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Abstract: By critically evaluating previous models, a new
mechanistic model is developedto describe simultaneous
storage and growth processes occurring in activated
sludge systems under aerobic conditions. Identifiability
was considered an important criterion during the model
development since it among others helps to increase
the realiability and applicability of models to full-scale
WWTPs. A second order model was proposed for de-
scription of the degradation of the storage products under
famine conditions. The model is successfully calibrated
by only using OUR data obtained from batch experiments.
Calibrations were performed with biomass from full-scale
WWTPs in Belgium and Spain. Predictions of the cali-
brated model were successfully confirmed using off-line
PHB measurements, supporting the validity of the model.
An iterative experimental design procedure was success-
fully applied and found to remarkably improve the
parameter estimation accuracy for the growth on storage
parameters K; and K,, which used to have large con-
fidence intervals when using standard experiments.
The estimated biomass growth yield on substrate
(0.58 mgCOD/mgCOD) is quite close to the theoretically
expected range for heterotrophic growth. This became
possible by properly accounting for the storage process.
Moreover, the maximum growth rate was predicted in the
range 0.7-1.3 per day. This range, albeit quite lower than
the values reported for the growth-based ASM models, is
believed to be more realistic. Finally, the new model is
expected to better and more mechanistically describe
simultaneous storage and growth activities of activated
sludge systems and as such could contribute to improved
design, operation and control of those systems.
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INTRODUCTION

The modelling of activated sludge processes, particularly the
biological substrate conversions, has evolved fundamentally
in the last two decades from simple growth-based kinetics
(ASM1, Henze et al., 2000) to more complicated models
involving the description of storage phenomena (Gujer et al.,
1999). The major driving force behind this modelling trend
was the increased understanding of storage polymers to be an
essential intermediate in the overall substrate removal in
(full-scale) activated sludge systems, particularly subjected
to feast and famine conditions (Beccari et al., 2002; Beun
et al., 2000; Carucci et al., 2001; Dircks et al., 2001; Henze
et al., 2000; Krishna and van Loosdrecht, 1999; Pratt et al.,
2004; van Loosdrecht et al., 1997).

ASM3 is one of the first models to address the storage
phenomenon. To keep the modelling exercise simple (Gujer
et al., 1999), it assumed that all readily biodegradable
substrate (Ss) is first stored as internal storage products
(Xst0) before it is used for growth during the famine phase.
Being the first attempt to evaluate ASM3 using experimental
data, Krishna and van Loosdrecht (1999) had observed that
ASM3 failed to model two significant experimental observa-
tions: (i) the discontinuity in the growth rate of biomass
observed experimentally in feast and famine phases and (ii) it
required prediction of higher levels of internal storage
polymers than measured to fit the oxygen consumption
during feast and famine phases.

The major reason of this failure was the experimentally
observed fact that storage and growth occur simultaneously
during the feast phase as opposed to the assumption of ASM3
that only storage occurs during the feast phase (Beun et al.,
2000; Krishna and van Loosdrecht, 1999; van Aalst-van
Leeuwen et al., 1997). This fact led to the formulation of
the first simultaneous storage and growth model to better
interpret the experimental data by Krishna and van



Loosdrecht (1999). Guisasola et al. (2004b), moreover,
showed that the ASM3 approach also causes severe practical
identifiability problems that resulted in unrealistic and non-
mechanistic parameter estimates when using batch OUR
data, the traditional way in model calibration. From a mech-
anistic modelling point of view, it becomes clear that ASM3
should be extended to account for simultaneous storage and
growth. In addition to Krishna and van Loosdrecht (1999),
several models have been proposed to improve the mechan-
istic modelling of simultaneous storage and growth processes
in activated sludge systems (see below). However, there is no
commonly agreed model yet.

This research aims to further improve the understanding
and mechanistic modelling of simultaneous storage and
growth processes occurring in activated sludge systems with
slowly growing biomass under low F/M in view of modelling
full-scale WWTPs. To this aim, a new model is developed by
critically evaluating previously proposed models for feast
and famine conditions. A particular emphasis is given to the
kinetic description of the degradation of storage polymers
under famine conditions for biomass with low PHB content,
as typically found in full-scale WWTPs. To facilitate full-
scale application of the model, the aim also includes the
development of a simple calibration methodology only based
on batch OUR data. The model is applied to batch OURs
obtained with biomass sampled from two WWTPs in
Belgium and Spain respectively. Practical identifiability
analysis of the model parameters is performed to gain better
insight into the model structure in view of improving the
parameter estimation procedure. Finally, optimal experi-
mental design (OED) is used as a tool to improve parameter
estimation accuracy using OUR measurements alone.

MATERIALS AND METHODS

Experimental Set-Up

Experiment A was performed using the hybrid-respirometric
set-up described in Sin et al. (2003). During this experiment,
the pH was fixed at 7.80 £ 0.03 using a pH controller and the
resulting acid addition profile was recorded (Gernaey et al.,
2002a). Experiments B were performed in a 10 L reactor
operated as an LFS type respirometer (Spanjers et al., 1998),
which was developed in a previous work (Guisasola et al.,
2004a). PHB was measured according to the modified
method of Comeau et al. (1988) as described in Guisasola
et al. (2004a).

In both set-ups, the biomass was first aerated overnight to
reach an endogenous state. Then, a first pulse of acetate was
added to induce a ‘wake-up’ effect on the biomass activity
(Vanrolleghem et al., 1998). At the same time, ammonia in
excess and ATU (30 mg/L) were added to avoid growth-
limitation and nitrification respectively. Activated sludge
sampled from two different WWTPs was used during the
experimental work: Experiment A used biomass from the
Ossemeersen WWTP (Gent, Belgium) whereas Experiment
B used biomass from Granollers WWTP (Catalonia, Spain).

Both WWTPs perform COD removal, nitrification and
denitrification. These biomass samples were analysed for
TSS and VSS according to Standard Methods (APHA, 1995).

