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Abstract. This paper deals with the identifiability of parameters of kinetic models used in activated
sludge processes. The identifiability analysis is based on the on-line oxygen uptake rate data given
by a novel respirometric biosensor. Four model candidates (exponential, Monod, double Monod
and IAWQ n°1) are considered. For each model, only a smaller set of the original parameters are
structurally identifiable. It is also illustrated how to design experiments so as to obtain on-line

improved parameter estimates.
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1. INTRODUCTION

Because of the model complexity and the scarcity
of on-line sensors, the identifiability study of the
dynamical models, prior to any identification, is
certainly a key question in activated sludge pro-
cesses. While the theoretical identifiability is
studied under the assumption of perfect data,
the problem with highly correlated parameters
arises when a limited set of experimental, noise-
corrupted data is used for parameter estimation.
Under such conditions the uniqueness of param-
eter estimates, though predicted by the theoret-
ical analysis, is no longer guaranteed, because a
change in one parameter can be compensated al-
most completely by a proportional shift in another
one, still producing a satisfying fit between ex-
perimental data and model predictions. In ad-
dition, the numerical algorithms that perform the
nonlinear parameter estimation show poor conver-
gence when faced with this type of ill-conditioned
optimization problems, the estimates being very
sensitive to the initial parameter values given to
the algorithm (Holmberg, 1982). Consequently,
the estimated parameters may vary over a broad
range, resulting in little physical interpretation of
the parameter values. Few studies were directed
at the design of experiments by which more infor-

mative data can be collected. In (Munack, 1989),

it is shown how to modify batch experiments in
order to improve parameter confidences by opti-
mal experimental design techniques.

The goal of this paper is to study both the the-

oretical and practical identifiability of a class of
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Monod-based biological models used to describe
activated sludge processes. In contrast to the
studies found in the literature, the analysis will
start from the assumption that only oxygen up-
take rate data are available. The experiments that
are evaluated with respect to their information
content are short-term batch experiments (typi-
cally 30 minutes), with an extension towards sim-
ple fed-batch systems. Optimal experimental de-
signs are proposed and validated with real-life ex-
periments. A novel aspect of this work is that
the procedures are implemented for on-line use in
a respirometric biosensor installed at the treat-
ment plant, allowing to update the parameters
in the process models on-line. The so-called "In-
Sensor-Experiments” performed in this respirom-
eter are preferred over data obtained from the
full-scale treatment plant since identification-in-
the-loop may be subject to serious experimental
constraints, leading to important practical iden-
tifiability problems. The paper is organized as
follows. In section 2, the models considered in
the paper are presented. In section 3, theoreti-
cal identifiability results are given. In section 4,
some problems of practical identifiability of the
models are illustrated. In section 5, the optimal
experimental designs for parameter estimation are
validated with real-life data.

2. MATHEMATICAL MODELS

The models considered in this study express the
dependence of the exogenous oxygen uptake rate
OUR., on the biodegradation of k substrates .5



present in the mixed liquor:

k ds;
OUR.s = — 2(1 -Yi) =+ (1)

=1

In the above expression, Y; (the yield coefficient)
is the fraction of pollutant S; which is not oxi-
dized but converted into new biocatalyst X. As
usual, all concentrations are expressed in chem-
ical oxygen demand (COD) units. The differ-
ent model complexities taken into account in this
work express the different number k of pollutants
to be considered and the degradation mechanism.
The four types of wastewater/sludge interaction
included are:

Type 1 (Exponential) : One pollutant, first order
kinetics (k=1)

dS, _ ,Uma::IX
¥ B e @

Type 2 (Singie Monod) : One poliutant, Monod
kinetics (k=1)

45, - __#male Sy

Tdt T Y, Kmi+ S

Type 3 (Double Monod) : Two pollutants, double
Monod kinetics (k=2)

i& . _Iima.m'X ) Ss

dt Yi Kni+Si'
Type 4 (Modified IAWQ model n°1) : 3 pollu-
tants, 2 hydrolysed into the first substrate which
is used for growth according to the Monod kinetics

(k=1)

(3)

i=1,2

dS1 - llmazIX Sl
dt Y1 Km+ 5 +h X+ B X,
dX,
a = TEX
dX,
o = kX

In this model, OU R, should be rewritten as fol-
lows :

OURwe = (1= V)L — ke X, — X))

The fmazs and k; are rate constants, and the K,,;
are the so-called affinity constants expressing the
dependency of the degradation rate on the concen-
tration of pollutant S;. Note that the models as
given above can be used to describe batch experi-
ments. An additional term in the mass balance is
required to describe the fed-batch experiments.

As far as known by the authors, no studies of
the theoretical identifiability of the parameters in

Monod-type models have been reported based on
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the assumption that only oxygen uptake rate data
are available to the experimenter. The experi-
ments on which the model identification is to be
based, are performed in such a way that :

o the change in biomass concentration can be
assumed negligible (which is a fair assump-
tion provided S(t=0) << X (t=0));

e the OUR data are only due to exogenous (=
substrate induced) respiration (OU R,;), i.e.
endogenous respiration is either assumed neg-
ligible or is eliminated from the data.

