ssaturation coefficient for growth on S 4 g mF F COD
y313. K ssaturation coef. for fermentation of S 20 g mf e F COD
y314. K ssaturation coefficient for S 4 g mA h e A COD� y315. K ssaturationrinhibition coef. for nitrate 0.5 g mKNO h e N3� y316. K ssaturation coefficient for ammonium 0.05 g mNH h e N4 � y317. K ssaturation coefficient for phosphorus 0.01 g mP h e P� y318. K ssaturation coefficient for alkalinity 0.1 mol mALK h e HCO� 3

Phosphorus-accumulating organisms
y1 y119. q srate constant for storage for X 0.125 g g hPH A PHA COD PAO

y1 y120. q srate contant for storage of X 0.0625 g g hPP PP PP PAO
21. q srate constant for denitrifying PAO� 0.03 hy1

DNP
y122. � smaximum growth rate 0.0417 hPAO
y123. b srate constant for lysis of X 0.0083 hPAO PAO
y124. b srate constant for lysis of X 0.0083 hPP PP
y125. b srate contant for lysis of X 0.0083 hPH A PHA

y326. K ssaturation coefficient for S 0.2 g mO p a O O2 � 2 2 y327. K ssaturation coefficient for S 4 g mA p a A COD�

�q , not included in the original ASM No. 2, is typically smaller than q , Table continuedDNP PP
because nitrate is not as good as an electron acceptor as oxygen.
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( )Table 1. Continued Notation and Typical Values of Parameters for Biological Nitrogen and Phosphorus
( )Removal Based on Henze et al. 1994

Parameter Value Units

Phosphorus-accumulating organisms� Continuned
y328. K ssaturationrinhibition coef. for nitrate 0.5 g mNO p a N3� y329. K ssaturation coefficient for ammonium 0.05 g mNH p a N4 � y330. K ssaturation coef. for phosphorus in PP storage 0.2 g mP p p P� y331. K ssaturation coef. for phosphorus in growth 0.01 g mP PAO P� y332. K ssaturation coefficient for alkalinity 0.1 mol mALK p a HCO� 3y133. K ssaturation coefficient for poly-phosphate 0.01 g gPP PP PAO
y134. K smaximum ratio of X rX 0.34 g gmax PP PAO PP PAO
y135. K s inhibition coefficient for XPP storage 0.02 g gIPP PP PAO

y136. K ssaturation coefficient for PHA 0.01 g gPH A PHA PAO

Nitrifiers
y137. � smaximum growth rate 0.0417 hˆAUT
y138. b sdecay rate 0.0062 hAUT

y339. K ssaturation coefficient for oxygen 0.5 g mO au O2 � 2 y340. K ssaturation coefficient for ammonium 1 g mNH au N4 � y341. K ssaturation coefficient for alkalinity 0.5 mol mALK au HCO� 3y342. K ssaturation coefficient for phosphorus 0.01 g mP au P�

Con®ersion factors
Nitrogen

y143. i sN content of soluble substrate S 0.03 g gNSF F N COD
y144. i sN content of inert particulate substrate X 0.03 g gNX I I N COD
y145. i sN content of particulate substrate X 0.04 g gNX S S N COD
y146. i sN content of biomass X , X , X 0.07 g gNBM H PAO AUT N COD

Phosphorus
47. i sP content of soluble substrate S 0.01 g gy1

PSF F P COD
y148. i sP content of particulate substrate X 0.01 g gPX S S P COD
y149. i sP content of biomass X , X , X 0.02 g gPBM H PAO AUT P COD

Stoichiometric constants
Heterotrophic organisms XH

y150. Y s yield coefficient 0.63 g gH COD COD
y151. f s fraction of inert COD generated in biomass lysis 0.1 g gXI COD COD

Phosphorus-accumulating organisms XPAO
y152. Y s yield coefficient 0.63 g gPAO COD COD
y1Ž .53. Y sPP requirement S release for PHA storage 0.4 g gPO PO COD COD4 4 y154. Y sPHA requirement for PP storage 0.2 g gPH A COD COD
y155. f sFraction of inert COD generated in biomass lysis 0.1 g gXI COD COD

Nitrifying organisms XAUT
y156. Y s yield coefficient 0.24 g gAUT COD N
y157. f s fraction of inert COD generated in biomass lysis 0.1 g gXI COD COD

�q , not included in the original ASM No. 2, is typically smaller than q , because nitrate is not as good as an electron acceptor as oxygen.DNP PP

where

S SO F2� s �̂H , ae S H� F K qS K qSO , h e O F F2 2

S SS SNH POF ALK4 4� XHS qS K qS K qS K qSF A NH , h e NH P , h e PO ALK , h e ALK4 4 4

S S SO A A2� s �̂H , ae S H� A K qS K qS S qSO , h e O A , h e A F A2 2

S SNH PO4 4� XHK qS K qSNH , h e NH P , h e PO4 4 4

S S SO NH PO2 4 4� s �̂PAO, ae PAO K qS K qS K qSO , p a O NH , p a NH P , p a PO2 2 4 4 4

S X rXALK PHA PAO
� XPAOK qS X q X rXALK , p a ALK PHA PHA PAO

S S SO NH PO2 4 4� s �̂AUT AUT K qS K qS K qSO , au O NH , au NH P , au PO2 2 4 4 4

SALK
� XAUTK qSALK , au ALK

S SO PO2 4r syY qPHA, store PHA PP K qS K qSO , p a O P , p p PO2 2 4

X rX K y X rXPHA PAO max PP PAO
� X .PAOK q X rX K qK y X rXPHA PHA PAO IPP max PP PAO

For a given zone, an identical Peclet number has been as-
sumed for all the components investigated. Justifications for
this assumption have been detailed in an earlier publication
Ž .Lee et al., 1999a . Equations 2 to 4 can be solved with the

Ž .classic Danckwerts boundary conditions Danckwerts, 1953 .
If the compartmentalized BNR-activated-sludge bioreactors
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exhibited very little back mixing or ‘‘near-plug flow’’ condi-
Ž .tions such as characterized by Peclet numbers of above 20 ,

the time-dependent exit boundary conditions described by
Ž .Lee et al. 1998 could alternatively be used to circumvent

numerical problems. In this work, the orthogonal collocation
Ž .technique described by Villadsen and Michelsen 1978 is

used to descretize the bioreactor models. The numerical so-
lutions to Eqs. 1 to 4 and the discretized Danckwerts bound-
ary conditions can be found in the Appendix.

Bioreaction Kinetics in the BNR-Acti®ated-Sludge Processes.
While the validity of the available kinetic models for the
BNR-activated-sludge processes is yet to be fully confirmed,
in particular due to the lack of experience with PAO, the
ASM No. 2 was used as a basis of our study, since much of
the previous work was done by the same workers. In this work,
we modified the original model to ‘‘submodels’’ representing
the three different bioreaction zones, based on a prior knowl-
edge about the process under investigation. Matrices repre-
senting the reduced-order kinetic models of the ASM No. 2
for anaerobic, anoxic, and aerobic zones can be found in Ta-
bles 2 to 4, respectively. Notation for Tables 2 to 4 and typi-

Žcal values of parameters from the literature Henze et al.,
.1994 can be found in Table 1.

Within the anaerobic zone, the amount of S is negligibleO2

or not expected to be present at all since it is not usually
carried with the streams entering this zone and therefore as-
sumed zero in the model. The influent wastewater to be
treated does not usually contain S since this component isNO3

a product of S converted in the presence of S withinNH O4 2

the aerobic zone. It is possible that some S may entrain toNO3

this zone from recycled sludge, but based on our pilot-plant
experience, the amount is insignificant. For a properly oper-
ated plant, the S should be fully denitrified once the re-NO3

turned sludge is pumped out of the RAS tank. In fact, SNO3

in this zone must be kept at a very low concentration, typi-
cally less than 2 mg NrL since it competes with the PAO for

Ž .VFA, assumed to be acetate S in the models, and henceA
impedes growth of the latter. Within the anoxic zone, the

Ž .only source of S is from the oxidized nitrogen S recy-O NO2 X

cle flow. Since the last compartment of the aerobic zone in
the pilot plant is not oxidized, S concentration typicallyO2

drops to zero or close to zero in the reactor outlet and hence
is neglected in the model.

In the BNR-activated-sludge process that is under study,
chemicals for precipitation of phosphorus were not used and
hence not considered. Soluble and particulate inert, which
do not take part in the bioreaction, were removed from the
original model. Total suspended solid is essentially the sum-
mation of all particulate components and is therefore re-
moved. The final reduced-order models of the ASM No. 2 as
exemplified in Tables 2 to 4 consist of 8 processes and 11
components for the anaerobic reactor, 11 processes and 12
components for the anoxic reactor, and 12 processes and 13
components for the anaerobic reactor.

