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Chapter 1

Introduction and problem statement

1. Introduction

The activated dudge process is one of the most widespread biologicd wastewater purification
technologies. In this process, wastewater is mixed with a concentrated bacteria biomass suspension (the
activated dudge) which degrades the pollutants. Origindly, the concern was mainly to remove the organic
carbon substances from the wastewater, which could be obtained rather easily by smple process designs.
However, during the last two decades more sringent effluent standards for nutrients (nitrogen and
phosphorus) have been imposed by legidation. As a consequence, the design and operation of activated
dudge plants had to be modified to more advanced levels to make the treatment plants suited for biologica
nitrogen and phosphorus remova.

Implementation of biologca nutrient remova on wastewater treatment plants (WWTP's) resulted in an
increased knowledge on the biologica degradation processes. This resulted in the development and use of
more advanced dynamic mathematica modes that may be able to describe the biologicd nutrient remova
processes. These activated dudge models adlow to study and to further increase the understanding of the
influence of process modifications on trestment process efficiency. The dynamic models are for example
increasingly used for scenario evauations aiming at the optimisation of activated dudge processes (Stokes
et al., 1993; dela Sota et al., 1994; Coen et al., 1997 among many others). The Activated Sludge Model
No.1 (ASM1) presented by the IAWQ Task Group on Mathematical Modelling for Design and Operation
of Biologica Wastewater Treatment Processes (Henze et al., 1987) is generadly accepted as state- of-the-
at. ASM1 was primarily developed for municipa activated dudge wastewater trestment plants to describe
the remova of organic carbon substances and nitrogen with smultaneous consumption of oxygen and
nitrate as eectron acceptors, and to yield a good description of the dudge production. ASM1 has been
extended to include a description of biologica phosphorus remova, esulting in ASM2 and ASM2d
(Henze et al., 1995, 1998). Recently, some of the mode concepts behind ASM1 have been dtered in
ASM3 (Gujer et al., 1999), a modd that aso focuses on the degradation of carbon and nitrogen but
alows the introduction of processes describing the storage of bio-polymers under transient conditions.



2. Problem statement

Problems arise in the modd cdibration of the Activate Sudge Models. In this context amode cdibration is
understood as the adaptation of the model to fit a certain data set obtained for afull-scale WWTP with the
purpose of describing the biologica processes that take place in the WWTP. Thistask is often rather time-
consuming and very often the time and resources needed for a reliable modd cdibration is under-
edimated. Although ASM1 was published more than ten years ago a consstent modd calibration
procedure has not been defined. One important reason for this is probably that the purpose of the model

cdibration will to a large extent decide how to approach the cdibration, and how accurate the modd must
describe the full-scade observations. However, dso of importance is the fact that the high complexity of the
ASM with its numerous processes and parameters often gives rise to parameter identifiability problems
resulting in more than one parameter set that can describe the observations equally well.

Identifiability is defined here as the ability to obtain a unique parameter set that is able to describe the
behaviour of a syslem. One should distinguish between theoretical and practical identifiability. Theoretical
identifiability is based on the modd dructure and deds with the question whether it is possible to obtain
unique parameter values from a certain sdected set of ided noise-free measurements. On the other hand,
practica identifiability includes the quaity of the data. For ingtance, it has been shown that parameters may
be unidentifiable in practice because of noise corrupted data, although these parameters are theoreticaly
identifiable (Holmberg, 1982; Jeppsson, 1996).

The identifiability problems (either of theoreticd or practicd origin) of ASM mean that in most cases it will
be too complicated to gpply automatic mathematical cdibration techniques. A modd cdibration is therefore
most often done via a step-wise procedure, and only one or a few parameters are changed a a time.
However, amodd cdibration procedure based on atria and error approach, i.e. by manua modification
of the parameters until a good description of the datais obtained, is obvioudy not very advisable due to the
identifiability problems. As mentioned above, more than one parameter st may be able to describe the
data equdly wdl (Dupont and Sinkjae, 1994, Kristensen et al., 1998). However, if the modd is to be
goplied for more than a description of the data, eg. for scenario andyses with the am of process
optimisation, it isimportant that the parameter set resulting from the modd cdibration procedure consists of
redidtic vaues, in order to obtain reliagble modd predictions. It therefore becomes important to gather
information from different sources that can help in framing the modd calibration procedure, e.g. to choose
regligtic parameter values.

