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Abstract

In this work, an extension of the Activated Sludge Model No. 3 (ASM3) is presented which takes oxygen transfer, microbial maintenance, and
biomass decay into account, in order to describe the heterotrophic storage and growth processes in activated sludge. The sensitivity of the effluent
chemical oxygen demand and oxygen uptake rate to the stoichiometric and kinetic coefficients was analyzed. Model calibration was successfully
performed by comparing measured and predicted values for model components. Thereafter, the model was evaluated with the experimental results
of four independent case studies. Results show that the established model is able to better and mechanistically describe the heterotrophic storage

and growth processes in activated sludge.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mathematical modeling is useful exercise for understanding
and optimizing substrate utilization by microorganisms in com-
plex systems. Model simulations can provide a solid foundation
for design and operation of various biological treatment systems.
For the activated sludge process, modeling has gained significant
popularity in the past decades. The activated sludge model suite
established by the International Water Association Task Group
[1] has provided a standardized set of basic models for biolog-
ical wastewater treatment processes. These models have been
widely accepted in the scientific community and used by the
environmental engineers. It has evolved from a simple growth-
based kinetics model, Activated Sludge Model No. 1 (ASM1)
[2], to a more complicated model involving the description of
storage phenomena, i.e., Activated Sludge Model No. 3 (ASM3)
[3].

The ASM1 was developed primarily for municipal treatment
plants using activated sludge process to describe the removal of
organic carbon and ammonium-N. The subsequent ASM3 [1,3]
was established for overcoming a number of shortcomings that
have emerged from its applications, focusing on biological N
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removal [4]. The main reason behind such a shift is the increas-
ing understanding on the important role of storage polymers as
an essential intermediate in the overall substrate removal by acti-
vated sludge, in particular when activated sludge is alternatively
subjected to feast and famine conditions [5-7].

However, when ASM3 is used to interpret the data obtained
in short-term respirometric batch experiments, inconsistencies
often arise [5]. In order to keep the modeling simple [3],in ASM3
it is assumed that all readily biodegradable substrate is initially
stored as internal storage products before it is used for growth
at the famine phase. However, this is not true in many cases.
Krishna and van Loosdrecht [5] found that ASM3 was not appro-
priate in two cases: one was the discontinuity in the biomass
growth rate observed experimentally at feast and famine phases,
while another was that it required prediction of a higher level
of internal storage polymers than the measured to fit the oxy-
gen consumption. In actual situations storage and growth occur
simultaneously at the feast phase, as opposed to the assump-
tion of ASM3, in which only storage occurs at the feast phase
[5]. Thus, it was suggested that the simultaneous storage and
growth should be taken into account for a better interpretation
of the experimental results [S]. Thus, it becomes clear that ASM3
should be extended to account for the simultaneous storage and
growth occurring in activated sludge.

Therefore, in this work a generalized model considering
simultaneous storage and growth processes in activated sludge
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under aerobic conditions is established. In this model oxygen
transfer, microbial maintenance, and biomass decay are all taken
into account. A sensitivity analysis on the model parameters is
performed to gain a better insight into the model structure. This
model is verified by comparing the experimental and simulating
results for four independent case studies. It is expected that the
information provided in this work will be useful to improve our
understanding on the storage and growth processes in activated
sludge.

2. Model development

The ASM3 model was modified to introduce simultane-
ous substrate storage and growth concept, considerations of
microbial maintenance processes, and oxygen transfer. This
extension of ASM3 model is structured with seven model com-
ponents or state variables, including dissolved oxygen (DO),
Soj; readily biodegradable substrate, Ss; ammonia, SNp, ; slowly
biodegradable substrate, Xs; heterotrophic biomass, Xy; partic-
ulate inert COD, X1; and storage products of active heterotrophic
biomass, XsTo. The model considers seven microbial processes:
hydrolysis of slowly biodegradable substrate, growth on readily
biodegradable substrate, aerobic storage of readily biodegrad-
able substrate, growth on storage products, maintenance on
readily biodegradable substrate, maintenance on storage prod-
ucts, biomass decay, and oxygen transfer. Related process
kinetics and stoichiometry describing the interactions and trans-
formations among model components are expressed in a way
that is compatible with previous mathematical models for for-
mulating biochemical reactions of activated sludge [1-3].