While conflicting evidence concerning the fate of nitrate
in biological phosphorus removal processes exists in the liter-
ature, experience at the continuous pilot-scale BNR-
activated-sludge plant at the Liverpool Sewerage Treatment
plant in Sydney, Australia, indicates that there has been a
consistent net reduction of nitrate and phosphorus in the
anoxic zone. This finding is in good agreement with a number

Ž .of workers, recently reviewed by Barker and Dold 1996 . The
results of a recent laboratory-scale experimental study on

Ž .denitrifying PAO by Wachtmeister et al. 1997 suggested that
some PAO can use nitrate as an electron acceptor in the
absence of oxygen for oxidation of stored poly-� hydroxy

Ž . Ž .butyrate PHB and poly-� hydroxy valerate PHV and si-
multaneous uptake of phosphorus. These two products will
hereafter be referred to by their functional group name,

Ž .poly-� hydroxy alkanoates PHA . One particular stoichio-
metric equation, which summarizes the essential reactions
under this condition, is given by

Table 2. Reduced-Order Kinetic Model of ASM No. 2 for Anaerobic Zone

Component´
Processy S S S S S X X X X X X Rate EquationNH ALK A F PO AUT H S PAO PHA PP4 4

X rX1. Anaerobic i y i ® 0 1 i y i 0 0 y1 0 0 0 S HNXS NSF 1, SALK PXS PSF K � Xh f e Hhydrolysis K qX rXx S H
S S2. Fermentation i ® 1 y1 i 0 0 0 0 0 0 f ALKPSF 2, SALK PSF q Xf e HK qS K qSf e f ALK , h e ALK

3. Lysis of X ® ® 0 0 ® 0 y1 1y f 0 0 0 b XH 3, SNH 3, SALK 3, SPO XI H H4 4

S S4. Stor of X 0 ® y1 0 Y 0 0 0 0 1 yY A ALKPHA 4, SALK PO PO4 4 qPH A K qS K qSA , p a A ALK , p a ALK

X rXPP PAO
� XPAOK qX rXPP PP PAO

5. Lysis of X ® ® 0 0 ® 0 0 1y f y1 0 0 b rXPAO 5, SNH 5, SALK 5, SPO XI PAO PAO4 4 Ž .6. Lysis of X 0 y1.5r31 0 0 1 0 0 0 0 0 y1 b X S r K qSPP PP PP ALK ALK, p a ALK
Ž .7. Lysis of X 0 y1r64 1 0 0 0 0 0 0 y1 0 b X S r K qSPH A PHA PHA ALK ALK, p a ALK

8. Lysis of X ® ® 0 0 ® y1 0 1y f 0 0 0 b XAUT 8, SNH 8, SALK 8, SPO XI AUT AUT4 4

NOTES: ® : isProcess number; cs component. ® s1r64yY �1.5r31i, c 4, SALK PO4Ž Ž . .® s ® s ® sy f � i q 1y f � i y i ® s ® r14y® �1.5r313,SNH 5, SNH 8,SNH XI NXI XI NXS NBM 5,SALK 5,SNH 5,SPO4 4 4 4 4
® s® r14y® �1.5r31 ® s ® r14y® �1.5r311,SALK 1, SNH 1,SPO 8,SALK 8,SNH 8,SPO4 4 4 4 Ž Ž . .® sy1r64q® r14y® �1.5r31 ® s ® s ® sy f � i q 1y f � i y i2,SALK 2,SNH 2,SPO 3,SPO 5,SPO 8, SPO XI PXI XI PXS PBM4 4 4 4 4
® s® r14y® �1.5r313,SALK 3, SNH 3,SPO4 4
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Table 3. Reduced-Order Kinetic Model of ASM No. 2 For Anoxic Zone

Component´
Processy S S S S S S X X X X X X Rate EquationNO NH ALK A F PO AUT H S PAO PHA PP3 4 4

S1. Anoxic 0 i y i ® 0 1 i yi 0 0 y1 0 0 0 NO3NXS NSF 1, SALK PXS PSF K �h NO , h y3hydrolysis K qSNO , h y NO3 3

X rXS H
� X HK qX rXx S H

2. Anoxic i r ® 0 y1rY i r 0 1 0 0 0 0 SNSF 2, SALK H PSFŽ . Fy1 yYH � �H NO , h agrowth of Y yi Y yi 3H NBM H PBM K qSF F2.86YHX on SH F SS NHF 3�
S qS K qSF A NH , h e NH3 4

S SNO PO3 4� X HK qS K qSNO , h e NO P, h e PO3 3 4

3. Anoxic yi ® 0 i 0 1 0 0 0 0 S SNBM 3, SALK PBMŽ . A Ay 1yY 1H � �ˆ H NO , h egrowth of y 3 K qS S qSA, h e A F A2.86Y YH HX on SH A S SNH NO4 3�
K qS K qSNH , h a NH NO , h e NO4 4 3 3

SPO4� X HK qSP, h e PO4

4. Lysis of X 0 ® ® 0 0 ® 0 y1 1yf 0 0 0 b XH 4, SNH 4, SALK 4, SPO XI H H4 4

S S5. Stor of X 0 0 ® y1 0 Y 0 0 0 0 1 yY A ALKPHA 5, SALK PO PO4 4 qPHA K qS K qSA, p a A ALK , p a ALK

X rXPP PAO
� X PAOK qX rXPP PP PAO

6. Stor of X 0 ® 0 0 y1 0 0 0 0 yY 1PP 6, SALK PHAyYPHA S SNO NO3 3q2.86 DNP K qS K qSNO , p a NO P, p p PO2 3 4

X rXPHA PAO
�

K qX rXPHA PHA PAO

K yX rXmax PP PAO
� X PAOK qK yX rXPP max PP PAO

7. Anoxic yi ® 0 0 yi 0 0 0 1 0NBM 7, SALK PBM S SŽ .y 1yY 1 NO NH3 4PAO �̂growth of y PAO K qS K qS2.86Y Y NO , p a NO NH , p a NHPAO PAO 3 3 4 4X onPAO SS POALK 4X PHA �
K qS K qSALK, p a ALK P, p a PO4

X rXPHA PAO
� X PAOK qX rXPHA PHA PAO

8. Lysis of X 0 ® ® 0 0 ® 0 0 1yf y1 0 0 b XPAO 8, SNH 8, SALK 8, SPO XI PAO PAO4 4

Ž .9. Lysis of X 0 0 y1r31 0 0 1 0 0 0 0 0 y1 b X S r K qSPP PP PP ALK ALK, p a ALK

Ž .10. Lysis of X 0 0 y1r64 1 0 0 0 0 0 0 y1 0 b X S r K qSPHA PHA PHA ALK ALK, p a ALK

11. Lysis of X 0 ® ® 0 0 ® y1 0 1yf 0 0 0 b XAUT 11, SNH 11, SALK 11, SPO XI AUT AUT4 4

Ž Ž . .NOTES: ® s ® s ® sy f � i q 1y f � i y i ® sY r2.86r14q1.5r314,SNH 8,SNH 11, SNH XI NXI XI NXS NBM 6,SALK PHA4 4 4 Ž . Ž .® s ® r14y1.5® r31 ® s1.5 i r31q® r14q 1yY r 2.86® r141,SALK 1,SNH 1,SPO 7,SALK PBM 7, SNH PAO 7,PAO4 4 4Ž . Ž .® s 1yY r 2.86 Y r14q® r14y1.5® r31 ® s ® r14y1.5® r312,SALK H H 2, SNH 2, SPO 8,SALK 8, SNH 8,SPO4 4 4 4Ž . Ž . Ž .® s1r 64 Y q 1yY r 2.86 Y r14q® r14y1.5® r31 ® s ® r14y1.5® r313,SALK H H H 3,SNH 3,SPO 11,SALK 11, SNH 11,SPO4 4 4 4Ž Ž . .® s ® r14y1.5® r31 ® s ® s ® y f � i q 1y f � i y i4,SALK 4,SNH 4,SPO 4,SPO 8, SPO 11, SPO XI PXI XI PXS PBM4 4 4 4 4
® s1r64y1.5 Y r315,SALK PO4

C H O q 0.16 NH qq 0.2 PO 3yq 0.96 NO y
2 4 2 4 4 3

Ž . Ž . Ž . Ž .acetic acid ammonium phosphate nitrate

x

0.16 C H NO q 1.2 CO q 0.2 HPO q 1.4 OHyŽ .5 7 2 2 3
Ž .hydroxideŽ . Ž . Ž .biomass carbon dioxide polyphosphate

q 0.48 N q 0.96 H O .2 2
Ž . Ž .nitrogen water

Although the fraction of the denitrifying PAO cannot be
precisely ascertained for the time being, their effect in pre-
dicting the fate of species such as nitrate and phosphate
within the anoxic zone could be significant. We have there-
fore incorporated stoichiometry and process rates for denitri-

Ž .fying PAO into the reduced-order ASM No. 2 see Table 3
for the anoxic reactor; thus, the original ASM No. 2 is slightly
modified.
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Table 4. Reduced-Order Kinetic Model of ASM No. 2 for Aerobic Zone

Component´
Processy S S S S S S S X X X X X X Rate EquationO NO NH ALK A F PO AUT H S PAO PHA PP2 3 4 4

S X rX1. Aerobic 0 0 i ® 0 1 i 0 0 y1 0 0 0 O S H2NXS 1, SALK PXS K Xh Hhydrolysis yi yiNSF PSF K qS K qX rXO h y O x S H2 � 2

2. Aerobic 0 i r ® 0 i r 0 1 0 0 0 0 S SNSF 2, SALK PSFŽ . O Fy 1yY y1 2H �̂Hgrowth of Y yi Y yiH NBM H NBM K qS K qSO , h e O F FY Y 2 2H HX on SH F SS NHF 4�
S qS K qSF A NH , h e NH4 4

S SPO ALK4� X HK qS K qSP, h e PO ALK , h e ALK4

3. Aerobic 0 yi ® 0 yi 0 1 0 0 0 0 S S SNBM 3, SALK PBMŽ . O A Ay 1yY y1 2H �̂Hgrowth of K qS K qS S qSO , h e O A , h e A F AY Y 2 2H HX on SH A S SNH PO4 4� X HK qS K qSNH , h e NH P, h e PO4 4 4

4. Lysis of X 0 0 ® ® 0 0 ® 0 y1 1yf 0 0 0 b XH 4, SNH 4, SALK 4, SPO XI H H4 4

S S5. Stor of X 0 0 0 ® y1 0 Y 0 0 0 0 1 yY A ALKPHA 5, SALK PO PO4 4qPHA K qS K qSA, p a A ALK , p a ALK

X rXPP PAO
� X PAOK qX rXPP PP PAO

S S6. Stor of X yY 0 0 1.5r31 0 0 y1 0 0 0 0 yY 1 O POPP PHA PHA 2 4qPP K qS K qSO , p a O P, p p PO2 2 4