Data from the full-scde WWTP done are most often not sufficient for amodel calibration since eg. the
dudge kinetics can not be readily obtained from such data, except for specific designs like sequencing
batch reactors and dternating systems (Vanrolleghem and Coen, 1995). Therefore, for amode calibration
of aful-scde WWTP the moddler istypicaly aming a combining the more information rich results derived



from lab-scade experiments (carried out with activated dudge and wastewater from the full-scae
ingalation), with data obtained from measuring campaigns on the trestment plant under study (e.g. Dupont
and Sinkjae, 1994; Xu and Hultman, 1996; Coen et al., 1997; Kristensen et al., 1998).

In this thesis the main focus will be turned to the derivation of information from lab-scale experiments.
Typicdly, such experiments will am a the identification of a few modd parameters or components of the
full ASM and the data andysis is therefore often carried out via reduced sub-models based on ASM.
However, before any model-based data interpretation takes place it is of utmost importance to address the
identifiability properties of the modd that is used for the data andyss, together with the conditions under
which the experiments should be carried out.

The problems of parameter identifigbility and experimenta conditions are illugrated in Fig. 1 and will be
explained below.

Theoretical identifiability

\ Experimental constraints

Practical identifi;

Figure 1. Conceptud idea of parameter identifiability and optima experimenta design

The space in Fig. 1 congdts of ranges of different kinds of experimental conditions, i.e. each point in the
figure represents a specific set of experimental conditions. The experimental conditions can both be
measured and environmental variables. Examples of measured varigbles are oxygen concentration (So),
oxygen uptake rate (ro), pH etc. Environmentd variables may, for instance, be origin and concentration of
the activated dudge that is used in the experiment, initid subgtrate to biomass ratio (S(0)/X(0)), availability
of nutrients etc.

Badscdly, the environmenta varigbles will determine the response of the system, whereas the measured
variables and the frequency of the measurements will determine what kind of information is obtained on the
experimental response. Some examples of possible experimenta responses can be nitrification, significant
or neglectable biomass growth, storage of substrate etc.

It should be siressed that the experimental conditions are al user-defined and will depend on the purpose



of the actua experiment, i.e. what kind of experimenta response and information content ae sought to
alow egtimation of certain model parameters with a certain accuracy. A point located a a certain position
in Fig. 1 isdefined by a certain st of experimenta conditions, and will thus result in a certain experimentd
response and related information content. If these experimenta conditions comply with the purpose of the
study, the experimenta conditions will define a point that will lay within one of the “interesting” regions A -
D. The precise location will depend on the experimental conditions and information content, as will be
explained in detail below. However, if a sat of experimenta conditions do not comply with the purpose of
the experimenta study, then the experimenta conditions will define a point that will lay somewhere in region
E

The outer circle in Fig.1 contains al the experimenta conditions that will theoreticaly dlow identification of
the parameters that one wants to obtain from the experiment. The determination of thisregion is based on a
theoretica identifiability andyss of the mode for which parameters are sought. Thus, the region of
theoreticd identifigbility (regions A - D in Fg. 1) will frame the experimentad conditions where unique
parameter vaues can theoretically be estimated from the available data set. Thisregion is considered to be
a hard, ultimate bound on the experimenta conditions, since only the modd sructure and the available
measurements determine the theoreticd identifigbility.

