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Abstract: The structural and practical identi®ability of a
model for description of respirometric±titrimetric data
derived from aerobic batch substrate degradation experiments of a CxHyOz carbon source with activated
sludge was evaluated. The model processes needed to
describe titrimetric data included substrate uptake, CO2
production, and NH3 uptake for biomass growth. The
structural identi®ability was studied using the Taylor
series method and a recently proposed generalization
method. It showed that combining respirometric and titrimetric data allows structural identi®ability of one extra
parameter combination, the biomass yield, YH, compared to estimation on separate data sets, on condition
that the nitrogen fraction in biomass (iXB) is known.
However, data from short-term batch substrate degradation experiments were not suf®ciently informative to
allow practical identi®cation of all structurally identi®able parameters. Combining respirometry and titrimetry
resulted in improvements of parameter con®dence intervals compared to estimation on separate respirometric or titrimetric data sets. However, the level of the
improvement seems to be substrate dependent: parameter con®dence intervals improved considerably
more for dextrose than for acetate degradation models.
Noteworthy is the ®nding that the half-saturation substrate concentrations can be different depending on
whether they are estimated from respirometric or titrimetric data. Moreover, this difference appears to be
dependent on the carbon source considered: for dextCorrespondence to: Krist Gernaey
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rose, titrimetry-based KS values are higher than respirometry-based values while for acetate the opposite was
found. It was hypothesized that this can be explained by
the different point in cell metabolism where the proton
production or consumption takes place, leading to a
corresponding difference in timing between pH effect
and oxygen consumption. Finally, the biomass yield YH
and the nitrogen content of the biomass iXB could be
estimated from combined respirometric±titrimetric data
obtained with addition of a known amount of carbon
source. YH can also be estimated from rO data when the
initial substrate concentration SS(0) is known. The values
found correspond to values reported in literature, but,
interestingly, also seem able to re¯ect the occurrence of
storage processes when pulses of acetate and dextrose
are added. ã 2002 Wiley Periodicals, Inc. Biotechnol Bioeng
79: 754±767, 2002.
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INTRODUCTION
The process studied is the aerobic degradation of a
CxHyOz-type carbon source by a mixed population of
bacteria (activated sludge) during a batch substrate degradation experiment. The data that will be used further
on in this paper were collected using a combined respirometric±titrimetric measurement technique (Gernaey et al., 2001, 2002). Respirometry, the measurement
and interpretation of the respiration rate of activated
sludge, is often applied as a tool to characterize aerobic
degradation processes in activated sludge (Henze et al.,
1987; Spanjers et al., 1998; Vanrolleghem et al., 1999).
The titrimetric method is based on the use of a pH

control unit. Indeed, the pH value of a biological system
responds to microbial reactions, and the evolution of the
pH of a system thus provides an indication of the status
of ongoing biological reactions. The proton consumption or production related to biological reactions can be
measured by controlling the pH of the liquid medium at
a constant pH setpoint through addition of acid and/or
base. In that case, monitoring the acid and/or base
consumption rate(s), needed to keep the pH constant,
provides the rate of proton formation or consumption
related to the biological reactions. This titrimetric
technique has already been applied in dierent studies of
biological nitrogen removal processes in activated
sludge (Bogaert et al., 1997; Gernaey et al., 1998; 2001;
Massone et al., 1996; Ramadori et al., 1980).
For anoxic degradation of a carbon source by activated sludge it has been observed that protons were
consumed, and the amount of consumed protons could
be linked to the amount of consumed electron acceptor
(NO3 in this case) (Bogaert et al., 1997; Petersen et al.,
2002b). For the nitri®cation process, i.e., the aerobic
conversion of ammonium to nitrate, it has been shown
that titrimetric experiments with activated sludge,
where the proton production due to nitri®cation is
measured, can yield information about biodegradation
kinetics (Gernaey et al., 1998), which is similar to respirometry.
In a previous paper, a model structure to describe
pH eects observed during aerobic degradation of a
CxHyOz-type carbon source was proposed (Gernaey
et al., 2002). In this model, the proton consumption or
production observed during short-term aerobic batch
carbon source degradation experiments was related to
(a) the uptake of the carbon source through the cell wall
of the bacteria, (b) the release of CO2 resulting from
respiration processes in the liquid phase, and (c) the
uptake of ammonium for growth.
A study of the structural identi®ability of model
parameters prior to practical model application, e.g., in
the frame of parameter estimation or model calibration, is very important. The key question of the
structural and practical identi®ability analysis has, e.g.,
been formulated by Dochain et al. (1995) as follows:
``assume that a certain number of state variables are
available for measurements; on the basis of the model
structure (structural identi®ability) or on the basis of
the type and quality of available data (practical identi®ability), can we expect to obtain unique values for
the model parameters?'' It is important to notice the
distinction between structural and practical identi®ability in this statement. In the study of structural
identi®ability perfect noise-free and informative data is
assumed whereas in practice the data may be less informative, e.g., due to noise corruption or poor excitation. As a result, parameters may be practically
unidenti®able although they are structurally identi®able
(Holmberg, 1982).

The purpose of this paper is to investigate the structural and practical identi®ability properties of the model
proposed by Gernaey et al. (2002) for interpretation of
respirometric and titrimetric data collected during aerobic degradation of CxHyOz-type carbon sources. The
motivation for this detailed investigation of the parameter identi®ability is that parameters derived from
batch substrate degradation experiments with activated
sludge are often used to verify whether the parameters
used during a wastewater treatment plant model calibration have realistic values. Indeed, import eorts with
respect to model calibration have already been done in
the framework of activated sludge model calibrations
(Kappeler and Gujer, 1992; Petersen et al., 2002a; SpeÂrandio and Paul, 2000). The better the quality of the
parameters estimated from the experimental data, the
better the possibilities to compare the full-scale activated
sludge model parameters with the experimental results.
The structural identi®ability of the model parameters is
studied via the Taylor series expansion method (Pohjanpalo, 1978) and via a generalization method (Petersen et al., 2000). First, it is assumed that only
respirometric or titrimetric data is available; second, the
case of combined respirometric and titrimetric data is
considered. The practical identi®ability of the model
parameters is evaluated via parameter estimations on
data obtained from aerobic degradation experiments
with two dierent carbon sources (acetate and dextrose)
presented by Gernaey et al. (2002). The parameter values obtained from titrimetric and respirometric data
respectively are compared. Furthermore, the objective
function for the parameter estimation as a function of
the estimated parameter values (contour plots) will be
evaluated for one particular example. Finally, con®dence intervals for parameter values estimated on the
basis of a single respirometric or titrimetric data set are
compared to the con®dence intervals for parameter
values estimated from combined respirometric±titrimetric data.