X rXPHA PAO
�

K qX rXPHA PHA PAO

K yX rXmax PP PAO
� X PAOK qK yX rXPP max PP PAO

7. Aerobic 0 yi ® 0 0 yi 0 0 0 1 0NBM 7, SALK PBMŽ .y 1yY 1PAO S SO NH2 4growth of y
�̂Y Y PAOPAO PAO K qS K qSO , p a O NH , p a NH2 2 4 4X on XPAO PHA SS POALK 4�

K qS K qSALK, p a ALK P, p a PO4

X rXPHA PAO
� X PAOK qX rXPHA PHA PAO

8. Lysis 0 0 ® ® 0 0 ® 0 0 1yf y1 0 0 b X8,SNH 8, SALK 8, SPO XI PAO PAO4 4
of X PAO

Ž .9. Lysis 0 0 0 y1.5r31 0 0 1 0 0 0 0 0 y1 b X S r K qSPP PP ALK ALK, p a ALK
of X PP

Ž .10. Lysis 0 0 0 y1r64 1 0 0 0 0 0 0 y1 0 b X S r K qSPHA PHA ALK ALK, p a ALK
of X PHA S SO NH2 411. Growth ® 0 0 yi 1 0 0 0 0 0 �11, SALK PBM ˆ4.57 1 AUT K qS K qSO , au O NH , au NHof X 1y 2 2 4 4AUT Y Y 1AUT AUT S SPO ALK4yi yNBM � XAUTYAUT K qS K qSP, au PO ALK , au ALK4

12. Lysis 0 0 ® ® 0 0 ® y1 0 1yf 0 0 0 b X12, SNH 12, SALK 12, SPO XI AUT AUT4 4
of XAUT

Ž Ž . .Notes: ® s ® s ® y f � i q 1y f � i y i ® s1.5r31� i q® r144,SNH 8, SNH 12,SNH XI NXI XI NXS NBM 7,SALK PBM 7,SNH4 4 4 4
® s® r14y® �1.5r31 ® s ® r14y® �1.5r311,SALK 1, SNH 1,SPO 8,SALK 8,SNH 8, SPO4 4 4 4
® s® r14y® �1.5r31 ® sy i r14y2rY r14q i �1.5r312,SALK 2, SNH 2,SPO 11,SALK NBM AUT PBM4 4
® s1r64 Y q® r14y® �1.5r31 ® s ® r14y® �1.5r313,SALK H 3,SNH 3, SPO 12,SALK 11,SNH 11, SPO4 4 4 4 Ž Ž . .® s ® r14y® �1.5r31 ® s ® s ® sy f � i q 1y f � i y i4,SALK 4, SNH 4,SPO 4,SPO 8,SPO 12, SPO XI NXI XI PXS PBM4 4 4 4 4
® s1r64yY �1.5r315,SALK PO4

Models for the secondary settler
We consider that a settler can be divided into two distinct

zones, namely clarification and thickening as shown in Figure
Ž .2 top . Treated wastewater from an activated-sludge reactor

typically enters the settler via a center port, usually showing a
strong flocculating tendency. If a batch-settling test is per-

formed on the same feed, one would be able to visualize that
a solid�liquid interface develops immediately after settling
commences. Hereafter, the low-concentration phase and the
high-concentration phase are denoted as clarification and
thickening zones, respectively. During thickening, three phys-

Ž .ical phenomena are observed to occur: 1 zone-settling mode,
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( )Figure 2. Secondary settler top figure and discretiza-
( )tion of a settler model bottom figure .

Ž . Ž .2 transition stage, and 3 compression. Only the zone-set-
Ž .tling mode, which is the governing phenomenon WRC, 1984

will be considered in this work. This thickening behavior as-
sumes that all particles settled at the same rate throughout
the zone depth.

A model for solids dynamics within the thickening zone is
given by

� X Q � X � V X � 2XŽ .U S
sy y qD , 5Ž .S 2� t A �Z �Z �Z

where Q is the downward volumetric flow rate; V is theU S
gravity-settling velocity; and D is the dispersion coefficientS
of solids in the thickening zone. Derivation of Eq. 5 is given
in the Appendix. An expression developed by Takacs et al.
Ž .1991 for the gravity-settling velocity is given by

yr Ž XyX . yr Ž XyX .h min p minV smax 0, min V , V e y e ,Ž .Ž .S O Oy

6Ž .

where V and r are the empirical settling parameters ofO h
Ž .Vesilind 1968 , r is a settling parameter for low-concentra-p

tion suspended solids; V is maximum settling velocity; andOy

X is minimum attainable suspended solids concentration.min
The parameters V , r , r , V , and X are regarded asO h p O miny

constants that require estimation.
A model for solids dynamics within the clarification zone

can be similarly derived and is given by Eq. 7:

� X Q � X � V X � 2XŽ .O S �sy q qD , 7Ž .S 2� t A �Z �Z �Z

where Q is the upward volumetric flow rate, and D� is theO S
sludge-dispersion coefficient in the clarification zone. It must
be pointed out that the dispersion coefficient for the clarifi-
cation and thickening zones may be different, largely depend-
ing on the settler design. It must also be pointed out that we
have ignored the geometrical effects such as the conical-
shaped bottom often found in practical settling tanks, but the

Ž .impact is deemed insignificant Watts et al., 1996 . The set-
tler model given by Eqs. 5 and 7 can be solved numerically by

Ž .using a finite difference scheme. Figure 2 bottom shows the
Ž .numerical division of a settler into five sections, namely: 1

Ž . Ž . wtop layer that is, layer 1 ; 2 clarification layer that is, layer
Ž .x Ž . Ž .2 to layer My1 ; 3 feed layer that is, layer M ; thickening

w Ž . Ž .x Ž .layer that is, layer Mq1 to layer Ny1 ; and 4 bottom
Ž .layer that is, layer N . A computational algorithm can now

be developed, bearing in mind that all layers have an identi-
cal height of �Z.

Ž .Layer 1. Based on Eq. 5 and Figure 2 bottom , a dis-
cretized mass balance for layer 1 is given by

Q L X y XO up 2 1
Q X y X yV X AqŽ .O 2 1 S , 1 1 ž /Pe �ZdX up1

s ,
dt A ��Z

8Ž .

Žwhere L s length of clarification zone, and Pe s U�up up
. �L rD is the Peclet number at the clarification zone.up S

( ) ŽLayers 2 to My1 . Based on Eq. 5 and Figure 2 bot-
. Ž .tom , discretized mass balances for layers 2 to My1 are

given by

Q L X y2 X q XO up iq1 i iy1
Q X y X qV X AyV X AqŽ .O iq1 i S , iy1 iy1 S , i i ž /Pe �ZdX upi

s , 9Ž .
dt A ��Z
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Ž .where is2, . . . , My1 .
( )Feed Layer layer M . Based on Eqs. 5, 7, and Figure 2

Ž .bottom , discretized mass balance for the feed layer is given
by

Q L X y X Q L X y XO up Mq1 M U bot M My1
Q X y X qV X AyV X Aq yŽ .f f M S, My1 My1 S , M M ž / ž /Pe �Z Pe �ZdX up botM

s , 10Ž .
dt A ��Z

Žwhere L s length of thickening zone, and Pe s U �bot bot
.L rD is the Peclet number at the thickening zone.bot S

( ) ( )Layers Mq1 to Ny1 . Based on Eq. 7 and Figure 2
Ž . Ž . Žbottom , discretized mass balances for layers Mq1 to Ny
.1 are given by

X y2 X q XQ L jq1 j jy1U bot
Q X y X qV X AyV X AqŽ .U jy1 j S , jy1 jy1 S , j j ž /dX Pe �Zj bot

s , 11Ž .
dt A ��Z

Ž . Ž .where js Mq1 , . . . , Ny1 .
( ) ŽBottom Layer layer N . Based on Eq. 7 and Figure 2 bot-

.tom , discretized mass balances for layers N are given by

Q L X y XU bot N Ny1
Q X y X qV X AyŽ .U Ny1 N S , Ny1 Ny1 ž /dX Pe �ZN bot

s . 12Ž .
dt A ��Z

The complete mathematical representation for the dis-
cretized settler model given by Eqs. 8 to 12 is hereafter called
the double-Peclet settler model. In summary, this proposed
settler model, which differs from other models in the litera-
ture, considers back mixing or dispersion of sludge in the up-
ward and downward directions. If back mixing within the two
zones is either insignificant or close enough, we can reduce
the double-Peclet settler model to a single-Peclet settler model
by defining

Pe sPe sPe . 13Ž .settler up bot

Simplified models for subordinate systems
The RAS tank and the deoxic or nonaerated compartment

of the aerobic zone are assumed to be well-mixed. In that
case, they are modeled using simple lumped-parameter
schemes. The lumped-parameter models used in this study
assume that concentration of components at the outlet of the
tank equals concentration of components within the tank. The
RAS tank and the unaerated compartment models used the
kinetics of the anoxic zone in Table 3 and the aerobic zone in
Table 4, respectively. For model simulation, inlet streams to
a bioreactor are assumed to be initially mixed to obtain vol-
ume-average stream properties, although they are introduced
independently into a reactor in the real plant. This is not
thought to cause any problems since the streams are consid-
ered to be thoroughly mixed at the time of entering the reac-
tor. Split streams are assumed to have identical properties as
the inlet stream prior to splitting.

Validation of the Distributed-Parameter Models
Steady-state ©alidation and dynamics of the secondary-
settler models

The discretized secondary-settler model will now be ap-
Ž .plied to model the full-scale secondary settler of Pflanz 1969 .