On the contrary, the region that frames the sets of experimenta conditions that alow practica identifiability
of the parameters one wants to obtain (the area within the inner circle in Fig.1 or the regions A and B) is
determined by the qudity of the experimenta data and thereby their information content. As stated above,
the available data may not be of sufficient quaity to dlow for a determination of dl the theoreticaly
identifiable parameters. The latter explains why this region is a sub-set of the set of experimenta conditions
that result from the theoretica identifiability study. In addition, it should be noted that, contrary to the
theoretica identifiability region, the practicd identifigbility region is not fixed a a certain pogtion in the
experimentad condition space. The sat of experimentd conditions that dlow practica identifiability can be
located elsawhere, for instance when the actual model parameter vaues are different or the collected data
and their properties, e.g. noise leve, change.

Findly, the haf-region (A, C) is important and indicates that certain congtraints can be imposed on the
experimenta conditions to fulfil a certain experimenta purpose. The purpose could for example be to
obtain kinetic parameters that can be gpplied in a modd to describe the full-scae observations. Thus, the
parameters derived from the lab-scale experiments must be representative for, and thereby transferable to,
afull-scale system. In such case the experiments should be carried out under conditionsthat are as close as
possible to the full-scale system, e.g. with respect to pH, temperature, substrate load etc. At first sght such
congraints may not seem very severe. However, the transferability of results from alab-scdeto afull-scade
system may not be straightforward. Note that the model may still be able to describe data that are collected
under experimental conditions that are outsde the region defined by these condraints. However, the
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information obtained from the experiment will not be in accordance with the purpose of obtaining
parameter vaues that are representative for the full-scae system.

The optima experiments (region A in Fg. 1) can now be defined as the experiments for which the
conditions belong to the intersection of the three regions (theoreticaly identifiable, practicaly identifigble,
congraints), and within this set of possible experiments the best one has to be sdected. Consequently, it is
amed to maximise the information content of the experimenta data imposed by these given condraints.
Such a maximisation can be obtained by applying optima experimenta design theory (OED). The Fisher
Information Matrix (FIM) is centrd in the theory of Optima Experimentd Design for parameter estimation.
The inverse of the FIM is, under certain conditions, equd to the parameter estimation error covariance
matrix (COV) which isthe rationale behind the centrd role of FIM. The core of OED is basicaly to reduce
the COV. Different optima experimental design criteria have been defined based on different scaar
functions of the FIM (e.g. Walter and Pronzato, 1990; Munack, 1989, 1991).

The problem of achieving sufficiently informetive data from the full-scale WWTP can now beillustrated by
the same concept (see Fig. 2). Imagine that the purpose is to obtain information for a modd cdibration of
eg. ASM1 on the bass of full-scde observations. Obvioudy, the experimentd conditions are equd to the
full-scale conditions and the imposed congtraints are related to obtaining parameters that are representative
for the full-scale system. It is clear that a much larger range of experiments is alowed and may be able to
describe the full-scae behaviour. However, most experimenta datawill not contain sufficient information to
dlow for a practica identification of the desired parameters. Thus, the region of practicd identifiability is
very smdl and may not even overlgp the region of experimental condraints.

Experimental constraints

Theoretical identifiability

Practical identifiability

Figure 2. Conceptud ideaof parameter identifiability and optima experimenta design in case information
Is retrieved from full-scale experiments

On the contrary, lab-scae experimental conditions may dlow for alarger region of practicd identifigbility,
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but problems may arise whether the obtained parameters are transferable to full-scae application. Thus, in
this case, the region of experimental condraints, that may frame the experimenta conditions for which the
lab-scale results are transferable to full-scale behaviour, is very small, and one can imagine that there may
be no overlap between this region and the one of the practicd identifigbility (see Fg. 3).

Theoretical identifiability

Experimental constraints
Practical identifiabili

E

Figure 3. Conceptud ideaof parameter identifiability and optima experimenta design in case information
is retrieved from lab- scale experiments

3. Objective

The objectives of this thess were to set-up a more methodologica approach for modd calibration with
gpecid focus to the investigation, illusration and solution of the problems encountered when deriving
information from lab-scale experiments, as outlined in Fig. 1 — 3 above. The study will thus focus on the
development of a generd methodology to gpply optima experimenta design on lab-scae experiments with
activated dudge. The thesis will include a thorough study on the theoretical and practica identifiability
properties of the models that are applied to interpret the experimenta data obtained from lab-scde
experiments, with the am of obtaining the maximum amount of information from each experiment. The main
am of the pursued optimal experimenta designs will be to obtain accurate parameter estimates. However,
the transferability of the experimentd results to full-scale behaviour will aso be addressed and discussed.