MATERIALS AND METHODS
Experimental Methodology
The experimental methodology to monitor aerobic
batch substrate degradation processes using combined
respirometric±titrimetric measurements has already
been described in detail by Gernaey et al. (2001, 2002).
A typical data set obtained by adding 1.563 mmol
acetate (100 mg COD) to the aeration vessel of the
set-up at t = 0 during a short-term batch experiment
with activated sludge is shown in Fig. 1. Figure 1
shows the oxygen uptake rate data (rO,2) that were
obtained via respirometry. The calculated rO,2 value is
about 0.64 mg O2/Lámin during substrate degradation,
and decreases to an endogenous respiration (rO,end)
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MODEL AND THEORETICAL ASPECTS
Model

Figure 1. Typical rO,2 and proton production data resulting from the
respirometric±titrimetric measurements (Gernaey et al., 2002), in this
case following the addition of 1.563 mmol acetate (100 mg COD) to
2.54 L of activated sludge at t = 0.

level of about 0.12 mg O2/Lámin (t = 22 min in Fig.
1). The titrimetric data derived from the same experiment, here expressed in terms of cumulative proton
production (Gernaey et al., 2002), are also shown in
Figure 1. It is clear that the substrate degradation
induces proton consumption. As soon as all substrate
is degraded (t = 22 min) the slope of the proton
production curve becomes considerably less steep. This
corresponds to the endogenous respiration phase in
the respirometric data.
Parameter Estimation
Parameter estimation on the available data was carried
out with the software package WEST (Hemmis NV,
Kortrijk, Belgium), using the Simplex optimization algorithm (Nelder and Mead, 1964). Minimization of the
sum of squared errors was used as the model ®t criterion. Exact contour plots were created via numerous
simulations over a grid of dierent parameter values in
the neighborhood of the estimate. Finally, 95% con®dence intervals have been calculated similar to the procedure outlined in Petersen et al. (2001).

The model applied in this study for interpretation of
respirometric, titrimetric, and combined respirometric±
titrimetric data is summarized in Table I. Process 1 in
this model describes the heterotrophic growth on a
readily biodegradable substrate (SS) and was derived
from Gernaey et al. (2002). However, to allow interpretation of the available respirometric and titrimetric
data some extra processes need to be included in the
model to deal with speci®c properties of both data types.
The calculated total respiration rate (rO) of the biomass
includes both the oxygen uptake caused by degradation
of an addition of external substrate (here acetate or
dextrose), called the exogenous respiration (rO,ex), and
endogenous respiration (rO,end). The endogenous respiration is considered to be a constantly ongoing process
depending on the biomass concentration and is simply
described with a ®rst order expression (process 2 in
Table I), which is a simpli®cation of the ASM1 death
regeneration concept (Henze et al., 1987). The duration
of the short-term batch substrate degradation experiments that provided the data sets for this paper is too
short to have signi®cant decay of biomass, in contrast to
the long-term experiments of Kappeler and Gujer
(1992), Keesman et al. (1998), and SpeÂrandio and Paul
(2000). It was therefore assumed that the eect of the
endogenous processes could be subtracted from the raw
data, resulting in Hp and rO data that contain only information about the substrate degradation related phenomena. The parameter identi®ability study will thus
also be limited to the exogenous, substrate degradation
related phenomena.
In addition, the aeration process can be included in
the model to describe the oxygen input in the aeration
vessel of the set-up that was used for the experiments,
see process 3 in Table I (refer to Gernaey et al. (2001,
2002) for a detailed description of the experimental setup). This process is necessary when biokinetic parameters are estimated from dissolved oxygen (SO) data
(Petersen et al., 2001). For some respirometers, knowledge of the oxygen transfer coecient (KLa) is needed
to obtain rO data from SO measurements. For the ap-

Table I. Schematic overview of the model that was used for the interpretation of respirometric and titrimetric data obtained during aerobic
biodegradation of a carbon source.
Component (i, k)
Process (j)
1. Heterotrophic growth
with SS as substrate
2. Endogenous respiration
3. Aeration
4. CO2 stripping
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Process rate
lmax H

SS
XB
KS  SS

bH  XB
KL a S0O
bC

SO 

plication described here, the parameters were estimated
from oxygen uptake rate (rO) data only (Gernaey et al.,
2001). With the applied respirometric measurement
technique, the rO can readily be obtained via a simple
oxygen mass balance. Moreover, it has been shown that
the convergence of the objective function for parameter
estimation is much faster when rO data is considered for
parameter estimation compared to estimation on SO
data (Petersen et al., 2001).
The aeration induces CO2 stripping that can, within
the current experimental limitations, be assumed to be
constant. Thus a constant background addition of acid
or base (depending on the choice of the pH setpoint) is
needed to keep the pH of the mixed liquor sample at the
pH setpoint and is described in the model by a zeroorder process with a rate constant bC (process 4 in Table
I). However, the endogenous respiration will also have
an in¯uence on the required background addition of
either acid or base through production of CO2. Therefore, it is assumed in the model that one CO2 molecule is
produced per molecule of oxygen that is consumed due
to endogenous respiration (respiratory quotient = 1),
which explains the presence of the factor n/32 in the Hp
column of Table I for the endogenous respiration process. In Figure 1 the net background addition of either
acid or base caused by CO2 stripping and production
from endogenous respiration corresponds with the part
of the proton production curve recorded after about 22
min.
Furthermore, the model includes terms to describe (i)
the ®rst-order dissolved oxygen probe dynamics, with
®rst-order constants typically in the order of 0.2±0.5 min
(Spanjers and Olsson, 1992), and (ii) the biological startup phenomena that are typically observed in batch experiments, before the oxygen uptake rate has reached its
maximum value. This start-up phase, which typically
lasts 0.5±2 min, is hypothesized to be the time needed by
a cell to take up fresh substrate and oxidize it, and it can
be described with a simple ®rst-order term (1 ) e)t/s)
multiplying the maximum speci®c growth rate (Vanrolleghem et al., 1998).
Structural Identi®ability
The basis of the Taylor series approach for the study
of structural identi®ability is that the vector of measured outputs y and its derivatives with respect to
time, typically developed around the initial time t =
0, can be assumed to be known and unique. For this
method the model underlying the output y can originate from many dierent types of models (e.g., sets of
algebraic equations, state space models, time series
models, neural nets, etc.). The Taylor series approximation of the output around a given time t is given in
Eq. (1). The successive Taylor derivatives, ak(p), are
de®ned as described in Eq. (2) with p as the parameter
vector,