The structure of the proposed model is presented in a matrix
format [1] reflecting the basic stoichiometric relationships con-
stituting the backbone of the model. The matrix format is
outlined in Table 1, where model components are listed in the
upper row; the rightmost column gives the process rate expres-
sions; the relevant stoichiometric coefficients are incorporated in
appropriate matrix cells. In this way, the rate of change (genera-
tion or utilization) in a model component for a given biochemical
process is obtained by multiplication of related process stoichio-
metrics and kinetics [8].

A schematic framework is illustrated in Fig. 1 to describe the
relationships among the different groups of components of the
model. In this framework, the slowly biodegradable substrate in
wastewater is first hydrolyzed to readily biodegradable substrate
by the heterotrophs. The biomass can use it for simultaneous
storage and growth. When the readily biodegradable substrate
isdepleted (as low as the half saturation concentration for the pri-
mary growth), the degradation (secondary growth) of the storage
polymers takes place. In addition to growth, microbial mainte-
nance on the external (Ss) and internal (Xsto) substrate is also
an important compartment in this integrated model for describ-
ing storage and growth processes in activated sludge. Finally,
biomass is subjected to decay and produces inert organic carbon.

As shown in Fig. 1, the simultaneous microbial storage and
growth concept [9—-10] is incorporated into the model in this
work. This concept can be explained in such a way that the
heterotrophs are capable of simultaneously storing the external

Table 1

Stoichiometric and kinetic matrix for the developed model
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Fig. 1. Schematic framework illustrating the flow of the external and internal
substrates in addition to the interactions among the involved components.

substrate within the cell in a polymeric form (polyhydroxybu-
tyrate and/or glycogen) and growing on the external substrate.
These stored materials are then consumed for growth and cell
[11-12] when the external substrate becomes depleted. Accord-
ing to the anoxic simultaneous storage and growth concept, DO
is consumed via the storage of the external substrate as inter-
nally stored materials, utilization of both external and internally
stored materials for cell growth.

Modeling simultaneous storage and growth consists of two
distinct but complementary phases: feast and famine (Fig. 1).
Under feast conditions, based on a conventional ASM-type
model structure, three distinctive yield coefficients independent
from each other are used for storage (Ysto), direct growth on
the external substrate (Yj1,s) and growth on the internally stored
products (Yu,sto), respectively [5,7,10]. Under famine condi-
tions, the degradation of the storage polymers is the rate-limiting
step and it governs the growth rate [9].

The slowly biodegradable substrate is hydrolyzed at a rate
governed by surface reaction kinetics (Eq. (1)). Hydrolysis pro-
cess is presumably a rate-limiting step for further utilization of
generated readily biodegradable substrate.

dXs _ Xs/Xu
d ~ "EKx+(Xs/Xn)

Biomass growth and storage is defined by a hyperbolic
Monod-type expression as commonly adopted in other mod-
els [1,9]. The growth stops when the external (Ss) and internal
substrate (Xsto) are depleted by means of a substrate switch
function controlled by the half saturation constant, Ks and Ksto,
respectively. According to the model, when one unit of Ss is con-
sumed for growth, its Yy s fraction is converted into Xy and the
remaining stoichiometric fraction (1 — Yy s) is used for energy,
consuming an equivalent amount of dissolved oxygen, So.

The stoichiometry of the other two processes, storage of S as
Xsto and growth on XsT0, are similar to that of growth on Sg. Sg
is stored as Xsto with a stoichiometry of Ysto. The remaining
part (1 — Ysto) is consumed as oxygen in the conversion of
Ss. After the consumption of the external substrate, the internal
storage polymer is consumed for cell growth. In the model matrix
(Table 1), an inverse switch function is incorporated in order to

6]

activate Xsto consumption when Sg is exhausted. The processes
of oxygen utilization rates for storage of Ss, growth on Ss and
degradation of Xsto are formulated by following expressions.