The methodology is to be evaluated and it was chosen to do this on combined respirometric-titrimetric
experiments for the characterisation of wastewater and reaction kinetics of activated dudge, in particular in
the frame of amode cdlibration of afull-scale wastewater trestment plant model.

4. QOutline of the thesis

The thesis is written such that the different chapters can be read independently. Thus, some repetitions may
appear of eg. theory or methodology. It is however amed a minimising such repetitions as much as
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possible.

Fird, an extengve literature review is given in chapter 2. The firg part of this review focuses on how model
cdibration of ASM1 has been gpproached in other studies. It was subsequently attempted to gather and
summarise the information needed to achieve a successful modd cdlibration, and based on this a generd

model cdibration procedure is proposed. The main part of the literature review is devoted to reviewing the
different methods that have been developed and applied for the characterisation of wastewater and

reaction kinetics in relation to ASM1. The methodologies are criticdly discussed, and it is attempted to
illustrate the power of the different methods for characterisation, dl within the frame of ASM1 modd

cdibration. Findly, it is discussed which wastewater components and parameters are most relevant to be
characterised via lab-scade experiments. This discussion includes the problem of transferability between
lab-scde and full-scae observations, and aso touches the problems related to the use of potentialy
different model concepts. One of the most discussed experimenta factors determining the experimentd
response is the ratio between initid substrate and biomass concentration (S(0)/X(0)). A separate section is
focusing upon this factor.

From the literature review (chapter 2) it becomes apparent that respirometric (and in recent years aso
titrimetric) methods are very popular in model cdibration studies. Therefore, a short review of different
respirometric methods is presented first in chapter 3, and advantages and disadvantages of different
measurement principles are discussed. Based on this a new experimenta lab-scale methodology of
combined respirometric — titrimetric messurements is developed and evaluated. A modd-based data
interpretation is gpplied and compared to a more basic caculation method. Finaly, confidence intervas of
parameter estimates are calculated and the estimation accuracy based on respirometric and titrimetric alone
or based on combined measurementsis evaluated.

Chapter 4 focuses on the theoreticd identifiability region (see Fig. 1 — 3). A thorough theoretical
identifigbility andyss was carried out focusng on the two-gtep nitrification Monod mode with titrimetric
(cumulative proton production) and respirometric measurements (dissolved oxygen or oxygen uptake rates)
from two types of respirometer. Two modd structures were considered including ether presence or
absence of sgnificant biomass growth. The theoretical identifiability was studied via the Taylor series
expangon and generating series methods. Findly, it is shown how the results of the theoretica identifiability
study can be generalised.

The issue of practica parameter identifiability is addressed in chapter 5. Here the practicd identifiability of
a two step nitrification process, dready introduced in chapter 3, was further investigated based on the
theoreticd results of chapter 4. This study was carried out via evauation of the output sendtivity functions
and the corresponding Fisher Information Matrix (FIM). In the second part of this chapter the accuracy of
parameter estimates based on separate respirometric or titrimetric data as well as the combination of both
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data setsis investigated thoroughly.

The focus is findly turned towards optima experimental design in chapter 6 and 7. In chapter 6 some
specific problems related to parameter rescaling and the resulting effects of parameter scding on the
optima experimental design criteria are investigated. Parameter scaing was investigated because it showed
to be an essentia step to obtain a mathematically stable inverson of the matrices that are to be used in the
optima experimental design procedure.