y t; p  y t; p  t 


d
t 2 d2
yt; p   2 yt; p    
dt
2! dt

tk d k

yt; p
k! dtk

k  0; 1; . . . ; 1

dk
yt; p
t!0 dtk

ak p  lim

k  0; 1; . . . ; 1

1

2

Thus, the Taylor derivatives, ak(p), are functions of the
parameter vector p and the method simply consists of
solving a set of algebraic equations (consisting of the
Taylor derivatives) with respect to the parameters or
combinations thereof. A sucient condition for the
model to be structurally identi®able is that there exists a
unique solution for p (Pohjanpalo, 1978). Symbolic
manipulations for the study of structural parameter
identi®ability were carried out with the MAPLE V
software package (Waterloo Maple Software).
The identi®able parameter combinations were also
evaluated via the generalization method that was proposed by Petersen et al. (2000). The generalization
method has been tested on Monod kinetics based
models that have been written down in an ASM1-like
matrix notation (Table I). The generalization method
has not been checked further for any other processes,
something that may be done in the future. A set of
simple rules was de®ned for Monod kinetics based
models. From these rules the structurally identi®able
parameter combinations can be predicted directly based
on the knowledge of the model under study (in a matrix
representation), on the measured variables and on the
substrate. The rules of this generalization are illustrated
in Table II. With reference to Table I, m denotes the
stoichiometric coecient, j the process, and i the measured component, while the substrate under study is
denoted k. Considering that some components are
consumed (e.g., SO, SS) whereas others are produced
(e.g., XB, Hp), the absolute values of the stoichiometric
coecients m should be taken. In case two variables are
measured for the same process, the parameter combinations for a single measurement listed in Table II still
Table II. Parameter combinations for Monod models considering
measurements of one or two components; see text for a detailed explanation of the generalization rules (Petersen et al., 2000).
Measurement of one component

Measurement of two
components

lmax;j

lmax;j

jvi;j j  XB 0

jvi;j j  XB 0

jvi;j j
 Kj
jvk;j j

jvi;j j
 Kj
jvk;j j

jvi;j j
 Sk 0
jvk;j j

jvi;j j
 Sk 0
jvk;j j
jvi 1;j j
jvi 2;j j
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hold, but with the additional identi®able parameter
combination mi(1),j/mi(2),j, where (1) and (2) indicate the
two measured variables, respectively. Thus, the structurally identi®able parameters can be obtained directly
without considering the mathematical aspects of, e.g.,
the Taylor series expansion, thereby signi®cantly reducing the time needed for a structural identi®ability
study. The generalization of Table II was con®rmed
with several examples in Petersen (2000) and will be
applied and evaluated for the model in this study as well.

RESULTS
Structural Identi®ability
The structural identi®ability was only investigated for
the heterotrophic growth process with SS as substrate
(process 1 in Table I), i.e., the paper focuses only on

drO 0

dt

l2max H  XB 0  SS 0  1

rSS 

rO 

Y2H

1

SS t
KS  SS t

1
SS t
lmax H XB t
YH
KS  SS t
YH 
YH

lmax H XB t

SS t
KS  SS t

3

4

5

This study is very comparable to the one of Dochain
et al. (1995), however, with the dierence that biomass
growth is explicitly considered. Thus, the biomass concentration XB is not treated as a constant in the development of the Taylor series but is time-varying. Eq. (5)
is the ®rst term in the identi®ability analysis, comparable
to the term y(t,p) on the right-hand side of Eq. (1). Eq.
(6) is the ®rst derivative of Eq. (5) with respect to time,

YH   XB 0  KS

substrate degradation related phenomena, as explained
before. It is clear that if rO data are considered, the
decay rate, bH, in the ®rst-order expression of the endogenous respiration is structurally identi®able directly
from the part of the data either before substrate addition
or after the substrate is fully degraded and the rate of
process 1 is zero (e.g., the rO data points for t > 22 min
in Fig. 1). For a short-term experiment as was used here
for data collection the biomass concentration, XB(t),
must then be known to allow practical identi®ability of
bH (Petersen, 2000). Also, the net background addition
of either acid or base caused by CO2 stripping and
production from endogenous respiration, as explained
above, will be identi®able directly from the Hp data set,
again using the data points collected at t > 22 min for
the example given in Figure 1. Thus, the parameter bC in
Table I can be readily identi®ed since the parameter bH
is obtained from the rO data, the rate of process 1 is zero
and the value of the pH depending factor n is known
since the experimental pH is known (and constant)
(Gernaey et al., 2002).
To study the identi®ability of the heterotrophic
growth process with SS as substrate (process 1 in Table
I), only the model describing respirometric data was
considered (Eqs. (3)±(5)). Note that it is only the exogenous (= substrate degradation related) responses that
are considered in Eqs. (3)±(5). It is assumed for shortterm batch experiments that the endogenous (= biomass decay related responses) can be removed from the
data collected during a short-term batch experiment, as
explained before.
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rX  lmax H XB t