Parameter Estimation and Confidence Intervals

Modelling, simulation and parameter estimation were
performed using MATLAB 6.5 (The MathWorks, Natick,
MA). The differential equations were solved using an explicit
Runge—Kutta (4,5) formula. Parameter estimation was
carried out by using the Nelder and Mead (1965) simplex
minimization algorithm. The confidence intervals of para-
meter estimates were determined using the inverse of the
Fisher information matrix (FIM):

N
FIM = Z Yy () Ok Yo (k) (1)
=
COV(6o) > —— @)

~ FIM

where Yy(?) is the so called output sensitivity function and
O, is the inverse of the covariance matrix of the measure-
ment noise (Dochain and Vanrolleghem, 2001).

MODEL DEVELOPMENT

Feast Phase

Modelling simultaneous storage and growth consists of two
distinct but complementary phases: feast and famine. Under
feast conditions, two modelling approaches have been
employed: traditional ASM and metabolic approaches. In
the first approach based on a traditional ASM-type model
structure, three distinctive yield coefficients independent
from each other are used for storage, direct growth on
external substrate and growth on internal storage products
respectively (Beccari et al., 2002; Carucci et al., 2001;
Karahan-Giil et al., 2003; Krishna and van Loosdrecht, 1999;
Pratt et al., 2004).

The second approach is based on the metabolic model of
van Aalst-van Leeuwen et al. (1997) for pure cultures (Beun
etal., 2000, 2002; van Loosdrecht and Heijnen, 2002). In this
metabolic model, it has been demonstrated that the yield
coefficients of storage, direct growth on substrate and growth
on internal storage products respectively are linked to each
other through metabolism of the substrate. Further, the yield
coefficients are observed to depend on the efficiency of the
oxidative phosphorylation (), i.e. the efficiency of energy
(ATP) generation in cells (Beun et al., 2000; van Aalst-van
Leeuwen et al., 1997). This approach makes it possible to
restrict the calibration to the estimation of only one parameter
(0) instead of three yield coefficients.

poo__40-2 42 4:5-2 45
HS =42 5+4327 4775197 455 7 4
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andYusto = o523 <45 (3)
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where Yy is the growth yield on substrate (mgCOD-X/
mgCOD-S), Ysto is the storage yield on substrate (mgCOD-
STO/mgCOD-S) and Yy sto is the growth yield on storage
products (mgCOD-X/mgCOD-STO).

Kinetic Modelling of Substrate Flux
Under Feast Phase

Studies of the storage phenomenon with pure cultures at low
SRT’s (i.e. high growth rate) showed that storage is
dependent on the growth rate of the culture (van Aalst-van
Leeuwen et al., 1997). In other words, the accumulation rate
of storage products was linearly correlated to the difference
between the maximum substrate uptake rate and the substrate
uptake rate required for growth. When the culture is operated
at a growth rate close to its maximum substrate uptake rate,
negligible storage is observed.

On the other hand, most WWTPs are typically operated at
high SRT’s (i.e. low growth rate) to achieve complete
biological nutrient removal resulting in biomass with a rather
low average growth rate (~1/SRT). In these systems, it is
hypothesized that the maximum substrate uptake rate (gyax)
of the biomass is higher than the amount needed for the
average growth rate. Consequently, the maximum substrate
flux into the cell exceeds the amount used for the maximum
growth of the biomass and the difference is diverted to
formation of the storage polymers. In this range, the gyax S
slightly changing with SRT while p,,.« is strongly affected by
SRT variation (van Loosdrecht and Heijnen, 2002). Since the
storage becomes the dominant process under these condi-
tions, the ratio of PHB produced per acetate taken up can be
considered constant as was confirmed experimentally (Beun
et al., 2000, 2002; Dircks et al., 2001; etc.).

From a mathematical point of view, the biological control
of substrate flux into the cell can be illustrated using a branch-
pipe analogy (see Fig. 1). In the branch-pipe analogy, the flow
F1 stands for the substrate influx into the cell (substrate
uptake rate), F3 for the substrate flux diverted to growth and
F2 for the substrate flux diverted to storage. Experimental
observations show that the ratio of storage products to
substrate taken up (F2/F1) is constant around a certain value
(e.g.0.67 gCOD/gCOD; van Loosdrecht and Heijnen, 2002).
The remaining substrate flux is diverted to growth (£3). This
experimental observation can be modelled by considering a
ratio controller on the flow F2 that is indicated by valve A. In

this way, the flow of 2 can be controlled by fixing its value to
a certain fraction of F1, fsro (i.e., F2 =fsro X F1) which
means that the substrate flow to F3 is also controlled at
(F1-F2=F3; F3=(1—fst0) X F1).

From a strict mathematical point of view, it is not
important where the control valve is allocated to allow for
a good description of the experimental observations. How-
ever, it may have two different meanings. Most probably the
reality consists of a mixture of biomass with different strate-
gies, but this is beyond the scope of this study. However, the
mathematical representation of both strategies remains
largely the same. Consequently, the substrate flux under
feast conditions can be modelled as follows:

1 1
e =rs — Y—HSVXH " Yero STO 4)

The internal substrate concentration, S}SN, is assumed at
steady state (i.e. rs* = 0). The steady state assumption of S&°
is mostly correct during the feast phase, except for the two
short unsteady-state/transient phases occurring in a pulse
experiment: (i) at the time of Sg pulse addition and (ii) just
after depletion of Sg respectively. The description of the first
unsteady-state part can be lumped into the description of the
transient response usually observed in batch experiments
(Vanrolleghem et al., 2004). The second unsteady-state
phase will be captured by a small change in the substrate
affinity constant (Ks). Therefore, for most of the time:

1 1
rs = ——TIxH +
Yus Ysto

r'sTo (5)

Equation 5 can be translated into the following equality
(assuming no substrate limitations in Eq. 5):

k.
Hmax,s i STO (6)

qMAX =
Yus Ysto

Based on experimental observations of the constant ratio of
substrate uptake/storage as discussed above in detail, the
control is assumed on F2 which means that biomass is
maximising storage rate (see above):

ksto = fsto - gmax - Ysto and

tvaxs = (I —fsto) - qmax - Yis (7)
F3/v
A
F1 —’FZ

Figure 1. [Illustration of substrate flux into the cell (left) and branch-pipe analogy for control of substrate flux under feast conditions (right) (see text for

explanation).
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where fsto is the fraction of the substrate flux diverted to the
storage products (mgCOD-STO/mgCOD-S). In this way,
modelling the rates of simultaneous storage and growth
reduces to estimation of two parameters, i.e. fsto and gyax-
As discussed below, this storage ratio could be around 0.67
for WWTPs operated with high SRT. However, this value
should not be taken as universal, since it is influenced by
many factors such as the influent wastewater composition,
history of biomass, operational strategy, e.g. feast/famine
ratio, the SRT, etc.