3. STRUCTURAL IDENTIFIABILITY

In this section attention will focus on the struc-
tural identifiability of the 4 models introduced
above. Let us first concentrate on the struc-
tural identifiability of the first model : if the
equation of the model is combined with the one
which relstes OUR to S; (1), and one defines
y(t) = [, OUR(r)dr, one readily obtains :

dy

Pt A + 6

o 61y(t) + 6,

9, /-‘mazlx : b, = fmazl (1 - YI)SI(O)

b4 Y,

Because dy(t)/dt is measured and y(t) is readily
calculated, it is straightforward to see that the pa-
rameters §; and #; (i.e. the combinations of the
model parameters pmaz1X/Y1 and (1= Y;)51(0))
are theoretically identifiable. We can proceed
similarly for the other models : the results are
summarized in Table 1 (for further details, see
(Dochain et al., 1994)).

Single Monod
(1-Y1)5:1(0)
#ma:lX(l - Yl)/Yl

- (1=-Y1)Kmi
Modified IAWQ n°l
(1-Y1)5:1(0)
,umale(l - Yl)/Yl

Exponential
(1-11)51(0)
l-‘ma.th(l - Yl)/Yl

Double Monod
(1-Y11)5:1(0)
/»‘ma::lX(l e YI)/YI

(I—Yl)Kml (l”yl)Kml
(1-Y2)52(0) (1-11)X,(0)
I‘ma:ZX(l - Y2)/Y2 ky, kn

(1-Y2)Km2 (1-77)X,(0)

Table 1. Identifiable parameter combinations

4. OPTIMAL EXPERIMENTAL DESIGN

An essential reason for optimal experimental de-
sign for parameter estimation (OED/PE) is that
the measurement data must allow unique de-
termination of the (combinations of) parameters
shown to be theoretically identifiable, i.e. pro-
duce "informative” experiments (Goodwin, 1987).
A second goal must be to increase the precise-




ness of (some of) the parameter estimates. Differ-
ent strategies have been developed to reach these
goals. The Fisher Information Matrix F or, equiv-
alently, the covariance matrix are the corner-stone
of these optimal experimental design procedures
because these matrices summarize the information
content of an experiment or the preciseness of the
parameter estimates. Depending on the require-
ments imposed by the application different scalar
measures of these matrices are optimized. A num-
ber of such deduced variables that have been
proposed are (Munack, 1991) : A-optimal de-
sign criterion (min tr(#~1)), modified A-optimal
design criterion (max tr(F)), D-optimal design
criterion (max det(F')), E-optimal design crite-
rion (max Amin(F)), modified E-optimal design
criterion (min 7\%:-5—((;{—‘%), in which Apin(F) and
Amaz{F) are the smallest and largest eigenvalue
of the Fisher information matrix.

Designing identification experiments requires sev-
eral choices, e.g. what outputs should be mea-
sured at what time instants and at what fre-
quency, and what inputs to manipulate and in
what way. An illustrative example of the effect
of various output combinations is given in (Mu-
nack, 1991) while-the-problem-of optimal-timing
of sampling is addressed in (Holmberg, 1982) and
(Vialas et al., 1986). In this work, the output and
sampling frequency are no longer available to the
experimenter since they are fixed by the hardware
used in the study. The only degree of freedom left
is the design of the input. Optimal experimental
design therefore reduces to finding the input func-
tions u(t) that lead to the most informative exper-
iments. Finally, it must be stressed that optimal
experiment designs for nonlinear model are influ-
enced by the parameter values since the design
criteria are based on the Fisher information ma-
trix which is then parameter dependent. Hence,
as the bioprocess considered here is highly time-
varying, it must be emphasized that the optimal
design is to be adjusted on-line.

Four OED/PE examples have been studied (op-
timal initial substrate, optimal additional pulse
with fixed initial substrate, optimal additional
. pulse and initial substratemultiple additional
pulses) (Vanrolleghem et al.,, 1994a). Let us
present the results of the second case (optimal
additional pulse with, fixed initial substrate) for
a single Monod model.

If one considers that the pulse characteristics are
fixed by the hardware used, i.e. pulse volume of
the sample pump and mixing intensity in the re-
actor, the only degree of freedom to be evaluated
here is the time of pulse addition, tpy,. As a mat-
ter of illustration, let us consider an additional
pulse of 8 mg/l given at the optimal time in a
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fed-batch experiment, according to the modified E |
criterion (tpurs = 18.2.min). The covariance ma-
trices V of the parameter vector [tmazi Km1]T for
the reference (no pulse) and optimal experiment
for Si(t = 0) = 23 mg/] shows that all variances
and covariances have improved:

v _ 1.175 1078 3.742 10~*
reference T | 3.742 10™* 15.8
v [ 9623107° 1.75210¢
OED/PE = |\ 1.75210~*  6.735

The OED with an additional pulse is especially
attractive for a more accurate estimation of the
affinity constant. Indeed, while the confidence in-
terval for the pmqz1 only decreased with 10 per-
cent, the K,,; precision increased with more than
50 percent. In addition the results show that the
covariance between both biokinetic parameters 1s
reduced almost to the same extent (For the re-
sults with the other OED/PE criteria, see (Van-
rolleghem et al., 1994a)).