 KS  SS 0

3

SS 0  YH  SS 0  KS 

6

similar to the derivatives shown in Eq. (2). Only the ®rst
Taylor derivative, derived around t = 0, is given as an
illustration in Eq. (6). The second and third derivatives
were also needed for the structural identi®ability. Higher
derivatives are not shown due to the high complexity of
higher-order derivatives.
The result of the study is listed in Table III, column
1, where it can be seen that four parameter combinations are identi®able. In the study of Dochain et al.
(1995) the maximum speci®c growth rate (lmax H),
the heterotrophic yield coecient (YH) and the biomass concentration present at the beginning of the
experiment (XB[0]) are combined in one identi®able
parameter combination. Here lmax H can be separated
from the parameter combination including the initial
biomass concentration since the biomass concentration is now considered to vary with time. The parameter KS and the initial conditions, SS(0) and XB(0),
can, however, only be identi®ed in combination with
YH. Hence, in case the value of YH is known, all
model parameters can be identi®ed uniquely, i.e., unique values could be given to lmax H, KS, SS(0), and
XB(0).
Next, the model for titrimetric data is evaluated (Eq.
[7]). Again, biomass growth is considered and XB is
therefore a function of time.


m
n  1 YH   x p  iXB
rHp 


C  YH
C  YH
14
7
SS t
 lmax H XB t
KS  SS t:
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Table III. Schematic overview of the structurally identi®able parameter combinations for an aerobic degradation process (assuming biomass
growth) with SS as substrate, depending on the available measurement (rO, Hp, or a combination of both).
Measurement
Process
Heterotrophic
growth with SS
as substrate

rO

Hp

lmax H
1

YH
XB 0
YH

1

YH KS

1

YH SS 0

lmax H



m
n 1 YH x p  iXB
XB 0


C  YH
C  YH
14


m n 1 YH x p  iXB  YH


KS
C
C
14


m n 1 YH x p  iXB  YH


SS
C
C
14

Note that the parameters m, n, and p are all pH-dependent constants linked to chemical equilibria (Gernaey et al., 2002), and the parameters C and x are
factors related to the speci®c known carbon source
under study. For acetate (C2H4O2), for instance, C is
64 and x is 2, and for dextrose (C6H12O6), C is 192
and x is 6. The values of these ®ve parameters can
therefore be considered known and constant for a
given pH value and carbon source (Gernaey et al.,
2002).
The four identi®able parameter combinations are
listed in Table III, column 2. The structure of these
parameter combinations is comparable to the ones for
the model of respirometric data, only the stoichiometric
coecients dier (see also Table I).
When combined respirometric±titrimetric measurements are considered in the structural identi®ability
study, it appeared that a ®fth parameter combination
was identi®able (column 3, last combination). This
parameter combination appears to be just the ratio
between the stoichiometric coecients (see Table I)
that link the oxygen uptake and the proton production
to the substrate degradation process. From this parameter combination the heterotrophic biomass yield
coecient YH can be structurally identi®ed assuming
that the parameter expressing the amount of nitrogen
incorporated into biomass, iXB, is known. The parameter iXB is a biomass composition related parameter that is assumed to be constant for a bacterial
species. Inserting the yield coecient in the remaining
four parameter combinations will thereby result in
structural identi®ability of lmax H, KS, XB(0), and
SS(0). Alternatively, if SS(0) is known (e.g., for a given
addition of carbon source), iXB becomes structurally
identi®able.
The generalization method of Petersen et al. (2000)
was also applied as an alternative to the Taylor series
approach. The method readily gave exactly the
same structurally identi®able parameter combinations
(Table II).

rO+Hp
lmax H
1

YH
XB 0
YH

1

YH KS

1

YH SS 0


m n 1 YH x p  iXB  YH


C
C
14

1
1 YH

Practical Identi®ability
The practical identi®ability study also focuses on the
substrate degradation related phenomena. In parameter
estimation on separate respirometric or titrimetric data
sets obtained from short-term batch substrate degradation experiments, it appeared that only three parameter
combinations could be identi®ed from the available data
as XB(0) could only be practically identi®ed in a combination with YH and lmax H. The same was observed
when combined respirometric±titrimetric data was considered. The explanation for this discrepancy between
structural and practical parameter identi®ability is that
the biomass grows insuciently during the short-term
batch experiments from which the data was obtained.
The initial biomass concentration XB(0) in combination
with YH and lmax H would only be practically identi®able as separate parameters when considerable growth
can be observed in the data. Thus, the current data (see
Fig. 1 for an example) derived from short-term batch
experiments are not informative enough to practically
identify all the structurally identi®able parameters.
Therefore, for the practical parameter identi®ability in
this study lmax H and XB(0) had to be considered as one
parameter.
Examples of the model ®t to combined respirometric±
titrimetric data of acetate and dextrose experiments are
shown in Figures 2 and 3, respectively. For both substrates the model is able to describe the data well. Note
that acetate degradation resulted in proton consumption, while dextrose degradation resulted in proton
production (see also Gernaey et al., 2002).
The parameter values obtained for the acetate and
dextrose degradation experiments are given in Tables IV
and V, and the 95% con®dence intervals for the parameters lmax H XB(0) and KS are listed in Tables VI and VII.
Table IVA gives the results of the estimated parameters based on rO data for ®ve experiments with addition
of acetate. The initial amount of added substrate SS(0)
was known. Consequently, YH was structurally identi-
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Figure 2. Model ®t on combined rO and Hp data for an example with
acetate addition (lmax H XB = 1.50 mg COD/Lámin; KS = 0.62 mg
COD/L; YH = 0.74; SS,1(0) = 49.72 mg COD/L, iXB = 0.051 mg
N/mg biomass COD). Note that only each 3rd data point is shown, to
keep the ®gure from becoming too overloaded.

Figure 3. Model ®t on combined rO and Hp data for an example with
dextrose addition (lmax H XB = 0.74 mg COD/Lámin; KS = 3.80 mg
COD/L; YH =0.87; SS,1(0) = 47.62 mg COD/L, iXB = 0.043 mg
N/mg biomass COD). Note that only each 6th data point is shown, to
prevent the ®gure from becoming too overloaded.