1 — Ysto Ss So

OUR, § = k X 2
storage-S Ysto STO Ks + Ss K02 +So H )
1—Yus Ss
OUR § = :
growth-S YH,S MH,S Ks + Ss
S S
x ——0 S Xy 3)
Ko, + So Knn, + SNy
1 — Yu,st0 Ks So
OUR : = — X
growth-STO YH,STO MH,STOAH Ks + Ss KOZ TS
SNH,4 Xsto/ Xu

X “4)
Knn, + Snu, Ksto + (Xsto/ Xn)

Active microorganisms need maintenance energy for their
activity and chemical processes. Maintenance is usually inte-
grated into the substrate consumption rate by adding a
maintenance coefficient (i) as follows [13]:

dSs i
e (Y + m) X 5)

In the model matrix (Table 1), Eq. (5) is divided into the
process of growth and a substrate dependent maintenance pro-
cess with a Monod term, which is significantly lower than that
of growth. Maintenance is defined based on both external and
internal substrates [14]. When Ss exists, Ss is consumed by Xy
for their aerobic maintenance. As Ss becomes depleted, Xsto
is consumed by Xy for their aerobic maintenance. These two
maintenance Kinetics rates rmain-s and rmain-STO are given below:

Ss So

Fmain-S = MH.SX 6
main-S H,S HKS+SS K02+So ()

X Ks So

Fmain- =m

main-STO H,STOAH KS T SS K02 T SO
Xsto/XH

7
Ksto + (Xsto/ Xn) @

Eq. (8) describes the accumulation of particulate inert COD
(X1) as a result of decay of active biomass.
dXj Ks Ksto
—_— = f IbH X H (8)

dr Ks + Ss Ksto + (Xsto/ Xn)

The gas-liquid oxygen transfer rate is assumed to be propor-
tional to the difference in the oxygen concentrations between gas
and liquid interface, and the proportionality factor is volumetric
oxygen transfer coefficient kpa [15]. It follows a mass balance
equation below:

dSo(»)
dr

where S is the maximum oxygen solubility in liquid phase,
and So is the oxygen concentration on granule surface, equal to

= kra(S§ — So(1)) )
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that in the bulk liquid because the liquid—solid oxygen transfer
resistance is ignored.

3. Model calculation

A computer program, AQUASIM 2.0 [16], is used for mod-
eling the biological processes in activated sludge. AQUASIM
2.0 is a useful program designed mainly for estimating the
coefficients and parameters involved in bioreactor models.
This program offers flexible definition of the kinetic model,
flow scheme, and process control strategies; it also provides
support for graphic display of the support of the simulation
results, corresponding experimental data, and communication
with spreadsheet programs [16].

4. Sensitivity analysis

The established model has a more complex carbon dynamics
than ASM3 and its response may be influenced by the values
of the new parameters. Prior to model calibration, a sensitivity
analysis should be conducted to evaluate the most important
parameters [17,18]. The determination of key parameters in the
calibration process is dependent on the sensitivity of the model
output to these parameters [19]. For a parameter to be reliably
determined, the measured data should be highly sensitive to the
changes of this parameter. A low sensitivity indicates that it is
difficult to assign a unique value to the given parameter [16].

A sensitivity analysis using AQUASIM is performed to
test the reliability of the parameter estimates. The following
“absolute—relative” sensitivity function is used [16].
= (10)
where 3‘;,; is the sensitivity analytical output to a model parame-
ter, y is an arbitrary value related to a model variable (e.g., OUR
or COD) calculated by AQUASIM, and p is a model parameter
(e.g., Yus or Kst0).

The function measures the absolute change of y for a 100%
change in p. The positive sign of the function indicates that y
increases with the increasing value of p, while the negative sign
of the function indicates that y decreases with the increasing
value of p. The sensitivity analysis involves all the kinetic and
stoichiometric parameters in the established model. The sensi-
tivities of the measured variables, i.e., OUR and COD in this
work, to changes of these parameters are determined and shown
in Figs. 2-5.