Ž . Ž .Models of Takacs et al. 1991 and Hamilton et al. 1992 also
will be included in this study for comparative purposes. The
Peclet numbers of the proposed model can be calculated from

Ž .the standard retention time distribution RTD experiments
Ž .Levenspiel, 1972 . Since experimental data for RTD are un-
available, the only sensible way to overcome this problem is
to estimate the parameters. As with studies on the same set-

Žtler by previous workers Takacs et al., 1991; Watts et al.,
.1996 , all model parameters are estimated based on the ex-

Ž .perimental results of Pflanz 1969 . In this work, the nonlin-
ear multivariable optimization technique of Levenberg-

Ž .Marquardt Reklaitis et al., 1983 is employed to estimate the
‘‘best’’ parameters for each model under investigation to en-
sure that comparison is on a common basis. The model will
then be validated against two independent sets of experimen-
tal data, which were collected by Pflanz under different oper-
ating conditions.

Ž .Pflanz’s ‘‘Benchmark’’ Experiments. Pflanz 1969 investi-
gated the settling properties of the activated sludge at a
full-scale activated-sludge treatment plant at Celle, Federal
Republic of Germany. The plant largely treated domestic
sewage. The settler was a 33-m-diam., circular-built basin with
a total depth of 2.27 m and an effective volume of 1800 m3.
Experiments with three different loads of 360 m3rh, 450 m3rh,
and 600 m3rh were conducted and samples were collected at
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Figure 3. Steady-state sludge concentration profiles of
various 1-D settler models compared with

( )Pflanz’s 1969 benchmark experimental data.

different depths of equal range along the settler’s depth and
at different radial points. The inlet sludge concentration was
5620 grm3, 5520 grm3, and 5100 grm3, respectively. Feed en-
ters the settler at a depth of approximately 1.25 m.

Results and Discussion on Steady-State Validation of the Set-
tler Models. Figure 3 compares the sludge concentrations
obtained by using various models, namely, the proposed dou-
ble-Peclet and single-Peclet models and models developed by

Ž . Ž .Takacs et al. 1991 and by Hamilton et al. 1992 with Pflanz’s
experimental data. Feed to the settler was the low-load case
of 360 m3rh and the detention time was 5 h. The sum of

Ž .square relative errors SSRE indicated in Figure 3 is defined
as

2N X y Xf , i exp , i
SSREs W , 14Ž .Ý i ž /Xexp, iis1

where W sweighting function for the ith point. In this study,i
an equal weighting was employed for the entire length of the
settler. The parameter X ssimulated concentration, Xf , i exp, i
sexperimental data, and Nsnumber of layers.

Clearly, the 10-layer Takacs model gives an excellent fit to
the experimental data with an SSRE of 0.18. Instead of giv-
ing a more accurate prediction with increased discretization,
the 20-layer Takacs model failed to give reasonable predic-
tions within the settler depth of between 1.48 and 1.93 m,
which in fact was the thickening zone. This result is consist-

Ž .ent with the findings of Jeppson and Diehl 1996 and Watts
Ž .et al. 1996 . The resulting SSRE was larger than the 10-layer

model by more than 80 times. This anomaly was attributable
to the numerical problem resulting from the formulation of
their gravity settling flux. On the other hand, the single-Peclet
model with 20 layers proposed in this study appears to give a
reasonably good prediction of the sludge concentration pro-
file with an SSRE of 0.85. However, the error at the feeding
point, at a settler depth of 1.25 m appears to be pronounced,

when the single-Peclet model is employed. This error may be
attributable to the oversimplification of the back-mixing ef-
fect by the single-Peclet number term. Figure 3 also shows

Ž .that the model proposed by Hamilton et al. 1992 failed to
Žpredict the sludge concentration at the clarification zone 0

.to 1.5 m deep , satisfactorily resulting in an extremely large
SSRE compared with other models investigated. This can be
attributable to the fact that the effect of small particles was
not accounted for in the single-exponential, Vesilind’s set-
tling velocity employed in their work. With an SSRE of 0.16,
the proposed double-Peclet model with 20 layers gives the
best result in this study.

The optimized parameters for each of the model are given
in Table 5. It is interesting to note that the parameter V ofO
each model falls within the pooled data from batch settling

Ž .tests done by the WRC 1984 in South Africa, and the opti-
mized parameter r of the double-Peclet model and theh

Ž .model developed by Takacs et al. 1991 are closest to their
best results. Concerning the parameters in the new model,
the value of Pe is evidently much higher than Pe , thusup bot
suggesting that the amount of back mixing within the clarifi-
cation zone was relatively less than the thickening zone in
Pflanz’s settler.

Ž .Figure 4 top shows simulated results using the double-
Peclet model with the estimated parameters in Table 5 com-
pared with Pflanz’s medium-load experimental data. Clearly,
the double-Peclet model is able to give a good prediction of
the sludge profile, and the calculated SSRE was as low as

Ž .0.90. Figure 4 bottom compares simulated results with
Pflanz’s high-load experimental data. The predicted sludge
profile at the thickening zone below 1.5-m depth is quite good,
but the profile in the clarification zone appears to be slightly
underpredicted and hence the overall prediction is not as
good as the medium-load case. Nevertheless, the resulting
SSRE for this case is still reasonably low, with a value of
2.37. If the high loading data rather than low loading data
are optimized, fitted profile at the clarification zone is good,

Ž .but the values of all new parameter estimates Lee, 1998 are
similar to the numbers shown in Table 5, thus implying that
the model is extremely sensitive to the parameters.

Dynamics of the Settler. Using the 20-layer, double-Peclet
model with parameters identified in Table 5, the result of

Table 5. Estimated Parameters Fitted to Pflanz’s Low-Load
Experimental Data

Settler Model

Double-Pe Single-Pe Takacs et al. Hamilton et al.
Ž . Ž . Ž . Ž .Parameter 20-layer 20-Layer 10-Layer 20-Layer

Ž .V mrh 15.4036 5.9061 10.201 5.3267O
Ž .V mrh 7.0184 7.3065 6.3756 �Oy
3Ž .r mrkg 0.2773 0.3355 0.3638 0.3694h
3Ž .r mrkg 3.8616 34.3803 5.8248 �p

�3Ž .X grm 6.8356 8.2126 6.9126 �min
Pe � 3.3091 � �settler
Pe 4.2205 � � �up
Pe 0.3731 � � �bot

y3f � � 1.23�10 �n s
2Ž .D m rs � � � 11.7263

�X s X x ; f s nonsettleable solids; X s feed concentration smin f f n s n s f
5620 grm3.
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( ) ( )Figure 4. Prediction of sludge profile for Pflanz’s medium-load case top figure and high-load case bottom figure
using the double-Pe settler model.

simulated sludge dynamics at various settler’s depths when
subjected to shock loads is shown in the top diagram of Fig-
ure 5. Feed concentration was deliberately increased from
5,260 grm3 to 8,000 grm3 at the second hour followed by
reduction to 2000 grm3 at the 15th hour. The effect of shock
loads appears to be most significant at the settler depth of

1.25 m, which is the feed location and it is gradually reduced
at other positions as the fluid moves either upward or down-
ward. These shock loads do not appear to affect the sludge
dynamics at the upper zone with depth 0.1 m, which is largely
due to the fact that the original ‘‘steady-state’’ concentration
is already very low. At the bottom of the settler with depth
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( ( ) ( ) ( ))Figure 5. 3-D plots of sludge dynamics 20 layers top figure , 10 layers middle figure , 50 layers bottom figure .

2.16 m, sludge dynamics is still pronounced. This means that
at a given high shock load as used in the example simulation,
the returned activated sludge will certainly affect the per-
formance of the activated sludge reactor if they are not con-
trolled at an early stage. The surface plot of the simulated
sludge dynamics with the 20-layer, double-Peclet model ap-

pears to be reasonably closed to the surface plot of the more
accurate 50-layered model, while the surface plot of the 10-
layered model is clearly distorted at the clarification section,
particularly below 1.5-m depth. This means that numerical
errors are suppressed as the number of layers is increased
and the 20-layer double-Peclet settler model is considered
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good enough. In fact, integration of the 20-layer settler model
into a biological-nutrient-removal activated-sludge process
model will result in a large number of ordinary differential
equations and hence computation time.

Ž .Despite having two additional parameters total of 7 , the
computation time required for dynamic simulation by the 20-
layer, Takacs’ model was two times less than the 20-layer,
double-Peclet model. This is largely attributable to the flux-
constraining term in the latter. The 20-layer, single-Peclet
model, on the other hand, requires 20% less computing time
relative to the double-Peclet model, but simulation results are
less accurate. The Hamilton model with 20 layers requires

Žthe lowest computing time 37% less than the 20-layer, dou-
.ble-Peclet model , which is largely due to the relatively small

number of parameters involved, but this model is not recom-
mended for practical use, since it cannot predict the clarifica-
tion section satisfactorily. Judging from the results of the
steady-state validation and the dynamic simulation of the ac-
tivated-sludge settler, we therefore concluded that the 20-
layer, double-Peclet model is the most suitable for integra-
tion into the BNR-activated-sludge process model.

Validation of the BNR-acti©ated-sludge process model
The computational algorithm developed in this study will

now be applied to model an existing continuous pilot-scale
BNR-activated-sludge plant at the Liverpool Sewerage Treat-
ment plant in Sydney, Australia.