®able together with lmax H XB(0) and KS (see Table III).
It is clear that the variation in estimated parameter
values between the ®ve experiments is minor, especially
for lmax H XB(0) and YH, whereas the coecient of
variance (CV, equal to the ratio between the standard

deviation and the mean) (= 9.3%) is higher for the KS
estimates. The results of the parameter estimation based
on Hp data for the same ®ve experiments are listed in
Table IVB. Here, too, the initial substrate addition SS(0)
was considered to be known. Furthermore, it was de-

Table IV. Results of parameter estimations for 5 experiments in which dierent amounts of acetate were added to activated sludge.*
Exp. No.
A. Respirometric data
1
2
3
4
5
Avg.
CV (%)
B. Titrimetric data
1
2
3
4
5
Avg.
CV (%)

lmax H XB(0)
(mg COD/L á min)

KS
(mg COD/L á min)

iXB
(mg N/mg biomass COD)

SS(0) (mg COD/L)

YH

25.22
37.61
49.72
61.39
72.49

0.75
0.75
0.74
0.73
0.73
0.74
1.4

1.50
1.48
1.50
1.52
1.59
1.52
2.8

0.72
0.63
0.62
0.58
0.71
0.65
9.3

25.22
37.67
49.72
61.39
72.49

0.75
0.75
0.74
0.73
0.73

1.54
1.48
1.51
1.60
1.61
1.55
3.6

0.30
0.10
0.10
0.60
0.17
0.25
82.7

0.078
0.081
0.055
0.052
0.038
0.061
30.1

0.75
0.75
0.74
0.73
0.74
0.74
1.1

1.50
1.48
1.50
1.52
1.60
1.52
3.1

0.73
0.65
0.62
0.59
0.69
0.66
8.5

0.080
0.078
0.051
0.049
0.038
0.059
31.7

C. Combined respirometric±titrimetric data
1
25.22
2
37.61
3
49.72
4
61.39
5
72.49
Avg.
CV (%)

*A: Respirometric data (values for SS(0), in italics, were assumed to be known. YH, lmax H XB(0), and KS were estimated). B: Titrimetric data
(values for SS(0) and YH (from Table IVA), in italics, were assumed to be known. lmax H XB(0), KS, and iXB were estimated). C: Combined
respirometric±titrimetric data (values for SS(0), in italics, were assumed to be known. YH, lmax H XB(0), KS, and iXB were estimated).
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Table V. Results of parameter estimations for 3 experiments in which dierent amounts of dextrose were added to activated sludge.*
Exp. No.

iXB
(mg N/mg biomass COD)

SS(0)(mg COD/L)

YH

lmax H XB(0)
(mg COD/L á min)

KS
(mg COD/L á min)

23.92
47.62
70.42

0.88
0.87
0.88
0.88
0.7

0.61
0.71
0.87
0.73
18.0

1.59
2.95
5.60
3.38
60.4

23.92
47.62
70.42

0.88
0.87
0.88

0.72
0.81
0.95
0.83
14.0

3.75
6.25
8.13
6.04
36.4

0.042
0.046
0.046
0.045
5.2

0.89
0.87
0.88
0.88
1.1

0.62
0.74
0.93
0.76
20.5

1.80
3.80
7.63
4.41
67.2

0.041
0.043
0.047
0.044
7.0

A. Respirometric data
1
2
3
Avg.
CV
B. Titrimetric data
1
2
3
Avg.
CV

C. Combined respirometric±titrimetric data
1
23.92
2
47.62
3
70.42
Avg.
CV

*A: Respirometric data (values for SS[0], in italics, were assumed to be known. YH, lmax HXB[0], and KS were estimated). B: Titrimetric data
(values for SS(0) and YH (from Table VA), in italics, were assumed to be known. lmax HXB(0), KS, and iXB were estimated). C: Combined
respirometric±titrimetric data (values for SS[0], in italics, were assumed to be known. YH, lmax HXB[0], KS, and iXB were estimated).

cided to ®x the value of YH based on the knowledge
derived from the respirometric data, allowing estimation
of the combination lmax H XB(0), KS, and iXB (see Table
III). It is again observed that the variation in the values
of the parameter combination lmax H XB(0) is minor
between the ®ve experiments, whereas a higher variation
is observed for KS resulting in a signi®cantly higher CV
(=82.7%) compared to the estimation based on respirometric data. Finally, Table IVC gives the results of
the estimation on combined respirometric±titrimetric
data sets where YH, lmax H XB(0), KS, and iXB were estimated, with SS(0) known. Both data sets were given
equal weights during the estimation procedure. Here the

CV of the KS estimates is in the same order of magnitude
as for the estimation based on respirometric data alone.
The same parameter estimation approach was carried out for three experiments with additions of dextrose (see Table V). The variation of the parameters
lmax H XB(0) and KS (except for separate titrimetric
data) is larger, i.e., higher CV values, between the three
experiments with dextrose compared to the acetate
experiments. On the contrary, the CV for the iXB estimates for dextrose as substrate is lower than those
found for acetate.
The practical parameter identi®ability was evaluated
in more detail for one particular example with acetate

Table VI. 95% con®dence intervals for the parameters lmax H XB(0) and KS (as absolute values, and expressed as percentage of parameter values
between brackets) for 5 experiments with acetate.
Exp. No.

SS(0)

Measurement

1

25.22

2

37.61

3

49.72

4

61.39

5

72.49

rO
Hp
rO + Hp
rO
Hp
rO + Hp
rO
Hp
rO + Hp
rO
Hp
rO + Hp
rO
Hp
rO+Hp

lmax
1.50
1.54
1.50
1.48
1.48
1.48
1.50
1.51
1.50
1.52
1.60
1.52
1.59
1.61
1.60

















H

XB(0)

0.019
0.419
0.083
0.012
0.044
0.012
0.010
0.018
0.008
0.007
0.020
0.006
0.005
0.014
0.004

(1.2)
(3.8)
(1.1)
(0.8)
(3.0)
(0.8)
(0.7)
(1.2)
(0.5)
(0.5)
(1.3)
(0.4)
(0.3)
(0.9)
(0.3)

KS
0.72
0.30
0.73
0.63
0.10
0.65
0.62
0.10
0.62
0.58
0.60
0.59
0.71
0.17
0.69

















0.087
0.419
0.083
0.077
0.426
0.076
0.080
0.223
0.071
0.063
0.306
0.058
0.052
0.220
0.048

(12.1)
(141.7)
(11.4)
(12.3)
(426.2)
(11.7)
(12.9)
(222.4)
(11.4)
(10.8)
(50.9)
(9.9)
(7.4)
(129.9)
(6.9)
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Table VII. 95% con®dence intervals for the parameters lmax H XB(0) and KS (as absolute values and expressed as percentage of parameter values
between brackets) for 3 experiments with dextrose.
SS(0)