4.1. Effect of hydrolysis parameters

The effect of hydrolysis process parameters on the model
outputs, the maximum hydrolysis rate (ky) and hydrolysis affin-
ity constant (Kx), is shown in Fig. 2. The sensitivity analytical
results reveal that the dependence of OUR on the two parame-
ters, kg and Kx, leads to a similar shape of the changes in OUR
just with a different sign and magnitude. This means that the
variation induced by a change in kg can be approximately bal-
anced by appropriate changes in the parameter Kx. This makes
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Fig. 2. Sensitivities (absolute—relative) of the measured signals (OUR and COD)
to the hydrolysis process parameters [sensitivity vs. time (h)]: (A) kg; (B) Kx.
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these two parameters non-identifiable from the measured OUR
data.

The dependence of COD on the two parameters ky and Kx
also has a similar changing pattern to COD with a different sign
and magnitude. Since the sensitivity functions of COD Ilead to
the same results (i.e., similar behavior of the sensitivity func-
tions with respect to the parameters), these parameters cannot
be resolved with the measured COD data only. The reason for
the non-identifiability of the parameters to OUR and COD is that
neither DO nor COD are consumed by the hydrolysis processes.

4.2. Effect of stoichiometric parameters

Storage of the readily biodegradable substrates under aero-
bic conditions plays an important role in the substrate removal.
Meanwhile, the heterotrophic growth on the external substrate
and the storage polymers has a considerable influence on the
oxygen consumption. In this model, three distinctive yield coef-
ficients independent from each other are used for storage (Ysto),
direct growth on the external substrate (Yy,s) and growth on the
internal storage polymers (Yn sto). These yield coefficients have
a significant influence on the output variables (Fig. 3).

The dependence of OUR on Ysto and Yu s yields a simi-
lar shape of the OUR changes with a different magnitude. The
dependence of OUR on Yy sTo is different from that on Ysto and
Yu,s. The sensitivity of OUR with respect to Ysto and Yy,s has
its maximum at the very beginning and decreases exponentially,
while the sensitivity of OUR with respect to Yy sto increases

from zero to its maximum value, but then decreases slightly.
This makes these parameters identifiable from the OUR data.
The dependence of COD on Yst0 and Yy s also results in a sim-
ilar shape with a different magnitude. COD is insensitive to the
parameter Yy sto. This is reason the growth on Xsto does not
affect the effluent COD concentration remarkably.

4.3. Effect of kinetic parameters

The sensitivity of kinetic parameters is shown in Fig. 4. The
kinetic parameters ksto and pp,s have a significant influence
on the OUR output. The dependence of OUR on ksto and pys
leads to a similar shape of the OUR changes with a different but
great magnitude. The dependence of OUR on my s also exhibits
a similar shape of the OUR changes but with a much lower
magnitude, compared to ksto and pp,s. The reason behind this
is that the kinetic structures for the three processes (storage,
growth on Sg and maintenance on Ss) in this model are almost
the same, only with the different maximum rate values. It is
evident that the parameters ksto and pp s are identifiable from
the measured OUR, because for small values of the time, ¢, the
calculated OUR is only sensitive to these two kinetic parameters.

The dependence of OUR on un sto and my sto are different
from that on ksto and ugys, the sensitivity of OUR with respect
to uH,sto and my sto increases from zero, reaches a maximum
and then decreases gradually. With the relative greater shape
magnitude, ;g sto is also identifiable from the measured OUR.
The sensitivity of OUR with respect to by is different from that
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Fig.5. Sensitivities (absolute—relative) of the measured signals (OUR and COD)
to the affinity constant parameters [sensitivity vs. time (h)]: (A) Ks; (B) Ksto;
(C) Ko.

for other kinetic parameters. There have similar results for the
sensitivity of COD with respect to parameters ksto, (H,S, MH.S
and by (Fig. 4). However, COD is insensitive to the parameters
#H,sTo and my sto. This is because that the growth and mainte-
nance on Xsto processes do not significantly affect the effluent
concentration of COD in this model.

4.4. Effect of key affinity constant

Sensitivity of the three affinity constants (Ks, Ksto, and
Ko) to the model outputs is tested and shown in Fig. 5. The
dependence of OUR and COD on Kg and Ko leads to a similar
changing shape. With an increase in Kg and Ko, the effluent
COD increases initially, but decreases later. The dependence of
OUR on Kst0 increases from zero and reaches a maximum, but
then decreases gradually. COD is insensitive to the parameter
Ksto.