Based on Fig. 1 above a complete procedure for optima experimental design is proposed in chapter 7.
The procedure isillustrated for two case studies. The first case study deds with awdl-known example, the
two gtep nitrification process where the am is more specificaly to identify the kinetic parameters of the
second nitrification step. Secondly, a combined municipa-indusirial wastewater trestment process is
sudied with the purpose of smultaneoudy determining the kinetics of heterotrophic substrate degradation
and nitrification.

Findly, the ASM1 modd cdibration procedure defined earlier in chapter 2 is applied for a full-scale
combined municipa — industridl WWTP in chapter 8. It will be illustrated how additiond information from
different information sources helps in framing the parameters gpplied in the modd cdibration exercise. The
cdibrated modd is evauaed via a sengtivity andyss tha helps to quantify the influence of changes of
model parameters and influent component concentrations on the model output.

Chapter 9 summarises the results of this thesis. Future perspectives, research and applications of the
devel oped methodol ogies are discussed.
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Chapter 2

Literature review

Parts of this chapter were published as.

Vanrolleghem P.A., Spanjers H., Petersen B., Ginestet P. and Takacs |. (1999) Estimating (combinations

of) activated dudge modd No. 1 parameters and components by respirometry. Water Science and
Technology, 39(1), 195 — 214.

The main part of this chapter isin pressas.

Petersen B., Gernaey K., Henze M. and Vanrolleghem P.A. (2000) Cdibration of activated dudge
models. A criticd review of experimentd designs. In: Agathos S. and Reineke W. (Eds.), Biotechnology
for the Environment. Focus on Biotechnology, Vaol. 3, Kluwer Academic Publishers BV.

15



16



Chapter 2

Literature review

Abstract - Thisreview begins with an overview of literature data on methodologies that have been applied
in other studies to calibrate Activated Siudge Model No. 1 (ASM1). An attempt was made to gather and
summarise the information needed to achieve a successful modd cdlibration, and based on this a generd
model calibration procedure is proposed. The main part of the literature review is devoted to reviewing the
different methods that have been developed and applied for the characterisation of wastewater and
reaction kinetics in relation to ASM1. The methodologies are criticaly discussed and it is attempted to
illugtrate the power of the different methods for characterisation, al within the frame of ASM1 cdibration.
Findly, it is discussed which wastewater components and parameters are most relevant to be characterised
via lab-scae experiments. This discusson aso includes the problem of trandferability between lab-scae
and full-scde observations and potentialy different model concepts. One of the most discussed
experimental factors determining the experimental response is the ratio between initid subdrate and
biomass concentration (S(0)/X(0)). A separate section is focusing upon this factor.

1. Introduction

One of the most widespread biologica wastewater treatment techniques is the activated dudge process. In
this process, a bacteria biomass suspension is responsible for the remova of pollutants. Depending on the
design and the specific gpplication, an activated dudge wastewater trestment plant can achieve biologica
nitrogen removal and biological phosphorus removal, besides remova or organic carbon substances. The
increased knowledge about the mechaniams of different biologica processes taking place in an activated
dudge plant was trandated into dynamic models that were developed to describe the degradation
processss in the activated dudge plant. This review will focus on the Activated Sudge Modd No. 1
(ASM1) (Henze et al., 1987), which through the years has been the state-of-the-art moded for activated
dudge plantswith biologica nitrogen remova.

2. Description of the State-of-the-Art Activated Sludge Models

In the following the modd concepts of ASM1 (Henze et al., 1987) and the recent modifications leading to
ASM3 (Gujer et al., 1999) are described. A description of ASM2/ASM2d (Henze et al., 1995, 1999) is,
however, not included since phosphorus remova is not dedlt with in this study.

17



2.1. Activated Sludge Model No.1 (ASM1)

ASML1 is presented in a matrix format in Table 1 according to Henze et al. (1987). Many of the basic
concepts of ASM1 were adapted from the activated dudge model defined by Dold (1980). Some of the
central concepts (the different model components and processes) of ASM1 are summarised below. For
further details the reader isreferred to the IAWQ Task group reports.