It is important to note that from a metabolic point of view
Equation 6 also includes a fraction of substrate used for
maintenance, i.e. the Herbert—Pirt equation (Beun et al.,
2000; van Loosdrecht and Heijnen, 2002). However, in
traditional ASM models (Henze et al., 2000) the maintenance
concept of the biomass is already lumped into the endo-
genous decay coefficient describing many other processes
such as death, predation, lysis etc. In this study, therefore, the
maintenance of biomass is implicitly included in the
endogenous decay coefficient (see Table I) in order to keep
the model at a reasonable complexity.

To summarise, the choice of modelling made in this study
to describe the substrate metabolism under feast conditions
was (i) based on a synthesis of the conceptual backgrounds
developed in the previous models (see e.g. van Aalst-van
Leeuwen et al., 1997; van Loosdrecht and Heijnen, 2002;
among others) and (ii) simplified to account for model
identifiability concerns. The latter is a very important aspect
of modelling in view of reliability and full-scale applicability
of models for WWTPs (Henze et al., 2000).

Kinetic Modelling of Storage Products
Under Famine Phase

It is commonly observed that degradation of the storage
polymers is the rate-limiting step and as such determines the
growth rate under famine conditions. However, there is no
commonly agreed kinetic model yet. Two approaches have

been usually employed to describe the kinetics of degrada-
tion of Xg1o under famine conditions: surface saturation-type
kinetics (Beccari et al., 2002; Henze et al., 2000; Karahan-
Giil et al., 2003; Krishna and van Loosdrecht, 1999) and a
first-order model (Beun et al., 2000, 2002; Dircks et al., 2001;
van Aalst-van Leeuwen et al., 1997; van Loosdrecht and
Heijnen, 2002).

The surface saturation-type kinetics, e.g. as in ASM3, has
been shown to cause severe practical identifiability problems
due to its structure, resulting in unrealistic parameter
estimates (Guisasola et al., 2004b). Moreover, so far the
first-order type models were developed and applied for
experimental conditions leading to biomass with a high
internal storage products content (Beun et al., 2002; Dircks
et al., 2001). However, activated sludge from full-scale
WWTPs has a much lower fraction of storage products due to
the limited availability of external substrate sources as
opposed to the studies in well-controlled lab environments.
Hence, the first-order type kinetics may not be proper for full-
scale WWTPs.

In this study several model structures including the above
mentioned models have been applied to OUR data obtained
with sludge from full-scale WWTPs with low PHB content
(results not shown). The following kinetic expression was
found to describe the degradation of storage products
reasonably well:

Xsto

Xsto
¥ <XSTO> - X o Xu
= X REG
Xu Ksro + 7 Jxsto

(8)

In this mathematical expression, the first part describes the
surface-saturation type degradation kinetics of Xgro—
similar to the concept employed in ASM3 (Henze et al.,
2000). The second part assumes that the degradation of Xg1o
is regulated as function of the storage content of the cell,
fxsto=Xsto/Xu (see Dircks et al., 2001). This means that
when fxsto is high, the degradation of Xgro is faster,
depending on the regulation constant of the cell, frsco.

Table I. Matrix representation of the extended ASM3 model (see text for explanation).
1. S() 2. Ss 3. SNH 4. XH 5. X] 6. XSTO

Processes g0, g COD gN gCOD gCOD gCOD Kinetics
1. Formation of storage products, Xsto — % Yzl( 1 (1-¢"Yksro - Mo - Ms - Xy

ST STO
2. Aerobic growth on external substrate, S — l;ﬁ ;—1 —iNBM 1 (l-e”r)uMAx’s - MsMoMyuXy

H, H

S S .
(5)
3. Aerobic growth on storage products, Xsto — 1-Vigro —INBM 1 — 1 % MM, A K
, T Taso FMaxsToMoMyi TN 2 H

4. Endogenous respiration —(1—fx1) inem—inxtfxi —1 fxi buMoXy
5. Endogenous respiration of Xsto -1 -1 bstoMoXsto
6. Aeration 1 Kya- (S5 — So)

ksto =fs10 - gMmax - Ys10os Mmax.s = (1 =fs10) * @max - Y11.s; M stands for a Monod kinetic function (the substrate considered is indicated in the subscript) e.g.

MS = SS/(KS + Ss)

T

The first-order empirical model (1—e"") is used to model the transient response observed in OUR data obtained from batch experiments (Guisasola et al.,

2003; Vanrolleghem et al., 2004).
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However, when fxsto is decreasing and approaching a
minimum level in the biomass, the biomass starts to limit the
degradation rate of Xgsro. The particular reasons behind the
choice of this kinetic expression are: (i) it was shown
explicitly that the degradation rate of PHB strongly depends
on the PHB content of the cell (Dircks et al. (2001), (ii) it was
hypothesised that biomass always contains a minimum PHB
content (van Aalst-van Leeuwen et al., 1997). This implies
that biomass is likely to control the degradation rate of
storage products such that a minimum level of storage
products can be maintained, (iii) experimental observations
(particularly OUR from batch experiments) showed that
there are at least two phenomena corresponding to a fast and a
slow degradation rate of Xgro under famine conditions
(see below).

Equation 8 can be rewritten as follows, resulting in a
second-order type kinetic expression:

2
X
(o) (%) 0
Xu ) Ky+K-%o

Xu

where K, = Ksto X fXsro and K = fXsto-

In this expression, K, becomes the affinity of the biomass
towards Xsto/Xy (mgCOD/mgCOD) and K is nothing but
the regulation constant of the biomass as function of Xg1o/Xy
(mgCOD/mgCOD).