Measurement

1

23.92

2

47.62

3

70.42

rO
Hp
rO + Hp
rO
Hp
rO + Hp
rO
Hp
rO + Hp

Exp. No.

considering combined respirometric±titrimetric data
(experiment 2 in Table IV). For this evaluation the parameter iXB was assumed to be known, and the remaining unknown parameters lmax H XB(0), KS, YH, and
SS(0) were estimated. The evolution of the objective
function as a function of the values of the four estimated
parameters (lmax H XB[0], KS, YH, and SS[0]) was evaluated via contour plots (see Fig. 4). In addition, 95%
con®dence intervals were estimated here based on the
procedure of Beale (1960). In this procedure the (1 ) a)
con®dence region corresponds with the region for which
the objective function MSE (mean square error,
Jmin/[N ) f ]) is below the threshold given by MSE á (1 +
f/[N ) f ]*Fa,f,N)f), where N = number of data points,
f = number of estimated parameters, and Fa,f,N)f =
value of the F distribution with f and N ) f degrees of
freedom at a con®dence level a. In Figure 4, the inner
bold line indicates the 95% con®dence limits according
to Beale (1960) while the second bold line indicates the
points where the objective function reaches a value
corresponding to the double of its minimum value.
From Figure 4 it is clear that all four parameters were
practically identi®able in this case since the contour lines
are closed.
The 95% con®dence intervals of the parameters
lmax H XB(0) and KS were evaluated for each of the
acetate and dextrose experiments according to the
method described in Petersen et al. (2001), and results
are given in Tables VI and VII, respectively.
Tables VI and VII both show that the con®dence intervals narrow as more initial substrate is added. The
explanation for this is that a higher initial substrate
concentration results in a larger number of available
data points, and, as a result, more information is
available for the parameter estimation procedure. Exceptions to this observation are the titrimetric experiments with acetate, as will be discussed below.
In general the variance on the lmax H XB(0) estimates
is lower than for KS, as found in many similar studies
(Holmberg, 1982; Vanrolleghem et al., 1995). In fact this
is also indicated in the contour plots with KS (Fig. 4).
Indeed, for the contour plots involving KS the contour
lines actually indicate that the objective function is
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lmax
0.61
0.72
0.62
0.71
0.81
0.74
0.87
0.95
0.93











H

XB(0)

0.024
0.029
0.015
0.014
0.009
0.007
0.008
0.007
0.006

(3.9)
(4.0)
(2.4)
(2.0)
(1.2)
(0.9)
(1.0)
(0.7)
(0.6)

KS
1.59
3.75
1.80
2.95
6.25
3.80
5.60
8.13
7.63











0.378
0.570
0.277
0.373
0.305
0.206
0.318
0.275
0.239

(23.8)
(15.2)
(15.3)
(12.6)
(4.9)
(5.4)
(5.7)
(3.4)
(3.1)

rather ¯at in the direction of KS. The latter becomes
obvious when considering the relative parameter value
axes (top and right axis for each ®gure). The relative
parameter value axes were obtained via a normalization,
by division of the actual parameter values by the optimal parameter values. For the lmax H XB(0) and KS
depending contour lines for example (Fig. 4C), applying
the same relative scale to the X and the Y axes (e.g.,
scaling both relative parameter values from 0.6 to 1.6)
would result in a rather long elliptic contour that indicates a much higher variance on KS than on lmax H
XB(0). This observation corresponds with the results of
Table VI, where the 95% con®dence intervals expressed
as percent of the actual parameter values are 10 to 20
times higher for KS compared to lmax H XB(0) when
combined respirometric±titrimetric data are considered.
Table VI indicates that the parameter variance is
especially high for the KS values obtained for the acetate experiments when Hp measurements are considered. In fact the 95% con®dence intervals in percentage
of the actual parameter values are in the order of 50%±
400%, which means that the KS values can even become negative within these intervals. As mentioned
above the actual estimated KS values obtained for the
acetate experiments based on Hp measurements are
rather low. Practically, this means that information on
this parameter is only available from very few data
points (the titrimetric pro®le bends very sharply when
the substrate is consumed), thereby obviously decreasing the accuracy of its estimation. On the contrary, for
the dextrose experiments the actual KS values estimated
from titrimetric data were higher than the respirometry-based values (see Table V). As a result, for dextrose, the con®dence intervals for the titrimetry-based
KS values were smaller compared to the intervals obtained from respirometric data (see Table VI). In
general the higher the KS values, the more data points
are available for the KS parameter estimation and the
more reliable that estimation will be.
Considering both acetate and dextrose experiments,
an improvement in parameter variance is in most cases
observed when combined data are considered for parameter estimation, compared to the situation where
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Figure 4. Contour plots obtained from parameter estimation on combined respirometric±titrimetric data. Estimated parameters (optimal values
between parentheses) lmax H XB (1.48 mg COD/L á min), KS (0.65 mg COD/L), YH (0.75), SS,1(0) (37.61 mg COD/L). The factor iXB was ®xed at
0.078 mg N/mg biomass COD.

only one data set (either respirometric or titrimetric
data) is used for the estimation. This observation is
more clear for the dextrose data than for the acetate
data, where the improvement in the estimation accuracy
of both lmax H XB(0) and KS is in the order of 35%±55%
when combined data are considered.