Outline of Pilot-Plant Experimental Design and Models Vali-
dation. The pilot-plant processes a constant flow of 70 to 90
Lrh of screened, degritted sewerage with about 1,000 L ca-
pacity in the main bioreactors. The plant setup is essentially

Table 6. Basic Data for Process Simulation

Parameters Value Units

Influent wastewater characteristics
y1Dissolved oxygen, S 0 mg LO O2 2 y1Nitrate, S 0.1 mg LNO N3 y1Ammonia, S 37.6 mg LNH N4 y1Alkalinity, S 5 mole LALK HCO 3y1Acetate, S 140 mg LA COD

y1Fermentable readily 58 mg LCO D
biodegradable COD, SF

y1Phosphate, S 8.1 mg LPO P4 y1Nitrifying organisms, X 2.99 mg LAUT N
y1Heterotrophs, X 89.7 mg LH COD
y1Slowly biodegradable COD, X 185.38 mg LS COD

y1Phosphorus-accumulating 1 mg LP
organisms, XPAO

y1Poly-hydroxy alkanoate, X 1 mg LPH A N
y1Poly-phosphate, X 0.5 mg LPP P

Design parameters
3Anaerobic reactor volume 148 m
3Anoxic reactor volume 186 m
3Aerobic reactor volume 658 m
3RAS tank volume 204 m

y1Normal influent flow 70.1 L �d
y1Normal RAS flow 61.8 L �d
y1Normal internal recycle flow 192.5 L �d

Settler depth 2.5 m
2Settler cross-sectional area 0.78754 m

Ž .Peclet number anaerobic 3.5
Ž .Peclet number anoxic 1.0
Ž .Peclet number aerobic 2.5

similar to Figure 1. Sewerage used in this study was munici-
pal wastewater, sourced from a full-scale wastewater treat-
ment plant located at the same site. The average influent
wastewater characteristics and process design parameters
used for all simulations are given in Table 6. A total of three
RTD, nine pseudo-steady-state and dynamic step-test experi-
ments were conducted to validate the model presented in this
article. Validation of the distributed parameter BNR-
activated-sludge model proceeded in five stages:

Stage 1. Wastewater characterization to determine aver-
age influence concentration of components of interest.

Stage 2. RTD studies, in order to characterize tank hy-
draulics.

Stage 3. Steady-state and dynamic step-test experiments.
Stage 4. Application of the numerical algorithm to per-

form steady-state simulation for parameter identification and
calibration using experimental data and simulation results.

Stage 5. Application of the numerical algorithm and the
results of stages 1 to 4 to simulate dynamics of components
within the anaerobic, anoxic, and aerobic zones, under differ-
ent perturbation conditions, and test their validity against dy-
namic experimental results.

Systems Characterization
1. Wastewater Characterization. COD fractionation for

components of interest is as follows:
� Ž .Fermentation products, considered to be acetate S ,A

were estimated from measurement of the individual acids:
acetic, propionic, butyric, and valeric.

� Fermentable, readily biodegradable organic substrates
Ž .S were calculated from estimated biodegradable solubleF

Ž .COD SCOD and S . The estimated biodegradable SCODA
is assumed to be the measured SCOD less the estimated sol-
uble inerts, taken to be effluent SCOD measurement.

� Biomass in the influent was not characterized, but the
fractions are needed in order to explain the bloom and the

Žwashout of certain groups of microorganisms Henze et al.,
. Ž .1994 . Heterotrophic organisms X and inert particulatesH

Ž .X are assumed to be 15 and 10% of the measured totalI
COD, respectively, which are within the recommended range
Ž .Henze, 1992; Henze et al., 1994; and Johannsson, 1994 . Two
other biomass groups in the influent wastewater required in

Ž . Žthis study, autotrophs X and PAO PAO is further di-AUT
vided into three distinct particulate groups: X , X , andPAO PHA

. ŽX in most cases are believed to be very small Henze etPP
.al., 1994 and are therefore assigned small values on the or-

der of 0�1 mg CODrL.
� Ž .Slowly biodegradable substrate X in the influent isS

calculated by subtracting all COD-contributing components
from total COD.

Characterization of nutrients unlike COD or biomass is
rather straightforward, since the components of interest, that

Ž . Ž .is, ammonia-nitrogen S , soluble phosphate S as-NH PO4 4
Ž .sumed to be orthophosphate, and oxidized nitrogen S ,NOx
Žwere measured using standard laboratory methods Green-

.berg et al., 1985 .
2. Bioreactors Hydraulic Characterization. RTD experi-

mental design: one-shot rhodamine tracer was independently
introduced into the inlet of the anaerobic, anoxic, and aero-
bic zones. Grab samples were collected at the outlet of each
zone for 2, 1.5, and 3.5 h at intervals of 5, 5, and 10 min,
respectively. Samples were than analyzed for tracer’s concen-
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Figure 6. Tracer concentration at the outlet of aerobic
( ) ( )top figure , anoxic middle figure , and

( )anaerobic bottom figure zone using the cor-
( )relation of Levenspiel and Smith 1957 .

tration. The dimensionless tracer’s concentration at the out-
let of each zone can be approximated by the following ex-

Ž .pression Levenspiel and Smith, 1957 :

21 y 1y	Ž .
C s exp , 15Ž .
 ž /4	 1rPeŽ .'2 �	 1rPeŽ .

where 	 sdimensionless time.
Figure 6 shows the results of RTD studies in this work.

The aerobic zone is considered to be well fitted for an axial
dispersion model with a Peclet number of 2.5. On the other
hand, simulated results for the anoxic and the anaerobic zones
give slower tails or are rather poorly fitted at the ‘‘second
half’’ of the RTD experimental curve. This is attributable to
the fact that recycled tracer was not accounted for in Eq. 15,
and furthermore, some difficulties were encountered in col-

lecting samples at the outlet of the anaerobic zone, which is
in fact the first compartment of the anoxic zone. On the other
hand, fitting of the models with Peclet numbers of 1 and 3.5
to the ‘‘first half’’ of the RTD curves, the rise time, is consid-
ered to be fair. This is largely because the tracer had not yet
recycled during this period. Since the evaluated Peclet num-
bers of the bioreactors are not considered to be too large for

Ž .this process Arceivala, 1981; Lee et al., 1999a , five colloca-
tion points should be sufficiently accurate for simulation with
the orthogonal collocation technique.

Steady-State Calibration of Model Parameters
1. Steady-State Experimental Design. Prior to conducting

dynamic step-test experiments, grab samples of the wastewa-
ter at various locations within the Sydney Wastewater pilot
plant were collected for analysis of pseudo-steady-state con-

Ž .ditions. The data of interests were 1 total suspended solids
Ž . Ž . Ž . Ž . Ž .X ; 2 total COD; 3 soluble COD SCOD ; 4 ammo-TSS

Ž . Ž . Ž .nia nitrogen S ; 5 nitrate and nitrite oxidized nitrogenNH4
Ž . Ž . Ž . Ž .S ; 6 soluble phosphate S ; 7 dissolved oxygenNO POx 4
Ž . Ž . Ž .S ; 8 oxygen uptake rate OUR . These pseudo-steady-O2

state data will then be used for parameter identification and
model calibration.

2. Procedure for Calibration. There are 57 parameters re-
lated to the kinetics of biological nitrogen and phosphorus
removal in the model, which are listed in Table 1. With this
many parameters, it is difficult, if not impossible, to calibrate
them together to fit the simulated results against the experi-

Ž .mental data. Henze et al. 1994 suggested a somewhat loose
but practical idea to calibrate the ASM No. 2 kinetic model.
Two of their key suggestions adopted in this work follow:

1. Most parameters should not be changed during calibra-
tion, since they do not vary significantly from case to case.

ŽNine kinetic parameters considered as constants see Table
.1 are: Y , Y , � , K , K , K , K , K ,H AUT H O het F A het NO O aut2 � � 3 2 �

and K .NH aut4 �

2. Nonsensitive parameters should not be changed. In fact,
if changes are made to these parameters in an illogical direc-
tion and rely solely on fitting the experimental data, the model
may be distorted too far from reality, which is a dangerous
precedent.

A self-explanatory procedure used in this work for calibra-
tion of the BNR-activated-sludge model is given as follows:

1. Obtain initial values of kinetic and settling parameters.
2. Perform steady-state simulation.
3. Perform sensitivity analysis to identify parameters for

calibration. Nonsensitive parameters should be left un-
changed.

4. Do parameter estimation. This can be done manually
andror using nonlinear programming tools such as the NIM-

Ž . wBUS Newell and Cameron, 1990 prototype optimizer based
Ž .xon FSQP, an optimization package of Zhou and Tits 1993 ,

to try to fit simulated results to an experimental data set such
Ž .that the sum of the square errors SSE of the measured and

simulated values of variables of interest is minimized. Due to
the highly interactive nature of some of the parameters and
the limited number of parameters that can be handled at a
time, only key stream properties such as concentration of SPO4

and S at the outlet of the anaerobic zone, S , S , andA PO NO4 3

S at the outlet of anoxic or aerobic zones should be fitted.NH4

Constraints imposed on the parameters to be estimated
should be within a ‘‘reasonable’’ range. As an example qPP
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Ž .the rate constant for aerobic storage of X should not bePP
adjusted too high such that X is larger than X , which isPP H

Ž .unrealistic Choi and Lee, 1996 when optimizing S withinPO4

the aerobic zone.
5. Check the errors of simulated results with experimental

data. When the optimizer is used, errors may be unaccept-
ably high due to unconverged results of the optimizer hitting

Ž . Ž .the constraint s . Redefine constraint s on the affected pa-
Ž .rameter s and repeat step number 4.