The model developed in this study is summarised in matrix
format in Table I. Similar to previous studies (e.g. van
Loosdrecht and Heijnen, 2002), the growth rate of biomass
on Xgt0 1s assumed to occur under strictly famine conditions,
i.e. a Monod inhibition function for external substrate is
added to the kinetic description of rsto (see Eq. 3 in Table I).

RESULTS

OUR for Monitoring Simultaneous Storage
and Growth Processes

Respirometric measurements with biomass A obtained after
pulse addition of a certain amount of acetate to endogenously
respiring activated sludge are shown in Figure 2. Titrimetric
measurements (Hp) are also shown in the same figure. In this
way, one can indirectly monitor the acetate uptake from the
medium (see e.g. Gernaey et al., 2002a). The monitoring
principle of titrimetric measurement is that acetate is a weak
acid and at pH equal to 7.8 is present in dissociated form in
the medium. Therefore, its cellular uptake is accompanied
by a certain amount of protons (~1 mmole H"/1 mmole
acetate) to preserve the charge balance of the cell (for further
modelling details reader is referred to Gernaey et al., 2002b).
Since quantitative interpretation of the titrimetric data
requires a complicated model-based approach, in this study
it is used only as quality check for the respirometric
measurements.

Upon pulse addition of substrate, i.e. under the feast
conditions, the OUR of biomass A increases gradually to a

End of acetate

Feast Famine

£ -
r: £
(@) =
0 T T T T T T T 2.0
0 20 40 60 80 100 120 140 160
Time (min)

Figure 2. Oxygen uptake rate measurements after pulse addition of
acetate to endogenously respiring biomass A (see text for explanation).

maximum level following a fast transient (ca. 3—4 min) (see
Fig. 2). This transient period is frequently observed in OUR
data obtained from batch experiments with pulse addition of
substrate (Vanrolleghem et al., 2004). The biomass activity
continues at this maximum level until all external substrate is
taken up for storage and growth. Similarly, the Hp data shows
an increased consumption of protons from the medium upon
pulse addition of acetate indicating fast and linear removal of
acetate from the medium. This fast consumption of protons
ceases to a slower and non-linear phase in the Hp data as
marked by the sharp bending point in the Hp data (see Fig. 1)
indicating that the acetate was completely removed from the
medium (see Gernaey et al., 2002a; Pratt et al., 2003; Sin
etal., 2003). This non-linear consumption of protons after the
sharp bending point is mainly, among others, due to non-
linear consumption of protons by CO, stripping, endogenous
CO, production due to, e.g. utilisation of Xsto, etc. Note that
this sharp bending point in the Hp data coincides well with
the sharp drop in the OUR data of biomass A (see Fig. 2). In
the famine phase, the OUR of biomass A drops from the
maximum level to a level higher than the endogenous OUR
level maintained prior to substrate addition (see Fig. 2).
Under famine conditions, biomass grows using internal
storage products, Xsto, produced in the previous phase. A
similar pattern of acetate oxidation is observed with biomass
B (Fig. 3, right).

The oxygen uptake rate is observed to have two different
slopes indicating two phenomena under famine conditions
(see Fig. 2). This observation was the particular reason for
the choice of second order kinetics for the description
of the degradation of storage products (see the ‘Model
Development’).

Calibration of the Model: Parameter
Estimation Procedure

For the calibration of the model, the initial concentration
of active biomass, Xy(0) is estimated using the baseline
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Figure 3. Model fits to the Experiment A (left) and Experiment B (right) (see Table II for the calibrated parameters). Only every 10th data point is shown to

keep the figure clearer.

endogenous OUR level prior to substrate addition, while
fixing the decay rate coefficient by to the value mentioned in
the ASM models (Henze et al., 2000), i.e. 0.2 per day (see
Table II). The endogenous OUR prior to substrate addition is
equal to:

OURa(0) = (1 — fxi) - by - Xu1(0) (10)

In our approach, fx is also fixed to the value mentioned in
ASM3, 0.2 mgCOD/mgCOD. From a structural identifia-
bility point of view, it is not possible to obtain unique values
of both by and Xy(0) using short-term (e.g. 10—15 min)
endogenous OUR measurements. In other words, there are
an infinite number of solutions (parameter combinations of
by and Xy(0)) to Equation 10. This is because the decay of
biomass is practically negligible within such short-period.

Long-term (e.g. 10 days) monitoring of endogenous OUR is
needed for unique estimation of by (Henze et al., 2000;
Keesman et al., 1997). Hence, for given fx; and by, the
Xu(0) can be calculated from the OUR(0) data.

Moreover, the endogenous utilisation rate of Xs1o, bsT0, 1S
taken the same as the endogenous decay rate of biomass, by,
similar to the approach adopted in ASM3 (Henze et al.,
2000).

The estimation of the initial concentration of storage
products, Xsto(0) was observed to cause severe identification
problems (results not shown), i.e. it has a too large confidence
interval. Therefore, the initial concentration of storage pro-
ducts, Xs710(0), is either measured (in Experiment B and the
OED experiment) or estimated (in Experiment A) using a
step-wise procedure as explained below.