5. Model calibration

Model calibration procedure is a process of adjusting coef-
ficient values of the model, so that the results simulated by the

model with these coefficients closely agree with the measured
data. The parameter values are estimated by minimizing the sum
of squares of the deviations between the measured data and the
model predictions with the objective function given as below
[20]:

n 1/2
F(p) = (Z(yem,,- - y(p),oz)
i=1

where yexp and y(p) are vectors of n measured values and model
predictions at times #; (i from 1 to n), and p is the vector of the
model parameters. The standard deviation for parameter deter-
mination was required to be lower than 50% to ensure the validity
of the values of the parameters obtained.

To initiate the calibration procedure, an initial guess of the
parameters is necessary. Such initial values are obtained with
the data in the literatures as shown in Table 2. To simplify the
calibration process, it is desired to change as few constants as
possible [21], because of the limited variability of some parame-
ters. Four parameters, ksto, #H,sTO, #H,S. and K, are changed
based on the causality of the parameters on the experimental
data. In this study, the model is calibrated for the OUR, COD
removal, and the internal storage polymer concentration. The
selection of the parameters for calibration is mainly based on
the result of sensitivity analysis.

Y

6. Model evaluation

The model evaluation is performed from the comparison
between the measured and calculated results. The experimen-
tal data of four related case studies shown in Table 3 are used
for model evaluation. It should be noted that different wastew-
ater characteristics, reactor operating conditions and microbial
communities may result in a very wide variation of the obtained
parameter values (as shown in Table 3). The model parameters
are highly dependent on operating conditions.

6.1. Case I: Model evaluation with experimental data of
this study

Activated sludge are cultivated in a laboratory-scale sequenc-
ing batch reactor (SBR), which has a working volume of 2L
with an internal diameter of 7.0 cm and a height of 100 cm. It is
operated sequentially as, 3 min of influent filling, 212 min of aer-
ation, 15 min of settling and 10 min of effluent withdrawal. An
air velocity of 0.4 m® h~! is applied to the reactor, equivalent to a
superficial upflow velocity of 2.8 cms~!. The SBR is fed with a
fatty-acids-rich wastewater, which is the effluent of a laboratory-
scale acidogenic reactor fed with sucrose-rich wastewater [22].
Butyrate, acetate and ethanol are its main constituents. Sodium
bicarbonate of 100mgL~! is introduced to the wastewater to
provide buffering capacity in order to maintain the pH at 7.0.