3. Parameter Sensiti®ity. A systematic way of quantifying
variables’ sensitivity to a parameter is simply by perturbing
the parameter, resimulating, and calculating the so-called

Ž .normalized sensitivity factor NSF . NSF is given by

�S �Si i

S Si iNSF s f . 16Ž .i �
 �
j j


 
j j

A large NSF indicates that parameter 
 is sensitive to vari-i j
able S and vice versa. Results from this parameter sensitivityi

Ž . Žstudy, detailed in Lee 1998 , shows that q rate constantPHA
.for storage of X is much more sensitive to S , S ,PHA A PO4

S , X , and X than other components at the outletNO PAO PHA3

of anaerobic, anoxic, and aerobic zones. On the other hand,
Žcalculated NSF for K saturation coefficient for am-NH h e4 �

. Ž .monium and i phosphate content of soluble substratePSF
were generally much smaller than q , and therefore thesePHA
are considered insensitive to the process and should be con-
sidered constant. Other IAWQ kinetic parameters found sen-

Žsitive to the stream data are q rate constant for denitrify-DNP
. Ž . Žing PAO b rate constant for lysis of X , K maxi-pp PP max

. Žmum ratio of X rX , � anoxic hydrolysis reduc-PP PAO NO h e3 �

. Ž .tion factor , q maximum rate for fermentation , and Kfe A p a�

Ž .saturation coefficient for S .A
Parameters related to PAO such as q and q con-PHA DNP

sidered to be highly uncertain andror sensitive to process
variables were optimized such that simulated steady-state re-
sults are as close as possible to experimental data, achieving
the lowest possible SSE. For simulation with the double-
Peclet settler model, settling parameters are calibrated to try
to fit simulated values with experimental total suspended

Ž .solids X in the effluent and the RAS flow. In most ofTSS
the cases q had to be increased to try to improve fittingPHA
of S and S in the anaerobic zone. The rate constant forA PO4

Ž .phosphorus uptake in the anoxic zone q needs to beDNP
Ž .smaller than the aerobic zone q in order to improve thePP

fitting of S in the anoxic and the aerobic zones, respec-PO4

tively. The parameter q is also found to be effective forDNP
fitting S within the anoxic zone. This is as expected, sinceNO3

S is one of the limiting components appearing in the rateNO3
Ž .equation for anoxic storage of X see Table 2 . Such bio-PP

logical phosphorus uptake calibration nevertheless seems to
be risky at the moment, since it may vary from place to place.
For the base-case simulation, fitting of experimental X inTSS
the RAS line is largely dictated by the Vesilind’s settling pa-
rameter, V and the Peclet numbers to a lesser degree. PeO bot
and Pe were used as ‘‘fine’’-fitting parameters after ‘‘rough’’up
treatment of the experimental X with V .TSS O

In order to obtain a reasonably good fit of the nitrate pro-
file in the anoxic zone, our simulation experience suggested
that � should at least be kept identical to the default lit-NO3

erature value if not reduced, thus contradicting the sugges-
Ž .tion by Henze et al. 1994 . This anomaly can be explained by

the insignificant effect of the anoxic growth of heterotrophic
bacteria, X , on denitrification. In fact, adjusting the qH DNP
parameter is found to be more appropriate, since all state
variables in the rate equation for anoxic storage of X arePP
‘‘active,’’ while some of the state variables in the rate equa-

Ž .tion for anoxic growth of X that is, S and S are zero orH A F
close to zero when the partially treated wastewater reaches
the anoxic zone. Other IAWQ parameters were kept identi-

Ž .cal to the values suggested by Henze et al. 1994 since they
are either reasonably stable or process variables are insensi-
tive to parameter perturbations. Generally the final opti-
mized IAWQ kinetic parameters for all nine experiments
were all within the same order of magnitude as that given by

Ž .Henze et al. 1994 , and the settling parameters were practi-
cally the same for each experiment. The 11 identified param-

Žeters q , q , q , b , K , � , q , K ,PHA PP DNP pp max NO h e f e A p a3 � �

.Pe , Pe , V with values given in Tables 1 and 5 are thusbot up O
considered realistic.

Ž .Examples of Steady-State Calibration Results. Figure 7 top
shows the steady-state profile of simulated SCOD compared

( )Figure 7. Steady-state profiles of SCOD top figure ,
( ) ( )S middle figure and S bottom figure .PO NO4 3
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with the experimentally determined filtered COD for the
aerobic and the anaerobic zones. Model 1 uses the double-
Peclet settler model, whereas model 2 uses the simple settler

Ž .scheme described by Olsson and Andrews 1978 . Since the
experimental data points do not correspond directly to the
three internal collocation points, the exact locations of the
former are normalized to dimensionless length. The gradient
of the SCOD with respect to reactor length within the anaer-
obic zone appears to be rather sharp, indicating a high re-

Žmoval rate of readily biodegradable COD represented by
Ž .fermentable, readily biodegradable COD S , and fermenta-F

Ž . .tion products S in the model . Referring to the reduced-A
Ž .order kinetic for the anaerobic zone see Table 2 , S is typi-F

Ž .cally converted to S by the heterotrophic organisms X ,A H
while S is consumed by PAO during the anaerobic stage.A
The rather flat SCOD profile within the anoxic zone indi-
cates that it largely contains soluble unbiodegradable COD.
This means that most if not all of S and S are virtuallyF A
depleted on entering the anoxic zone.

The fate of S and S at various zones are shown inPO NO4 3
Ž .Figure 7 middle and bottom . Evidently, there is a net re-

duction of these nutrients within the anoxic zone as expected,
since the modified kinetic model of the ASM No. 2 allows for
denitrification by PAO, at the expense of PHA. The simu-
lated profile of S within this zone with Model 1 is muchNO3

better than Model 2, largely because of the flexibility of
changing the multiparameter double-Peclet settler model
Ž .model 1 , compared with the single-parameter settler model
Ž .model 2 . Difficulty arises in improving profiles of S fur-NO3

ther and S to a lesser extent due to the high coupling ofPO4

the processes within the different zones. Our simulation ex-
perience indicated that small changes to the value of parame-
ters such as q and q affects the simulated results con-PP PHA
siderably. Simulated S profiles within the aerobic zoneNO3

are nevertheless reasonably close to the experimental data in
both cases.

Validation of Bioreactor Dynamics: Anaerobic Zone
1. Experimental Design. Three dynamic step-test experi-

Ž .ments A, B, and C were conducted within this zone. For
experiment A, the influent flow was stepped up from 70.7
Lrh to 140 Lrh for 90 min, followed by stepping down to its
original flow. Other flow rates for the experiment were RAS
flows44 Lrh; NO recycle flows195 Lrh. For experimentx
B, a step change on the RAS flow from 44 Lrh to 98 Lrh was
performed for 90 min, before stepping down to its original
flow. Other flow rates for the experiments were influent flow
s70.7 Lrh; NO recycle flows195 Lrh. For experiment C,x
S in the influent wastewater was stepped from 107 mgA
CODrL to 307 mg CODrL by introducing the external acid
dosage for 90 min. Flow rates for the experiments were influ-
ent flows70.7 Lrh; NO recycle flows195 Lrh; and RASx
flows70.7 Lrh. For all experiments, grab samples were col-
lected at the outlet of the second compartment within the
anaerobic zone every 10 min for 200 min. Samples were ana-
lyzed for S and S .A PO4

2. Results and Discussion. The sampling point for the
anaerobic zone step tests was at the middle of the 4-compart-
ment anaerobic reactor, which corresponds exactly to colloca-
tion point number 3 of the numerical algorithm. Dynamic
simulations were performed on the entire plant, although only
the anaerobic zone was investigated. Simulated results com-

( ) (Figure 8. Dynamics of S top figure and S bottomA PO4
)figure at the anaerobic zone’s second com-

partment outlet under perturbations on the in-
( )fluent flow experiment A .

pared with data from experiment A are shown in Figure 8.
Evidently the dynamics of acetate and soluble phosphate are
well predicted by the two models. The components’ dynamic
behavior is as expected, since an increase in influent flow
rate means that the HRT within the system drops. Conse-
quently, the rates of acetate uptake and soluble phosphate
released by PAO are reduced. It is also expected that con-
centration of all other particulates will also be reduced due
to the decreased residence time.

ŽThe effects of disturbance in the influent S experimentA
.B on the dynamics of S within the anaerobic zone are shownA

Ž .in Figure 9 top . Experimental observation deviates signifi-
cantly from theoretical predictions by either of the models. It
appears that the rate at which S is consumed by PAO forA
storage in the PHA may well be higher than expected. One
other biological reason is the presence of the so-called G-

Žbacteria Cech et al., 1993; Cech and Hartman, 1993; Smol-
.ders et al., 1995 , a group of bacteria that are able to take up

S under anaerobic conditions but do not remove phospho-A
rus. This group of bacteria, not accounted for in the model,
may have contributed to the additional S uptake seen in theA
experimental data. Nevertheless, further increasing the value
of parameter q , rate constant for PHA storage, can easilyPHA
circumvent the plant-model mismatch. We ruled out changes
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( ) (Figure 9. Dynamics of S top figure and S bottomA PO4
)figure at the anaerobic zone’s second com-

partment outlet under perturbations on the in-
( )fluent S experiment B .A

in the flow patterns within the anaerobic zone as the reason
for the lag time of more than 20 min in the S dynamicsA
since the perturbation point is so close to the sampling point
Ž .collocation point number 3 . Experimental errors during
sample collection may have been the reason for such mis-
match. On the other hand, predicted dynamics of acetate
during step-down stage are reasonable.

ŽThe fate of soluble phosphate is shown in Figure 9 bot-
.tom . As with acetate, the predicted dynamics of soluble

phosphate is not as good as expected during stepping up of
influent acetate concentration. These results suggest that the
large differences in the predicted dynamics and experimental
data may be due to experimental errors, particularly during
sample collection, apart from the expected plant� model mis-
match. The zigzag pattern in the experimental data points of
the soluble phosphate dynamics can be attributable to mea-
surement errors. As far as the behavior of the two species
under investigation is concerned, their dynamics are qualita-
tively correct. Stepping up of influent acetate means that more
acetate is available in the system, to be taken up by PAO
with a corresponding release of soluble phosphate. It is ex-
pected that during this period, there will be a net increase in
the biomass concentrations, except for poly-phosphate.