Table II. Parameter estimation results with the simultaneous storage and growth model.
Confidence Confidence
Parameters Experiment A interval® (%) Experiment B interval® (%)

Parameters estimated

gmax (per day) 1.67 +0.09* 5.39 6.43 +0.05* 0.78
fsto (mgCOD/mgCOD) 0.29 +£0.07 24.14 0.65 £+ 0.09 13.85
0 (mol/mol) 2.88+£0.16 5.56 2.57+£0.22 8.56
Ks (mgCOD/L) 0.6+04 66.67 0.67+0.11 16.42
K; (mgCOD/mgCOD) 0.015£0.029 193.33 0.053 £0.041 77.36
K, (mgCOD/mgCOD) 17x1074+3%x107* 182.35 98x104+1x1073 102.04
7 (min) 2.73+£0.12 4.40 0.51£0.05 10
Parameters estimated using the step-wise
procedure (see text for explanation)
Xs10(0) (mgCOD/L) 0.99 (estimated) 6.8 (measured)
Parameters assumed
by (per day) 0.2 0.2
bsto (per day) 0.2 0.2
fxi(mgCOD/mgCOD) 0.2 0.2
Parameters calculated
Xu(0) (mgCOD/L) 1,650 800
gmax X Xu(0) (mgCOD/L-d) 2,755 5,144
Mmaxs (per day) 0.72 13
ksto (per day) 0.4 3.31
Hmax.sto (per day) 0.72 1.3
Ysro (mgCOD/mgCOD) 0.83 0.81
Yi.s (mgCOD/mgCOD) 0.61 0.58
Yu.sto (mgCOD/mgCOD) 0.71 0.68

“Parameter estimates are given together with 95% confidence interval.

PConfidence intervals are presented in these columns as absolute percentage of the parameter estimates, i.e. (confidence interval/parameter) x 100.
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The maximum growth rate of biomass on Xsto, lMax.sTO»
is assumed to be in the same order of magnitude as the
maximum growth rate of biomass on external substrate,
Hmax.s, in order to keep the model calibration exercise at a
reasonable complexity. It is important to note that from a
parameter estimation point of view, any possible error
involved in this assumption is most likely compensated by
the estimate of K, or K| (see Eq. 3 in Table I). The yield
coefficients for storage, (Ysto), direct growth on Ss, (Yy.s)
and growth on Xsto, (Yu sto) are calibrated by estimating the
0 parameter using the relations given above. The maximum
storage rate, ksto, and the maximum growth rate of biomass,
Imax, are calculated from the estimates of the maximum
substrate uptake rate, gypax, and the fraction of substrate used
for storage fsto using the substrate flux model described
above.

Parameter Estimation Results

Parameter estimation results obtained using OUR measure-
ments with biomass A and biomass B are summarised in
Table II while best fits of the model to the experimental data
are shown in Figure 3. The model fits are quite acceptable/
plausible (see Fig. 3).

The ratio of substrate uptake to substrate used for storage,
fsto, was found low in Experiment A (for biomass A) com-
pared to the average value 0.67 mgCOD/mgCOD reported
for pure and mixed cultures sampled from systems having
SRT higher than 5 days (Beun et al., 2002; van Loosdrecht
and Heijnen, 2002). This implies that the mixed culture used
in Experiment A has a lower storage capacity which is
possibly due to the composition of biomass A being different
as it has different growth strategies, i.e. direct growth on
external substrate versus substrate storage followed by
growth on storage product. From modelling point of view,
itis noted that the extended ASM3e model is still able to well
describe the OUR data in Experiment A (see Fig. 3, left)
adding credibility to the range of applicability of the model.
On the other hand, the storage fraction of biomass B is in
good agreement with the typical value mentioned above. The
substrate uptake rate of biomass A (i.e. gmax X Xu(0) ) is
observed to be approximately half that of the substrate uptake
rate of biomass B. As a result, the kinetic parameters
estimated for biomass A were also slower than the kinetic
parameters estimated for biomass B (see Table II).

Nonetheless, the L4 estimates of both biomass samples
are noticeably lower than the typical range of values reported
in literature for the maximum heterotrophic growth rate for
municipal WWTPs (Gernaey et al., 2002b; Henze et al.,
2000; Vanrolleghem et al., 2004; etc.). The substrate affinity
constants, Kg, of biomass A and biomass B (see Table II)
were also found to be in the same order of magnitude of the
values obtained from other batch experiments (Gernaey et al.,
2002b; Vanrolleghem et al., 2004). The storage uptake rate,
ksto, was found to be faster than the maximum growth
rate, [vax, for biomass B, which is in agreement with the
experimental findings of Pratt et al. (2004).

Practical Parameter Identifiability

Practical identifiability of a model structure is important as it
tells which parameter combinations can be estimated under
given measurement accuracy and quantity. In this way, one
can improve the reliability and accuracy of the parameter
estimation (Dochain and Vanrolleghem, 2001). For such
identifiability study, output sensitivity functions of para-
meters and contour plots of the objective functional will be
evaluated.

Output sensitivities of model parameters calculated using
best-fit parameters obtained in Experiment B (see Table II)
are shown in Figure 4. The output sensitivity function of
gmax 1s observed to be correlated with the output sensitivity
function of fgto and 6 during the feast phase. However, in the
famine phase these correlations are broken to a large extent,
thereby enabling to estimate those parameters simulta-
neously using OUR measurements (see Table II). The
sensitivity function of Kg also has a different trajectory
than that of the sensitivity of gyax unlike what happens
in pure-growth models where it is often the case that
Hmax 18 correlated with Kg (Dochain and Vanrolleghem,
2001). Moreover, the output sensitivity functions of fsto
and O are also almost perfectly correlated under the feast
phase but again this correlation is broken during the
famine phase, making these parameters uniquely identifiable
as well.

The output sensitivity functions for K; and K, are observed
to be correlated until a certain time instant beyond which the
correlation is broken (see Fig. 4). In this regard, the length of
the famine phase becomes very important for reliable esti-
mation of these parameters. The output sensitivities of K; and
K> have no specific correlation with the sensitivity functions
of gmax> fsto and o respectively. This ensures reliable
estimation of parameters K; and K, from the part of data
collected under famine conditions.

In summary, the output sensitivity functions of the model
parameters estimated in Table II suggest that they are prac-
tically identifiable using OUR measurements alone. These
results are also checked with the analysis of the shape of the
cost/objective functional performed below.