The results are shown in Fig. 6. Four model parameters are
calibrated in model simulation, and the values are shown in
Table 3. The model simulation results agree with the experimen-
tal data well (Fig. 6). A tailing-off of the DO-consumption curve
is observed in the respiration tests (Fig. 6A). This phenomenon
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Table 2
Prameters used in the developed model (20 °C)
Parameter Definition Values Unit Reference
Stoichiometry
Ysto Yield coefficient for storage 0.80 gCOD g*1 COD Sin et al. [9]
Yus Yield coefficient for growth on Sg 0.57 gCOD g’1 COD Sin et al. [9]
YH,sTO Yield coefficient for growth on Xsto 0.68 gCOD g*1 COD Sin et al. [9]
h Fraction of Xj in decay 0.2 gCODg~! COD Gujer et al. [3]
INBM Nitrogen content of biomass 0.07 gN g*1 COD Gujer et al. [3]
INXI Nitrogen content of Xy 0.02 gN g_1 COD Gujer et al. [3]
Kinetics
ksto Maximum storage rate of biomass 0.084 h! Sin et al. [9]
MH,STO Maximum growth rate on Xsto 0.04 h! Sin et al. [9]
H,S Maximum growth rate on Sg 0.04 h! Sin et al. [9]
Ks Substrate affinity constant 2.0 gCODm™3 Gujer et al. [3]
Ksto Biomass affinity constant for Xsto 1.0 gCOD g’1 COD Gujer et al. [3]
Ko Dissolve oxygen affinity constant 0.2 gCODm™3 Gujer et al. [3]
muy,s Maintenance coefficient on Sg 0.0066 h! Beun et al. [12]
MH,STO Maintenance coefficient on Xsto 0.0044 h! Beun et al. [12]
by Decay rate coefficient 0.0083 h! Gujer et al. [3]
ku Maximum hydrolysis rate 0.125 h~! Gujer et al. [3]
Kx Hydrolysis affinity constant 1 gCoODg~! COD Gujer et al. [3]
Knny Biomass NHy affinity constant 0.01 gN m—3 Gujer et al. [3]
160 can be described with the model established in this work, in
which simultaneous storage, growth and maintenance—decay are
i @  OUR (data) taken into account. The present model is able to predict both ini-
= OUR (model) tial OUR response and smooth transition to the famine pl.la.se.
5 The production of the storage polymers after a pulse addition
2 80 of substrate and growth on the internally accumulated storage
% polymers after the depletion of the external substrate are also
O 40 simulated. Two distinct phases can be observed (Fig. 6B). The
p g
first phase is the storage polymer production: a rapid uptake of
substrate which is used for growth and storage polymer produc-
0 . . . . . . . .
00 oS o i 20 5. tion. The next phase is the storage polymer consumption: after
400 the depletion of the external substrate, growth on the accumu-
®  Total COD (data) P g .
(B) lated storage polymer occurs. Furthermore, the COD profile is
Total COD (model) . .
300 A, SERESTEHELES) also well simulated (Fig. 6B).
. % Bl ly i The substrate affinity constants, Kg, are found to be in the
20 4 e y . .
E! A__A S same order of magnitude of the values obtained from other
= w0090 AT T A‘ _____ studies [1,7,9-10]. The initial high amount of readily biodegrad-
° able substrate results in a relatively rapid storage process with a
100 maximum rate, ksto, of 0.19h~!. The growth rates on storage
polymers at famine phase (up,sT0) is estimated to be 0.22 h~!
" . . with a Kgto value of 1.0 g COD g’1 COD. These model results
. . — . . . .
0.0 08 Lo 18 20 ag 10 are in favF)r of arapid substrate sto.rage accompanied by an opti-
Time (h) mized primary growth on the available substrate, when excess

Fig. 6. Model evaluation of the experimental data of this study: (A) OUR pro-
files; (B) COD and storage polymer concentrations.

substrate is present in the system [10].
The model validation results are given in Fig. 7 with the
experimental data which are not previously used for model cali-

Table 3

Parameter values of the four cases for model evaluation

Cases ksto (b™h) pusto (h™h) pas (1 Ks (gCODm~?)
This study 0.19 0.22 0.045 35.81

Krishna and van Loosdrecht [5] 0.048 0.16 0.054 0.24

Beun et al. [12] 7.40 0.42 0.54 12.31

Dionisi et al. [23] 0.034 0.43 0.11 0.017
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Fig.7. Model validation using the measured OUR data of this study and the OUR
fractions for simultaneous storage and growth calculated from the established
model.

bration. The simulation results are satisfactory. Fig. 7 also shows
the model interpretation of the OUR profiles according to Egs.
(2) and (3). A relatively high amount of substrate is used for
primary growth, but a relatively low amount of substrate is uti-
lized for storage. The validity of the model confirms that the
consumption of DO, the removal and utilization of substrate,
and the production and consumption of storage polymers under
aerobic conditions can be well simulated by this model.

6.2. Case 2: Model evaluation with experimental data of
Krishna and van Loosdrecht [5]

Model simulation is performed with the experimental data
of Krishna and van Loosdrecht [5], who fed a laboratory-scale
SBR with acetate as the sole substrate. The experiments were
conducted in a 2-L double jacketed SBR equipped with pH, O»
and redox-electrodes. The SBR was operated with a cycle of 4 h
consisting of six process operation phases, resulting in a feast
phase of 55 min and a famine phase of 185 min. To prevent the
influence of nitrification on the measurements, allylthiourea was
added at a concentration of 100 mg L™!. Simulation is performed
with the model and the parameter values are shown in Table 3.
The measured and simulated results of the storage polymer and
OUR profiles in one cycle are shown in Fig. 8 (symbols and line).
Two distinct phases can be observed. During the feast phase, sub-
strate (acetate) was used for growth, poly-f-hydroxybutyrate