DISCUSSION
This study dealt with the structural and practical parameter identi®ability of a model proposed to describe
short-term aerobic batch carbon source degradation
experiments using respirometric and/or titrimetric data.
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Processes included in the model to describe titrimetric
data were substrate uptake, CO2 production, and NH3
uptake for biomass growth, as discussed in Gernaey
et al. (2002).
In the ®rst phase the structural identi®ability properties of the model were examined using both the Taylor
series expansion method (Pohjanpalo, 1978) and the
generalization method of Petersen et al. (2000). As expected, both methods yielded identical results. However,
the generalization method is considerably less time
consuming compared to the Taylor series expansion
method because one does not have to spend time on
developing rather complicated mathematical equations
and trying to solve a relatively large set of non-linear
equations for the unknown parameter combinations. As
such, based on the model matrix (see Table I for an
example) the generalization method allows to perform a
quick structural identi®ability analysis for Monod kinetics based models by applying a set of simple rules.
In the study of Dochain et al. (1995), only respirometric data were considered and the biomass concentration was assumed to be constant. This resulted in
three identi®able parameter combinations ([(1)YH)/
YH]lmax H XB, (1)YH)KS, (1)YH)SS(0)). In this study
growth was included in the model and four parameter
combinations became identi®able from respirometric
data (lmax H, [(1)YH)/YH]XB(0), (1)YH)KS, (1)YH)
SS(0)) since the combination including lmax H and XB
(Dochain et al., 1995) could be split up further. This
®nding is similar to the results of SpeÂrandio and Paul
(2000). The structure of the parameter combinations
that are structurally identi®able on the basis of titrimetric data was similar to the ones with respirometric
data, only with dierent stoichiometric factors.
Furthermore, from the structural identi®ability study
it became clear that an additional parameter combination is identi®able when combined data are considered,
compared to a situation where only one measured
variable is available. This additional parameter combination appears to be nothing else than the ratio of the
two stoichiometric factors that relate the respective
measured variables to substrate degradation, and allows
the identi®ability of the biomass yield, YH. For biological models the yield coecient is an important factor
because it will determine the distribution of substrate
between biomass production and electron acceptor
consumption. It is therefore of major importance to
have a unique value for this parameter. As such it is not
surprising that the identi®ability of the biomass yield
requires two kinds of measurements, since the yield coecient relates two measures that link how much biomass is produced per unit of substrate degraded.
Holmberg (1982), who identi®ed the yield coecient
uniquely by assuming combined measurements of biomass and substrate, already proved this.
However, to practically identify all structurally identi®able parameter combinations, especially the lmax H
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and XB(0) parameters, the data must exhibit a signi®cant
increase in biomass. Such an increase in biomass concentration is typically only visible in a long-term experiment with higher initial substrate concentration. A
good example for a respirometric experiment that does
show signi®cant biomass growth is, e.g., presented in the
work of Kappeler and Gujer (1992) and was also applied
by SpeÂrandio and Paul (2000). Care should be taken
with such high-substrate experiments since the resulting
signi®cant biomass growth may at the same time induce
a shift in the microbial composition of the biomass (fast
growers overtaking slow growing organisms), leading to
parameter estimates that are no longer representative for
the original system. Under the experimental conditions
applied in this study (lower substrate concentrations),
the evaluation of the contour plots for one example (see
Fig. 4) showed that it was practically possible to identify
only four of the possibly ®ve parameter combinations
with combined respirometric±titrimetric data, i.e., SS(0),
YH, KS, and the combination lmax H XB, assuming that
iXB was known.
In the model for description of the titrimetric data,
one additional biomass-related parameter, i.e., iXB, must
be introduced compared to a model developed to describe respirometric data. Indeed, the uptake of nitrogen
in the form of ammonia has a signi®cant pH eect resulting from its proton production (Gernaey et al.,
2002). This contribution to the overall proton balance
was observable in the titrimetric data even though biomass growth was not. This explains why it was decided
to include biomass growth in the model despite the fact
that the actual data appeared not to be informative
enough to enable separate practical identi®ability of
lmax H and XB(0). The structural identi®ability of this
parameter iXB was also assessed. Considering the parameter combination involving iXB (Table III) and the
fact that the yield coecient YH is structurally identi®able when respirometric and titrimetric data are combined and iXB is known, it is easy to see that iXB is
structurally identi®able when SS(0) is known.
When comparing the results of Tables IV and V it is
striking that the estimated values of lmax H XB(0) on
separate respirometric and titrimetric data are well
comparable, both for acetate and dextrose, whereas the
dierences in estimated KS values are larger. For dextrose, titrimetry-based KS values are higher than respirometry-based ones (6.04 compared to 3.38 mg COD/
L). One hypothesis could be that the CO2 produced
during dextrose oxidation, which is the main phenomenon observed via the titrimetric data, is only slowly
released into the mixed liquor, resulting in estimated KS
values that are higher than those obtained from respirometric data that re¯ect the earlier uptake of oxygen
from the mixed liquor. For acetate, on the other hand,
titrimetry-based KS values are lower than the ones obtained from respirometric data (0.25 compared to 0.65
mg COD/L). In this case the observed proton produc-
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tion is mainly due to the acetate uptake and, thus, takes
place before substrate oxidation. The anity of the
bacteria for substrate uptake is possibly higher than for
substrate oxidation. Further research is, however,
needed to verify and include such phenomena in a
model.
Assuming that either SS(0) or iXB is known, combined
respirometric±titrimetric data sets derived from shortterm batch experiments allowed practical identi®ability
of an extra parameter, the heterotrophic yield coecient
YH, compared to separate respirometric or titrimetric
data (see both Tables IV and V), which con®rms the
results of the structural identi®ability study. Note here
that YH can also be estimated from rO data assuming
that SS(0) is known. However, it is also interesting to
have a closer look at the estimates for the yield coecients themselves, especially in relation to the estimated
biomass nitrogen contents iXB that could be obtained
because the initial substrate concentrations SS(0) were
known. The yield coecients obtained are considerably
higher than the values that are typically observed for
heterotrophic growth (0.6±0.7; Henze et al., 1987),
which is indicative of storage of carbon source in the cell
(van Loosdrecht et al., 1997). It can be noticed that even
more storage occurs for dextrose uptake compared to
acetate uptake, which was also reported by Dircks et al.
(1999). Turning to the estimated biomass nitrogen contents, we observe that the values found are lower than
the values of the activated sludge models (iXB = 0.086
gN/gCOD; Henze et al., 1987) that are based on typical
microbial nitrogen contents. However, when taking into
account that the conversion process considered may
include considerable storage activity, it becomes quite
acceptable to ®nd lower iXB values because not all COD
consumed gives rise to the formation of new biomass.
This will therefore result in an apparent lower iXB, ammonium uptake and pH eect. The fact that the iXB
values for dextrose are lower than the ones of acetate
corroborates this interpretation.
The practical identi®ability study also showed that the
parameters lmax H XB(0) and KS were rather correlated,
which appeared clearly from the contour plots (Fig. 4C).
This observation has been recorded earlier in literature,
e.g., Holmberg (1982). Especially the estimation of KS is
dicult and rather large con®dence intervals are often
obtained. Indeed, in this study with acetate as substrate
and titrimetric measurements, the con®dence intervals
on KS were sometimes that large that the zero value was
contained in the intervals, similar to observations recorded in the study of Holmberg (1982). Thus, especially
in the case of acetate the data were not informative
enough to allow reliable estimation of KS. Obviously a
better experimental design could improve the practical
identi®ability of the KS parameter, for instance, as
shown by Vanrolleghem et al. (1995).
Although leading to more complex estimation problems, it is obviously more optimal to estimate parame-