The contour plots of the objective function shown in
Figure 5 were calculated around the optimum for different
combinations of parameters: fsto and o (Fig. 5, left) and K
and K, (Fig. 5, right). The contours of the objective function
are large in both planes of the two-parameter subsets i.e.
fsto—0 plane and K| —K, planes respectively. Particularly in
the plane K, and K, (see Fig. 5, right), the objective function
is observed to be valley-like in a certain direction. This means
that several combinations of parameters K, and K, will give
almost equally good fits to the data leading to large confi-
dence intervals of the parameter estimates (Baltes et al.,
1994; Dochain and Vanrolleghem, 2001). This is indeed
observed in the parameter estimation results. The relative
errors on parameter estimates K; and K, are calculated to be
77% and 102% respectively in Experiment B (see Table II).
When confronted with such situation, OED has been shown
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to improve parameter estimation accuracy (Dochain and
Vanrolleghem, 2001; Vanrolleghem et al., 1995).

OED for Parameter Estimation

The OED procedure presented in Dochain and Vanrolleghem
(2001) is used to improve the confidence interval for
parameter estimation. The reference experiment was chosen
to be Experiment B. The parameter subset considered for
parameter estimation consists of gyax, fstos K1, Ko, 7, Ks
and J. The experimental degrees of freedom were chosen
to be (1) single or two consecutive pulse additions of acetate,
(2) amounts of first (and second) pulse additions and (3) time

f10

» 0050 -

instant of the second pulse addition. The duration of each
experiment was fixed to 200 min. The substrate to biomass
ratio, S/X, was constrained to 0.1 (mgCOD/mgCOD) in order
to prevent any possible physiological change at the cellular
level (Chudoba et al., 1992; Grady et al., 1996). Considering
that the Xy(0) was approximated as 800 mgCOD/L (see
Table II), the total added substrate was fixed to 80 mgCOD/L.

An iterative OED procedure was followed. The FIM,
which is the basis for OED, is calculated to summarise the
information content of each hypothetical experiment under
different combinations of the above-mentioned degrees of
freedom (Dochain and Vanrolleghem, 2001). The D and
Mod-E criteria of FIM, the most frequently used FIM
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Figure 5. Contour plots of the objective functional used for parameter estimation as function of two parameters; fsto and o (left) and K and K, (right).

SIN ET AL.: MODELLING SIMULTANEOUS STORAGE AND GROWTH

607



properties of for optimisation of the experiment, are used in
this study too (Dochain and Vanrolleghem, 2001; Vanrolle-
ghem et al., 1995).

The results of OED under various combinations of degrees
of freedom are summarised in Figure 6. The objective is to
find an experiment with the lowest Mod-E and the highest D
criteria values. It can be seen from Figure 6 (see the circled
regions) that the optimal experiment according to the OED
analysis is a two pulse addition of (40 mg COD/L each)
where the second pulse is added around 20 min, which
corresponds to an addition just before the first pulse of
substrate is completely taken up by the biomass. This is very
similar to the results of Vanrolleghem et al. (1995). The
optimal experiment results in two peaks in the OUR profile,

thereby improving the accuracy of parameter estimation of
the feast phase. Moreover, the parameters of the famine phase
are also better estimated thanks to the increased PHB content
of the cell and the elongated OUR tail thanks to the previous
two pulses.

Implementation of the OED Experiment

The optimal experiment resulting from the OED study was
applied to biomass B and the experimental results are shown
in Figure 7, including off-line PHB measurements. Upon the
first pulse addition of acetate, the OUR immediately
increases to a maximum level following a fast transient.
Parallel to this increase in the OUR, the PHB content of the
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Figure 7. Implementation of the optimal experimental design (OED)
experiment with two pulse additions of equal amounts of acetate
(40 mgCOD/L) where the second acetate pulse is added after ca. 20 min.

biomass also increases linearly in time confirming that part of
the acetate is diverted to storage while the rest is used for
simultaneous growth (see Fig. 7).

After the first pulse of acetate is completely consumed by
the biomass, the OUR drops immediately. The same
phenomenon as in the first acetate pulse is repeated in the
second pulse addition of acetate (see Fig. 7). The formation of
PHB is continued with a linear increase for as long as acetate
is present in the medium. After the second pulse of acetate is
completely consumed by biomass, PHB starts to decrease
gradually following a non-linear pattern. Concomitantly, the
OUR is also decreased and follows a non-linear uptake rate
due to the oxygen uptake for biomass growth on PHB.

The parameter estimation results for the OED experiment
by only using OUR measurements are shown in Table III. It is
important to stress that the PHB measurements were not used
for model calibration, but instead they are compared with the
predictions of the model calibrated using OUR measure-
ments alone (Fig. 7). The model predictions for PHB are in
agreement with the measured PHB content during the two
consecutive pulse additions of acetate. Moreover, the model
fit to the OUR measurements is acceptable. However, the
model was unable to perfectly fit the second peak in the OUR
profile. This is discussed below (see ““Discussion’).

From a parameter estimation point of view, a remarkable
improvement in parameter estimation accuracy was obtained
from the OED experiment (compare Tables II and III).
Particularly the huge confidence intervals of K; and K, (see
Table II) could be reduced from 77% and 102% to 12% and
25% respectively. In this regard, the application of the OED
methodology for improving parameter estimation accuracy is
clearly valuable.

Although the confidence intervals of the parameter
estimates have been significantly reduced in the OED
experiment, the parameter estimates themselves did not vary
significantly compared to the values obtained in the reference
experiment (i.e. Experiment B). For instance, the estimate of
0 remained quite close to the value estimated in the reference

Table III. Parameter estimation results for the optimal experimental
design (OED) experiment using only OUR data.

Confidence

Parameters OED experiment interval® (%)

Parameters estimated

gmax (per day) 427+0.03 0.70°
fsto (mgCOD/mgCOD) 0.60 +0.03 5.00
0 (mol/mol ATP) 2.56 +0.08 3.13
Ks (mgCOD/L) 0.70 £0.1 14.29
K; (mgCOD/mgCOD) 0.102+£0.012 11.76
K, (mgCOD/mgCOD) 12x107°+3%x107* 25
7 (min) 0.51£0.07 13.73
Parameters measured
Xst0(0) (mgCOD/L) 6.8
Parameters assumed
by (per day) 0.20
bsto (per day) 0.20
fx1 (mgCOD/mgCOD) 0.20
Parameters calculated
Xu(0) (mgCOD/L) 800.00
Mmax.s (per day) 0.97
ksto (per day) 2.02
Kmax,sto (per day) 0.97
Ysto (mgCOD/mgCOD) 0.80
Y. s (mgCOD/mgCOD) 0.57
Yy sto (mgCOD/mgCOD) 0.68

“Parameter estimates are given together with 95% confidence interval.