7 - T 0.06
------ PHB (model)
4 Y
6 Az A  PHB(data) | 0.05 )
o o wtim A OUR (model) =
=2 OUR (data) | [ 0.04 &
S 44 )
g F0.03 5
< 3 g
& =
o 5] 1002 &
T E.
2w F0.01 5
0 ; ; . 0.00
0 60 120 180 240

Time (min)

Fig. 8. Simulation results of the experimental data of Krishna and van Loos-
drecht [5] for the PHB and OUR profiles.

(PHB) formation and maintenance. During the famine phase,
PHB was consumed for maintenance and growth. The estab-
lished model captures all these components variation trends
and gives a reasonable description of the storage and growth
processes.

6.3. Case 3: Model evaluation with experimental data of
Beun etal. [12]

The PHB metabolism in activated sludge cultures was studied
by Beun et al. [12]. The activated sludge in a 2-L. SBR was sub-
jected to repeated feast and famine conditions, resulting in the
storage and consumption of PHB in activated sludge. The cali-
brated parameter values are given in Table 3, and the simulated
and measured acetate and PHB profiles are shown in Fig. 9.
The validity of the present model is verified with acetate and
PHB data in the experiment. When acetate was present, a linear
decrease in acetate and a linear increase in PHB were measured
and simulated. After the depletion of acetate, the PHB concen-
tration slowly decreased to its initial level at the cycle beginning.
In the feast period, 66—100% of the substrate consumed was used
for PHB storage, the remaining was used for growth and main-
tenance. The model provides a relatively accurate prediction of
PHB production and consumption. This confirms the validity of
the established model again.

6.4. Case 4: Model evaluation with experimental data of
Dionisi et al. [23]

Glutamic acid removal in activated sludge process was stud-
ied by Dionisi et al. [23]. Glutamic acid was used as the sole
carbon source in the batch tests, and nitrification was inhibited
through addition of thiourea at 20 mg L~ in the feed. Measured
and simulated profiles for glutamic acid (COD), storage poly-
mer, and OUR in a batch test are shown in Fig. 10. Four model
parameters are calibrated and the values are shown in Table 3.
A good agreement between the measured and predicted results
is achieved (Fig. 10), suggesting the validity of the model. PHB
storage and biomass growth occurred simultaneously. After the
addition of glutamic acid, it started to be removed, PHB was
stored, and the OUR increased rapidly with respect to an initial
low value. Later, glutamic acid was removed at an increasing
rate, and correspondingly the PHB storage rate and OUR also
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Fig. 9. Model evaluation of experimental results of Beun et al. [12] for acetate
and PHB concentrations.
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Fig. 10. Model evaluation of experimental results of Dionisi et al. [23] for the
concentration profiles of: (A) glutamic acid and PHB; (B) OUR.

increased. When glutamic acid became depleted, PHB started
to decrease, as it was utilized as an internal carbon source. Cor-
respondingly, the OUR decreased markedly. Model verification
results in this case also demonstrate that the present model is
able to properly simulate the storage and growth processes in
activated sludge.

7. Conclusions

In this study a generalized mathematic model based on an
extension of ASM3 is developed to describe the simultaneous
heterotrophic storage and growth processes in activated sludge
under aerobic conditions, with a consideration of microbial
maintenance and oxygen transfer. Microorganisms in activated
sludge subjected to alternative feast and famine environments are
able to take up the substrate rapidly and to store it as intracellular
storage products when the substrate is in excess. The sensitiv-
ities of the measured variables (OUR and COD) to changes in
key model parameters are analyzed. Four parameters (i.e., ksto,
LH,STO, MH,S, and Kg) are considered for the analysis based on
their anticipated impact on the model output. The experimen-
tal results from four different case studies are used for model
evaluation. The established model demonstrates its capacity of
elucidating the simultaneous heterotrophic storage and growth
processes in activated sludge under aerobic conditions.
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