Ž .The effects of step changes to RAS flow experiment C on

soluble phosphate dynamics is shown in Figure 10. Predicted
results from Model 2 are considered reasonably good and
slightly better than Model 1. This observation is particularly
true during stepping up of the RAS flow. The behavior of
soluble phophate is as expected, since stepping up the RAS
flow means that more biomass exists in the system, that is,
there is a net increase in the biomass concentration. Alter-
ation to the system hydraulics results in a net reduction in
the soluble materials’ concentration, including soluble phos-
phate. The results from this dynamics simulation study sug-
gested that the benefits of employing the more sophisticated
double-Peclet settler model as opposed to the simple settler
model are insignificant, as far as prediction of species dynam-
ics within the bioreactors is concerned. This means that the
latter, which is essentially a reduced-order model of the for-
mer, should be good enough for simulation of the BNR-
activated-sludge process.

Anoxic Zone
1. Experimental Design. As with the anaerobic zone, three

Ž .dynamics step-test experiments D, E, and F were conducted
within this zone. In experiment D, the NO recycle flow wasx
changed twice from 180 Lrh to 300 Lrh, and then to 50 Lrh
before returning to the origin. The duration of each of the
two step disturbances was 60 min. Other flow rates for the
experiment were influent flows65.7 Lrh; RAS flows90
Lrh. In experiment E, the RAS flow was changed twice from
90 Lrh to 147 Lrh, and then to 43 Lrh before returning to
the origin. The duration of each of the two step disturbances
was 60 min. Other flow rates for the experiments were influ-
ent flows72.5 Lrh; NO recycle flows190 Lrh. In experi-x
ment F, S concentration in the NO recycle line wasNO xx

stepped up by 10.3 mg NrL using a solution of sodium nitrate
for 60 min. Actual flow rates for the experiment were influ-
ent flows69.7 Lrh; RAS flows84 Lrh; and NO recyclex
flows191 Lrh. For all experiments, grab samples were taken
from the end of the anoxic zone every 15 min for 4 h. Sam-
ples were analyzed for S and S .NO POx 4

Figure 10. Dynamics of S at the anaerobic zone’sPO4

second compartment outlet under perturba-
( )tions on RAS flow experiment C .
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Figure 11. Dynamics of S and S at outlet of thePO NO4 x

anoxic zone under perturbations on NO re-x

( )cycle flow experiment D .

2. Results and Discussion. Figures 11 to 13 show simu-
lated results against plant data for experiments D to F,
respectively. It can be seen that the model predicts S dy-NOx

namics quite well and S to an acceptable degree. ThesePO4

good results are attributable in part to the inclusion of the
kinetic of denitrifying PAO within the anoxic zone, which is

Žlargely thought to be responsible for phosphorus uptake P-
.uptake by utilizing S as the electron acceptor in the ab-NOx

sence of oxygen. The rate of P-uptake within this zone is rel-
atively slower than the aerobic zone, as indicated by the
smaller values of the rate constant, q , compared with qDNP PP

Ž .in all the experiments investigated see Table 1 .

Figure 12. Dynamics of S and S at outlet of thePO NO4 x

anoxic zone under perturbations on RAS flow
( )experiment E .

Figure 13. Dynamics of S and S at outlet of thePO NO4 x
(anoxic zone under external-NO spike ex-x

)periment F .

In Figure 11, the dynamics behavior of S and S arePO NO4 x

as expected, since an increase in the NO recycle flow meansx
that more S is available in the system, which could thenNOx

be used by the denitrifying PAO to take up additional S .PO4

In Figure 12, an initial increase in S may be attributablePO4

to an increase in the lysis of X . An increase in the RASPP
flow in this case means that more biomass is present in the
system. As a result of this, the growth of autotrophic bacteria
Ž .X in the aerobic zone is adversely affected, less ammo-AUT

Ž .nia S is converted to S , and therefore the S recy-NH NO NO4 x x

cled to the anoxic zone is reduced. In Figure 13, the SNOx

spike at the inlet of the anoxic zone has a similar effect on
ŽS and S dynamics as in experiment D perturbation toNO POx 4

.NO recycle flow . The rate of S reduction from the sec-x PO4

ond hour to the third hour was nevertheless marginally lower
in this experiment. The experimental data of S appears toPO4

be scattered, especially between the third hour and the fourth
hour, which was probably due to outliers.

Aerobic Zone
1. Experimental Design. As with the anaerobic and anoxic

Ž .zones, three dynamic step-test experiments G, H, and I were
conducted within this zone. In experiment G, DO setpoints
within the aeration compartment one of the aerobic zone were

Ž . Ž . Ž . Ž .adjusted hourly for 4 h from 1 to 4 : 1 2�3 mgrL; 2 4�5
Ž . Ž . Ž .mgrL; 3 1�2 mgrL; 4 0.5�1 mgrL; 5 2�3 mgrL. Actual

flow rates for the experiment were influent flows70.2 Lrh;
RAS flows85.3 Lrh; and NO recycle flows178 Lrh. Sincex
the outlet of compartment one of the six-compartment aero-
bic zone falls between collocation 2 and 3, we must obtain an
average setpoint of the DO steps and do an interpolation for
model simulation. A single, PI control loop is then formed
around the first compartment to facilitate DO setpoint steps.
In experiment H, the RAS flow was changed twice from 81.8
Lrh to 128.3 Lrh, and then to 30 Lrh before returning to the
origin. The duration of each of the two step disturbances was
60 min. Other flow rates for the experiments were influent
flows75.1 Lrh; RAS flows84.7 Lrh. In experiment I, am-
monia in the first compartment of the aerobic zone was
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Figure 14. Dynamics of S and S within the firstPO NO4 x

compartment of the aerobic zone under per-
( )turbations on DO setpoint experiment G .

stepped up by 15.4 mg NrL using a solution of ammonium
chloride for 45 min. Actual flow rates for the experiments
were influent flows75.1 Lrh; NO recycle flows181 Lrh;x

RAS flows84.7 Lrh. For all experiments, grab samples were
taken from the same compartment every 15 min for 5 h. Sam-
ples were analyzed for S and S .NO POx 4

2. Results and Discussion. Figures 14 to 16 show simu-
lated results against plant data within the first compartment
of the aerobic zone for experiments G to I, respectively. In
all the cases investigated, S dynamics is considered to beNOx

well predicted. Simulated S in experiment G deviates sig-PO4

nificantly from the experimental data, particularly between
Ž .the third and the fourth hour see Figure 14 when the DO

setpoint was dropped. This may, however, just require reduc-
tion in the value of q , the rate constant for aerobic storagePP
of X . Between the first and the second hour, simulatedPP
S does drop when the DO setpoint was increased, but thePO4

Figure 15. Dynamics of S and S within the firstPO NO4 x

compartment of the aerobic zone under per-
( )turbations on RAS flow experiment H .

Figure 16. Dynamics of S , S within the first com-PO NO4 x

partment of the aerobic zone under SNH4
( )spike experiment I .

second and the third experimental data points are much
lower, thus suggesting that the model does not capture this
response adequately. Further research to investigate the rela-
tionship between DO and S is necessary. Figure 14 alsoPO4

shows that nitrification still occurred even though the DO
setpoint was stepped down after the second hour. This result
is attributable to the relatively slower dynamics of S com-NOx

pared with DO.
ŽThe behavior of S and S in experiment H FigurePO NO4 x

.15 is as expected. An increase in the RAS flow from the
second to the third hour means that more biomass is avail-
able in the system, but due to lack of nutrients, the rate of
lysis of X increased, causing a reduction in S andAUT NO x

Ž .hence a rise in S plant data not available for validation .NH4

Similarly, an increase in the rate of lysis of X causes anPP
increase in S in the system. In Figure 16, changes in thePO4

dynamics of S is deemed too small to allow a fair compar-PO4

ison of plant data and model prediction. Had a large SNH4

spike been employed, a better comparison of results would
have resulted.

Conclusions and Recommendations
The following can be concluded from this study:
� A distributed-parameter model that addresses the hy-

draulics of the main bioreactors of the BNR-activated-sludge
process has been formulated in this article. Using the dis-
tributed-parameter BNR-activated-sludge bioreactor model
and the orthogonal collocation numerical technique, a new
computational algorithm has been developed for the simula-
tion of single-sludge, continuous plants treating nutrients
Ž .phosphorus and nitrogen from municipal wastewater. The
utility of this computational algorithm has been demon-
strated in this article by a comprehensive validation study on
an existing pilot plant.

� The results of steady-state fitting of highly uncertain
andror sensitive IAWQ kinetics and settling parameters with
nine sets of independently acquired plant data show that val-
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ues of the kinetic parameters were within the same order of
magnitude as in the literature, while the settling parameters
were practically the same for each experiment and therefore
considered to be realistic.

� Based on a total of nine sets of experimentally designed
dynamics step-tests, model prediction of the dynamics of
components within the three different bioreaction zones is
found to be generally good, with the exception of S in theA
anaerobic zone and S in the aerobic zone in two experi-PO4

ments.
� Distributed-parameter modeling of the activated-sludge

secondary settler was addressed in this article. The proposed
20-layer, double-Peclet settler model outperformed other
state-of-the-art settler models investigated in this study. Sim-
ulation results of this model with different operating condi-
tions showed that it can predict the full-scale experimental
data reasonably well.

� The benefits of employing a sophisticated settler model
such as the state-of-the-art layered model is insignificant as
far as simulation of the BNR-activated-sludge bioreactors is
concerned.

The following topics are recommended for further study:
� Prediction of the S dynamics in the anaerobic zone canA

be improved by including a model of G-bacteria, a newly
Ž .identified group of bacteria by others , and the associated

glycogen storage into the reduced-order kinetic models. In
the case of S dynamics, further research is necessary toPO4

ascertain the relationship between DO and S dynamics.PO4

The fact that there are still a number of microbiological and
biochemical aspects of the BNR-activated-sludge process yet

Žto be addressed in the existing kinetic models Ekama and
.Wentzel, 1997 could have also contributed to the plant�

model mismatch found in this work. As it is, the computa-
tional algorithm may, despite the apparent deficiencies, be a
useful tool not only for prediction of process behavior but
also for control purposes and possible design assistance, pro-
vided it is used judiciously.