°Confidence intervals are presented in these columns as absolute
percentage of the parameter estimates, i.e. (confidence interval/para-
meter) x 100.

experiment (see Tables II and III). However, the estimate of
gmax Was found lower than the value estimated in the
reference experiment (see Tables II and III) indicating that in
the OED experiment biomass may have not yet reached its
maximum substrate uptake rate. Since gyax Was lower, the
Umax.ss ksto and pivax sto were also calculated to be lower
compared to the reference experiment (compare Tables Il and
IIT). A possible explanation for this observation could be
physiological adaptation as discussed below.

Finally, it was observed experimentally that the amount of
substrate used for the PHB formation per amount of acetate
consumed, fsto, 1s equal to 0.68 mgCOD/mgCOD (assuming
the storage yield is 0.80), which is quite close to the estimated
value for fsto, 0.60 mgCOD/mgCOD (see Table III). More-
over, both measured and estimated values fall in the range
reported by Beun et al. (2002) for aerobic, slowly growing
activated sludge cultures. This result supports the validity of
the model as well as the calibration procedure using OUR
measurements alone.

DISCUSSION

The Model Performance: Parameter
Estimation Results

The low estimates found for the maximum growth rate,
tmax, of both biomass samples is believed to be a more
realistic predictions of the true growth rate of activated
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sludge in municipal WWTPs, since the storage was properly
accounted for in this study. Further, the estimated maximum
substrate uptake rate of biomass is much higher than the
amount used for the maximum growth rate of biomass (see
Table II) which supports the hypothesis that activated sludge
grows slower than what the substrate uptake rate allows
(Beun et al., 2002; van Loosdrecht and Heijnen, 2002).

The efficiency of the oxidative phosphorylation, (J), was
found in the theoretically expected range i.e. 1-3 mol/mol
for both biomass samples (Beun et al., 2000). Moreover, the
yield coefficients calculated using the estimated o for bio-
mass A and biomass B were very similar even though
biomass A and biomass B have different growth and storage
kinetics. This result supports the validity of the proposed
model structure, which assumes that the macroscopic yield
coefficients are independent of the growth rate, and can be
estimated using a metabolic relation (see ‘Model Develop-
ment’; Beun et al., 2000; van Loosdrecht and Heijnen, 2002).

The second order model adopted in this study to describe
the utilisation of storage products under famine conditions
fitted the OUR tail under famine conditions well. The
parameter K,, defined as the affinity of biomass as function of
the storage content of biomass, Xsro/Xy, was found to be
low for both biomass. Moreover, the traditional affinity
constant of biomass to storage products, Kgro, calculated
as K»/K; (see ‘Model Development’), was found around
0.01 mgCOD/mgCOD which is in agreement with the value
mentioned for PAOs in ASM2d (Henze et al., 2000).
Moreover, Koch et al. (2000) estimated for Ksro a value of
0.1 mgCOD/mgCOD using the ASM3 model. The estimated
Kgro value in this study is significantly lower than the default
value proposed for Ksto in ASM3 (1.0 mgCOD/mgCOD,
Henze et al. (2000)). The high value of ASM3 is probably due
to the severe parameter correlations of Kgpo with the
maximum growth rate of biomass (Guisasola et al., 2004b).
The parameter K; defined as the regulation constant of
biomass controlling the degradation of the storage product,
was observed to change from one experiment to another
experiment, making it difficult to comment on. This
variability is most probably due to the problems of practical
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identifiability encountered with the estimation of these two
parameters K, and K (see Fig. 5). One way to improve the
identifiability of this parameter is to apply an OED metho-
dology, as done in this study for the biomass B. Another way
of improving the identifiability of these parameters is
naturally to use PHB measurements for parameter estimation
on top of the OUR data. It is clear that further experiences are
needed in this direction.

Direct biomass growth on substrate (acetate) can be
compared with the biomass production based on internally
stored PHB using the following ratio W This ratio is
calculated to be ca. 0.96 both for biomass A and biomass B.
This means that there is negligible reduction of the overall
yield when PHB is used for growth, which is in agreement
with the findings of Beun et al. (2000).

Practical Identifiability of the Model

Estimation of Xgto (0) was observed to cause severe
parameter identification problems when OUR is used alone.
To understand the reason of this difficulty, the objective func-
tional was calculated as a function of fxs1o(0) (i.e. the storage
fraction of biomass expressed as 100 X Xgro(0)/Xy(0)), 6
and fsto. The contour plots of the objective function in both
planes i.e. fxsto(0)—0 and fxsto(0)—fsto are large and have
a valley-like shape with a very flat bottom (see Fig. 8). This
shape is known to cause severe problems to optimisation
algorithms in finding the minimum (Dochain and Vanrolle-
ghem, 2001). Moreover, large contour plots of the objective
functional indicate that there are many combinations of
parameters that give an almost equally good fit to the
measurements. This implies that the confidence intervals of
the parameter estimates would also be very large. In short, the
analysis of the shape of the objective functional implies that
the simultaneous estimation of parameters fxsto(0) (and
Xs710(0)), 6 and fsto is difficult.

To resolve this issue the fxsto(0) should be fixed to either a
measured value or by using step-wise parameter estimation
(Dochain and Vanrolleghem, 2001). This step-wise parameter

fis10(0)
~

A
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fSTO

Contour plots of the objective functional as a function of two parameters fxsro—0 (left) and fxsto—fsto (right).
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estimation procedure is already explained above (see
calibration of the model).

Implementation of OED for
Parameter Estimation

The application of the OED methodology was observed to
provide remarkable improvements to the parameter estima-
tion accuracy (compare Tables IT and III). For instance, it was
possible to reduce the large confidence intervals of the
parameters K and K, from 77% and 102% to 12% and 25%
respectively.