5. EXPERIMENTAL VALIDATION OF
OED/PE

The real-life experiments used here are obtained
from an on-line respirometric biosensor that
performs (fed-)batch experiments automatically.

" Typically 30 minute records of OU R., data are

produced and subjected to an identification pro-
cedure. The device producing the data used to
identify biokinetic parameters in activated sludge
models was developed some ten years ago with
the purpose of determining the load and toxicity
of wastewaters entering an activated sludge plant.
The RODTOX (Kelma bvba, Niel. Belgium),
acronym for Rapid Oxygen Demand and TOXi-
city tester, has since then been implemented on
both industrial and municipal wastewater treat-
ment plants (Vanrolleghem et al., 1994b). All
experimental results reported were obtained with
sludge taken from the wastewater treatment plant
at Maria Middelares, Gent.

The effect of an additional substrate pulse was val-
idated with 3 experiments in which the substrate
concentration in the bioreactor was increased with
a pulse of 2 mg COD/I. Different injection times
were tested so as to illustrate the effect of an op-
timal touls- ‘

The calculations are based on a single Monod
model with parameters deduced from a reference
batch experiment, and result in criterion values
versus injection time, which exhibit differences in
optimal time for the different design criteria: The
A-, D- and E-criteria propose to inject a pulse af-
ter 14.6 minutes (after complete degradation of
the initial substrate). The modified A-criterion



Objective function

based experiment consists of a prolonged batch-

phase. And the modified E criterion OED results -

in a respirogram in which the oxygen uptake reac-
celerates before complete disappearance of the ini-
tial amount of substrate.

The three experiments that were performed had
injection times of 13, 14.1 and 14.6 minutes re-
spectively. The resulting OU R, profile for t,,,
= 14.1 is given in Figure 1. The following con-
clusions can be drawn by focussing on the effect
of these fed-batch experiments on the error func-
tional shape and parameter variances.
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Figure 1. 3D- (b) and contour plot (c) of the
objective function as a function of the Monod
parameters with additional subtrate pulse at t =

14.1 min (a).
touis | Mod. E | var(maz1) | var(Kpm;) | covar.
- 1 1 1 1
13.0 0.676 0.411 0.422 0.381
14.1 0.624 0.535 0.465 0.468
14.6 0.619 0:480 0.409 0.417

Table 2.Modified E criterion and parameter
variances’ dependence versus pulse addition time

Although the expected values for the modified E
criterion and the variances may change to a cer-
tain extent from the actually observed values due
to changes in noise level, experimental error and
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also biological changes, the trends set by the the-
oretical analysis are confirmed with these results.
Predicted modified E criterion values for instance
were approx. 20% underestimated compared to
the actual values. However, the data given in Ta-
ble 2 clearly illustrate that still a significant im-
provement in shape of the error functional is ob-
tained with fed-batch experiments.

A second conclusion concerns the variances. The
experimental results confirm that significant im-
provements in parameter estimation accuracy can
be obtained by this small extension of the exper-
iment. The variances have decreased with more
than 50 % (Table 2). One should note that a sim-
ilar effect can be obtained by repeating the ex-
periment twice, but this would double the experi-
mentation time while the approach taken here in-
creases the experiment duration with only 3 min.,
i.e. 10 % of normal operation.

References

Dochain, D., Vanrolleghem, P., and Van Daele, M.
(1994). Structural identifiability of biokinetic
models in activated sludge processes. submit-
ted-for publication: :

Goodwin. G. (1987). Identification: Experiment
design. In Singh, M., editor, Systems and
Control Encyclopedia, volume 4, pages 2257—
2264. Pergamon Press, Oxford.

Holmberg, A. (1982). On the practical identifiabil-
ity of microbial growth models incorporating
michaelis-menten type nonlinearities. Math.
Biosci., 62:23-43. ’

Munack. A. (1989). Optimal feeding strategy for
identification of monod-type models by fed-
batch experiments. Proc. Comp. Appl. in
Ferm. Techn. : Mod. and Control of Biotech.
Proc.. pages 195-204.

Munack, A. (1991). Optimization of sampling. In

Schugerl, K., editor, Biotechnology, a Multi-
volume Comprehensive Treatise, volume 4,
pages 251-264. VCH, Weinheim.

Vanrolleghem, P., Van Daele, M., and Dochain, D.
(1994a). Practical identifiability of a bioki-
netic model in activated sludge processes.
submitted for publication.

Vanrolleghem, P., Kong, Z., Rombouts, G., and
Verstraete, W. (1994b). An on-line respiro-
graphic biosensor for the characterization of
load and toxicity of wastewaters. J. Chem.
Technol. Biotechnol., 59:321-333.

Vialas, C.. Cheruy, A., and Gentil, S. (1986). An
experimental approach to improve the monod
model identification. In Johnson, A., edi-
tor, Modelling and Control of Biotechnologi- .
cal Processes, pages 155-160. Pergamon, Ox-
ford.