� To reflect the reality of full-scale plants, verification and
validation of the model, following diurnal variation of influ-
ent flows and the concentration of components of interest,
should be conducted, before using it for the design of new
plants or improving the operation and control of full-scale
plants.

� One particular area deliberately omitted in this study is
checking the mass balances of COD, nitrogen, and phospho-
rus, which if done properly may improve confidence of the
plant data used for steady-state parameter estimation. One
reason for this omission is that the phenomenon of COD loss
in the BNR-activated-sludge system is yet to be resolved, as

Ž .pointed out by Barker and Dold 1995, 1997b . The kinetic
model used in this work only assumes COD loss via fermen-
tation, sequestration, and hydrolysis under anoxicranaerobic,
which is still questionable.

� Since the characterized bioreactor hydraulic models have
different Peclet numbers, it could be valuable to investigate

Ž .the difference between the distributed parameter or PDE
approach and the standard tanks-in-series technique for the
BNR-activated-sludge system. This future work will require
characterization of the bioreactor hydraulics using the stan-
dard tanks-in-series technique, new computer codes for proc-
ess simulation, and model calibration.
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Appendix
Discretization of the main bioreactor using orthogonal
collocation

Based on a detailed numerical study on the distributed pa-
Ž .rameter bioreactor model by Lee et al. 1999b , it was con-

cluded that selection of an appropriate numerical technique

depends largely on the system’s moving front, which is char-
acterized by the Peclet number. Although good numerical
properties such as accuracy, low computing time, and numer-
ical stability are desirable, these may not be achievable due
to factors such as limitation on the number of discretization
allowed in a particular software. If the Peclet number of ei-
ther the anaerobic, anoxic, or aerobic zones of the BNR-
activated-sludge process is small, that is, in the neighborhood
of 1, the orthogonal collocation technique should first be at-
tempted, since it requires a low number of discretization while
maintaining high accuracy. Readers interested in the details
of the analysis of the numerical methods applied to continu-
ous activated-sludge bioreactor systems should refer to Lee

Ž . Ž .et al. 1999b or Lee 1998 . Applying collocation to Eq. 1,
the generalized model-collocation for the main bioreactors of
the BNR-activated-sludge process is given by

Nq2 Nq2dC 1 1k , j
s � B � C y A � CÝ Ýj, i k , i j , i k , iž /dt HRT Pe is1 is1

NP

q ® � qM , A1Ž .Ý p , k p , j k , j
ps1

where js the collocation number; Ns the number of inernal
collocation points; and A and B are the orthogonal colloca-
tion matrices for the first- and second-order derivatives, re-
spectively. The collocation models for Eqs. 2 to 4 are there-
fore given by Eqs. A2 to A4:

Nq2 Nq2dS 1 1A , j
s � B � S y A � SÝ Ýj, i A , i j , i A , iž /dt HRT Pe is1 is1

SALK , j
q r y r qb X , A2Ž .ferm , j PHA , j PHA PHA , jK qSALK , p a ALK , j

where

S SF, j ALK , j
r sq Xferm , j f e PAO , jK qS K qSfe F , j ALK , h e ALK , j

and

S SA , j ALK , j
r sqPHA , j PHA K qS K qSA A , j ALK ALK , j

X rXPP, j PAO , j
� X .PAO, jK q X rXPP PP, j PAO , j

Nq2 Nq2dS 1 1NO , j3 s � B � S y A � SÝ Ýj, i NO , i j , i NO , i3 3ž /dt HRT Pe is1 is1

y � q�Ž .H , anox S j H , anox S , j� F , � A

1yYŽ .PAO
y r y � , A3Ž .pp, store, j PAO , j2.86YPAO

where
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S SF, j F , j
� s� �ˆH , anox S , j H NO , h e� F 3 K qS S qSF F, j F , j A , j

S S SNH , j NO , j PO , j4 3 4� XH , jK qS K qS K qSNH , h e NH , j NO , h e NO , j P , h e PO , j4 4 3 3 4

S SA , j A , j
� s� �ˆH , anox S , j H NO , h e� A 3 K qS S qSA , h e A , j F , j A , j

S S SNH , j NO , j PO , j4 3 4� XH , jK qS K qS K qSNH , h e NH , j NO , h e NO , j P , h e PO , j4 4 3 3 4

SY PO , jPHA 4r sy qpp, store, j DNP2.86 K qSP, p p PO , j4

X rXPHA , j PAO , j
�

X q X rXPHA , j PHA , j PAO , j

K y X rXmax PP, j PAO , j
� XPAO, jK qK y X rXIPP max PP, j PAO , j

S S SNO , j NH , j PO , j3 4 4� s �̂PAO, j PAO S qK S qK S qKNO , j O NH , j NH PO , j P3 4 4 4

S X rXALK , j PHA , j PAO , j
� X .PAO, jS qK X q X rXALK , j ALK PHA , j PHA , j PAO , j

Nq2 Nq2dS 1 1O , j2 s � B � S y A � SÝ Ýj, i O , i j , i O , i2 2ž /dt HRT Pe is1 is1

1
q 1y � y� y rŽ .H , ae S , j H , ae S , j PHA , store , j� F � Až /YH

1 4.57
q 1y � q 1y �PAO, j AUT , jž / ž /Y YPAO AUT

qKla S yS , A4Ž .Ž .O SAT O , j2 � 2

where

S S SO , j F , j F , j2� s �̂H , aeyS , j HF K qS K qS S qSO , h e O , j F F , j F , j A , j2 2

S S SNH , j PO , j ALK , j4 4� XH , jK qS K qS K qSNH , h e NH , j P , h e PO , j ALK , h e ALK , j4 4 4

Figure A1. Mass balance at thickening zone.

S S SO , j A , j A , j2� s �̂H , aeyS , j HA K qS K qS S qSO , h e O , j A , h e A , j F , j A , j2 2

S SNH , j PO , j4 4� XH , jK qS K qSNH , h e NH , j P , h e PO , j4 4 4

S SO , j NH , j2 4� s �̂PAO, ae , j PAO K qS K qSO , p a O , j NH , p a NH , j2 2 4 4

S SPO , j ALK , j4�
K qS K qSP, p a PO , j ALK , p a ALK , j4

X rXPHA , j PAO , j
� XPAO, jX q X rXPHA , j PHA , j PAO , j

S SO , j NH , j2 4� s �̂AUT, j AUT K qS K qSO O , j NH NH , j2 2 4 4

S SPO , j ALK , j4� X .AUT, jK qS K qSP PO , j ALK ALK , j4

Similar equations can be developed for other components
in the BNR-activated-sludge model for anerobic, anoxic, and
aerobic zones using the generalized collocation model of the
BNR-activated-sludge process. For low Peclet numbers, these
discretized model equations are solved together with the dis-
cretized Danckwerts boundary conditions for the inlet and
exit of the bioreactor given by the general Eqs. A5 and A6,
respectively:

Nq1 Nq1

A A � C qPe � C y A A � CÝ ÝNq2, Nq2 1, i i a 1, Nq2 Nq2, i iž /
is 2 is 2C s A5Ž .1 A A y A � A yPeŽ .1, Nq2 Nq2, 1 Nq2, Nq2 1, 1

Nq1 Nq11 1
A y1 A � C y A A � C qCÝ Ý1, 1 Nq2, i i Nq2, 1 1, i i až / ž /Pe Peis 2 is 2C s . A6Ž .Nq2 1 1

A A y � A y1 ANq2, 1 1, Nq2 1, 1 Nq2, Nq2ž /Pe Pe
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It should be pointed out that even if we apply three inter-
Ž .nal collocation points Ns3 to each of the species of inter-

est within the three main bioreactors, a complete computer
algorithm that includes a 20-layer double-Peclet settler model,
lumped parameter models of the deoxic zone, and RAS tank,
as well as equations that represent the two mixing streams
and two splitting streams shown in Figure 1, would result in
156 ODE and 328 algebraic!

Deri©ation of the distributed-parameter settler model
Figure A1 shows the individual components of solids fluxes,

Ž . Ž .that is, gravity-settling flux G and bulk flow G within thes b
thickening zone. To account for the nonideality of flow, or in
other words, fluid flow is not true plug flow, which is evident

Ž .in this unit operation WRC, 1984 , reduction in the total
Žsolids flux due to back mixing is included that is, the disper-

.sive flux, J, in Figure A1 .
Assuming a constant volume for a given layer, �Z, and

making a mass balance at a very thin section with a length of
�Z, we have

� X
� � �A ��Z � s A � G y A � G q A � GZ Zq� Z ZB B S� t

� � �y A � G q A � J y A � J , A7Ž .Zq� Z Z Zq� ZS

where As the cross-sectional area of the settling tank, and
X is solids concentration. The dispersive flux, J, is defined as

� X
JsyD , A8Ž .S �Z

where D is a dispersion coefficient of sludge. Inserting Eq.S
A8 into Eq. A7 and rearranging, we have

� � � �� X y A G y A � G A G yGŽ . Ž .B B S SZq� Z Z Zq� Z Z
s y

� t A ��Z A ��Z

� X � X
A � D yS ž /�Z �ZZq� Z Z

q . A9Ž .
�Z

Taking the limits of �Z approaching zero in Eq. A9, we have

� X � G � G � � XB S
sy y q D � . A10Ž .Sž /� t �Z �Z �Z �Z

The downward bulk flux and gravity-settling flux in the Eq.
A10 are mathematically defined as

QU
G s X and G sV X . A11Ž .B S SA

Inserting Eq. A11 into Eq. A10, and after some algebra, we
obtain the model for solids dynamics within the thickening
zone given by Eq. 5. The model for solids dynamics within
the clarification zone is similarly derived and results in Eq. 7.
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