However, the model could not perfectly describe the
second peak in the OUR profile corresponding to the second
acetate pulse (see Fig. 7). This discrepancy may be due to the
not modelled physiological adaptation of the biomass. In
other words, after the first pulse of acetate, the biomass
increases its RNA and protein content and activity to sustain a
higher growth rate (Lavallée et al., 2005; Vanrolleghem et al.,
1998; van Loosdrecht and Heijnen, 2002). In this respect, it is
also important to note that parameter estimates with the OED
experiment remained close to the ones of the reference
experiment except gmax, Which was found lower than the
reference experiment. This supports the above-mentioned
hypothesis that the biomass in the OED experiment under-
goes a transient to increase its substrate uptake rate until it
reaches the maximum substrate uptake, see e.g. the gyax
obtained in the reference experiment. Similar phenomena
were reported and discussed in detail in Vanrolleghem et al.
(1998). Since the model developed in this study aims at
modelling stable activated sludge cultures for WWTPs, the
10% increase in maximum OUR can be considered
negligible in view of model calibration purposes.

Implications to Full-Scale WWTP Modelling

Ultimately this research aims to extend ASM3 by critically
considering previous attempts to better describe the aerobic
heterotrophic growth in full-scale WWTPs in a mechan-
istically sound way. The model developed in this study has
been applied successfully to OUR data obtained from short-
term batch experiments. Like previous models, the develop-
ed model allows for separating explicitly substrate uptake
kinetics from growth kinetics to better describe aerobic
carbon oxidation processes in full-scale WWTPs but con-
sidering a compromise between model complexity and
practical applicability. To this end, a particular emphasis
was also given to develop a practical and easy calibration
methodology based only on OUR data to facilitate the full-
scale application of this type of activated sludge models.

It is expected that improved mechanistic modelling of
biological processes in WWTPs will deliver a better insight
into the system, which can be used to improve design,
operation and control of the biological processes. Since most
of the WWTPs also operate under anoxic conditions it is
important to extend the model developed here to describe

simultaneous storage and anoxic growth for full-scale
WWTPs. This extension is done in Sin (2004).

CONCLUSIONS

In this study, the ASM3 model was successfully extended to
describe simultaneous storage and growth activities of acti-
vated sludge under aerobic conditions. Modelling the
substrate metabolism under feast conditions was done by
synthesising previous experiences and models in view of
adequate model complexity. For the famine conditions, a
second-order type kinetics expression was developed to
describe the degradation of storage products.

In view of facilitating full-scale application of the model, a
practical calibration procedure only requiring OUR data
obtained from batch experiments was developed and applied
successfully to calibrate the model. The predictions of the
calibrated model were also confirmed by independent PHB
measurements, supporting the validity of the model. The
OED methodology was shown to be valuable in view of
improving the parameter estimation accuracy, particularly
for the identification of the second-order model developed in
this study.

The maximum growth rate of heterotrophs was estimated
to be between 0.7 and 1.3 per day for the sludge tested which
is quite lower compared to the values reported in literature for
the growth-based ASM models. The estimated yield
coefficient for heterotrophic growth on acetate was around
0.58 mgCOD/mgCOD, lower than the values reported in
literature for growth-based models. It is believed that the
proposed model gives a better prediction of the growth yield
and the maximum growth rate of biomass in full-scale
WWTPs since it accounts for the storage phenomenon.
Finally, the estimated maximum substrate uptake rate of the
biomass was much higher than the substrate usage rate at the
maximum growth rate of the biomass.

NOMENCLATURE

ASM activated sludge model

ASM3 activated sludge model number 3

by endogenous decay coefficient of biomass, per day

bsto endogenous decay of storage products per day

COV covariance matrix

1 efficiency of oxidative phosphorylation, mol/mol

FIM Fisher information matrix

FRESS regulation constant of biomass controlling degradation rate
of Xsto as function of fxsro, mgCOD-Xg10/mgCOD-Xy

Jxsto(0) initial fraction of Xgro in biomass i.e. Xs10(0)/Xu(0),
mgCOD-Xs10/mgCOD-Xy

Jfxsto fraction of Xgro in biomass i.e. Xg10(0)/Xy(0),
mgCOD-Xs10/mgCOD-Xy

fsto fraction of substrate used for storage, mgCOD-Xg10/mgCOD-Sg

F1 substrate influx to the cell (substrate uptake), mgCOD/L-d

F2 substrate flux used for storage, mgCOD/L-d

F3 substrate flux used for growth, mgCOD/L-d

Hp proton concentration in mixed liquor (meq H /L)

Ks substrate affinity constant, mgCOD/L

Ksto biomass affinity constant for Xgro, mgCOD/L
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K; regulation constant of biomass controlling degradation rate
of Xsto as function of fxsto, mgCOD-Xs10/mgCOD-Xy

K, a lumped parameter related to the affinity of biomass to storage
fraction of biomass i.e. fsto, MgCOD-Xs10/mgCOD-Xy

ksto maximum storage rate of biomass, per day

Umax,s Mmaximum growth rate of biomass on substrate, per day

IUMax,sTo Maximum growth rate on storage products, per day
OUR oxygen uptake rate, mgO,/L-min
PHB poly-B-hydroxybutyrate, mgCOD/L

gMAX maximum substrate uptake rate, per day

rs substrate uptake rate, mgCOD/L-d

IXH growth rate, mgCOD/L-d

rsTO storage rate, mgCOD/L-d

SISN internal substrate concentration, mgCOD/L

SIX substrate to biomass ratio, mgCOD/mgCOD

SRT sludge residence time (d)

T first order time constant, min

Xsto(0) initial concentration of storage polymers/products in biomass,
mgCOD/L

Xu(0) initial concentration of biomass, mgCOD/L

Ysto yield coefficient for storage on substrate,
mgCOD-Xg10/mgCOD-Sg

Yus yield coefficient for growth on substrate, mgCOD-Xy/mgCOD-Sg

Yusto  yield coefficient for growth on storage products,

mgCOD-X;/mgCOD-Xsr0

WWTP  wastewater treatment plant
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