ters on the combined data sets since the resulting
parameter values will re¯ect the information contained
in both data sets. Furthermore, one may expect that the
parameter variance decreases when two data sets are
available for parameter estimation. Petersen et al. (2001)
studied the nitri®cation process and reported an improvement in parameter estimation accuracy for lmax A
and KNH with about 50% when comparing parameter
estimation on respirometric data to parameter estimation on combined respirometric±titrimetric data. In that
particular example adding titrimetry as an extra measurement to the experimental set-up yielded a clear advantage when it came to estimating kinetic parameters.
For the aerobic carbon source degradation model
studied in this paper, the improvements in con®dence
interval vary considerably depending on the carbon
source. Especially for acetate (see Table VI) estimating
parameters on combined data sets does not always result
in a signi®cant improvement of the con®dence intervals
compared to parameter estimation on respirometric
data alone (0%±29% and 6%±12% improvement in
con®dence intervals for lmax H XB[0] and KS, respectively). For dextrose (see Table VII), the use of titrimetric data as a second information source for
parameter estimations next to respirometric data resulted in con®dence intervals that improved with 38%±
55% and 36%±57% for lmax H XB(0) and KS, respectively. The results with dextrose are thus more or less
comparable with the results reported by Petersen et al.
(2001), whereas the results obtained for acetate are not.
An explanation for this dierence in improvement between the two carbon sources might be found in the
observation that the KS values obtained with titrimetric
and respirometric data, respectively, were dierent. In
the case of the acetate degradation, these dierences
may have hampered the potential improvement that
could be achieved by combining titrimetric and respirometric data sets. The model mismatch that is the
result of trying to ®t the model to both data sets despite
their clearly dierent KS values, is re¯ected in larger
parameter con®dence regions.
CONCLUSIONS
The structural and practical identi®ability of a model for
description of respirometric±titrimetric data derived
from aerobic batch carbon source degradation experiments with activated sludge was evaluated. Only substrate degradation related responses were considered.
The structural identi®ability study showed that combined respirometric±titrimetric data allow identi®cation
of one extra parameter combination compared to estimation on separate respirometric or titrimetric data.
This extra parameter combination results in structural
identi®ability of the biomass yield YH on condition that
the parameter iXB (nitrogen content of the biomass) is
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known. The model described the data collected for
aerobic degradation of acetate and dextrose well.
Parameter estimation on combined respirometric±titrimetric data results in signi®cant improvements of
parameter con®dence intervals. However, these improvements seem to be substrate depending. Typically
95% con®dence intervals lie in the range of 1% of the
estimated growth rate and 10% of the estimated halfsaturation substrate concentration. The biomass yield
YH and the biomass nitrogen content iXB could be estimated reliably from combined respirometric±titrimetric data when the initial substrate concentration SS(0)
was known. YH can also be estimated from rO data when
SS(0) is known. The values obtained are close to reported values and, most interestingly, seem to re¯ect
well the substrate storage processes that can be expected
when pulse feeding acetate and dextrose.
The research of Krist Gernaey was ®nanced by a postdoctoral scholarship of the Flemish Institute for the Promotion
of Scienti®c-Technological Research in the Industry (IWT,
Brussels; 1998±1999), a scholarship of the Quebec Ministry of
Education in the frame of the ``Bourses dÕExcellence'' program (2000), and a NATO scholarship (2000).

NOMENCLATURE
ak(p)
bH
bC
C
COD
CV
f
Fa,f,N)f

rSS
rX
SNH
SO
SO0
SS
x
XB
y
y
YH
z
lmax

A

lmax

H

m

substrate consumption rate (mg COD/L á min)
biomass formation rate (mg COD/L á min)
ammonium (concentration) (mg N/L)
dissolved oxygen concentration in the
liquid phase (mg/L)
saturation dissolved oxygen concentration (mg/L)
readily biodegradable substrate concentration
(mg COD/L)
number of carbon atoms per substrate
molecule for a CxHyOz carbon source
biomass concentration (mg COD/L)
number of hydrogen atoms per substrate
molecule for a CxHyOz carbon source
output
yield coecient for heterotrophic biomass
(gCOD/gCOD)
number of oxygen atoms per substrate molecule
for a CxHyOz carbon source
maximum speci®c growth rate for autotrophic
biomass (1/min)
maximum speci®c growth rate for
heterotrophic biomass (1/min)
stoichiometric coecient (generalization method)
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rO,ex
rO,end

Taylor derivatives
decay rate (1/min)
CO2 stripping rate (meq/L á min)
conversion factor (g COD/mol)
chemical oxygen demand
coecient of variance (%)
number of parameters
value F distribution with f and N ) f degrees
of freedom at a con®dence level a
proton concentration in mixed liquor (meq/L)
index for the process under study
(generalization method)
fraction of N in biomass (gN/gCOD biomass)
index for the measured component
(generalization method)
index for the substrate under study
(generalization method)
oxygen transfer coecient (1/min)
autotrophic half-saturation substrate
concentration (mg N/L)
heterotrophic half-saturation substrate
concentration (mg COD/L)
fraction of dissociated acid A) in the liquid
phase for a monoprotic acid HA
mean square error
number of protons produced per CO2
molecule released
number of data points
fraction of NH4+ in liquid phase
parameter vector
proton production rate (meq/L á min)
oxygen uptake rate (mg/L á min)
oxygen uptake rate in the respiration
chamber (mg/L á min)
exogenous respiration rate (mg/L á min)
endogenous respiration rate (mg/L á min)
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