2.1.1. COD components in ASM1

COD is sdected as the most suitable parameter for defining the carbon substrates as it provides a link
between dectron equivaents in the organic substrate, the biomass and oxygen utilised. In ASM1 the COD
is subdivided based on (i) solubility, (ii) biodegradability (iii) biodegradation rate and (iv) viability (biomass):

@
(i)

(ii)

)

The totd COD isdivided into soluble (S) and particulate (X) components.

The COD is further subdivided into non-biodegradable organic matter and biodegradable matter.
The non-biodegradable matter is biologicaly inert and passes through an activated dudge sysemin
unchanged form. The inert soluble organic matter (S) leaves the system at the same concentration as
it enters. Inert sugpended organic matter in the wastewater influent (X;) or produced via decay (Xp)
becomes enmeshed in the activated dudge and is removed from the system via the dudge wastege.

The biodegradable matter is divided into soluble readily biodegradable (Ss) and dowly
biodegradable (Xs) substrate. Already here it should be stressed that some dowly biodegradable
matter may actudly be soluble. The readily biodegradable subdtrate is assumed to consst of
relatively smple molecules that may be taken in directly by heterotrophic organisms and used for
growth of new biomass. On the contrary, the dowly biodegradable substrate conssts of rdatively
complex molecules that require enzymatic breskdown prior to utilisation.

Findly, heterotrophic biomass (Xg) and autotrophic biomass (Xga) are generated by growth on the
reedily biodegradable substrate (Ss) or by growth on ammonia nitrogen (Syw). The biomass is lost
viathe decay process where isit converted to Xp and Xs (death regeneration, see below).

Summarising, the tota COD balance of ASM1 is defined by Eq. 1 and further illustrated in Fig. 1.

CODtot =S, +Sg+ X + Xg+ Xgy + Xgp + Xp (1)
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Total COD

A 4 A 4 y A
Biodegradable Non-biodegradable Active mass Storage Xqr
A 4 A A A
Soluble Particulate Heterotrophs Autotrophs
SS XS XBH XBA
A4 A
Soluble Particulate
S X, and X,

Figure 1. COD componentsin ASM1 and ASM 3 (figure modified from Jeppsson, 1996), components
specificaly related to ASM 3 are given in bold and the ones only related to ASM1 are given in itdics

2.1.2. Nitrogen components in ASM1

Smilar to the organic matter, total nitrogen can be subdivided based on (i) solubility, (ii) biodegradability
and (iii) biodegradation rate:

()  Thetota nitrogen can be subdivided into soluble (S) and particulate (X) components.

(i)  The nitrogen is divided into nontbiodegradable matter and biodegradable matter. The non
biodegradable particulate organic nitrogen (Xy) is associated with the non-biodegradable particulate
COD (X, or Xp), whereas the soluble non-biodegradable organic nitrogen (Sy) is assumed to be
negligible and therefore not incorporated into the modd.

(i)  The biodegradable nitrogen is subdivided into ammonia nitrogen (Syn), nitrate + nitrite nitrogen
(Svo), soluble organic nitrogen (Syp) and particulate organic nitrogen (Xyp). The particulate organic
nitrogen is hydrolysed to soluble organic nitrogen in padld with hydrolyss of the dowly
biodegradable organic matter (Xs) (either present in the wastewater or produced via the decay
process). The soluble organic nitrogen is converted to ammonia nitrogen via ammonification.
Ammonia nitrogen serves as the nitrogen source for biomass growth (the parameter ixg indicatesthe
amount of nitrogen incorporated per COD unit). Findly, the autotrophic converson of ammonia
resultsin nitrate nitrogen (Syo) which is consdered to be asingle step processin ASM 1.

Summarising, the tota nitrogen balance for the components in ASM1 is defined by Eq. 2 and further
illustrated in Fig. 2.

Ntot =Sy +Snp + Sno + Xnp + Xni +ixe X Xgn + Xpa) +ixp XXp @)
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Totd

Nitrogen
A 4 # #
Tota Kjeldahl Nitrate/Nitrite Nitrogen gas
Nitrogen Svo S
' I :
Biodegradable Non-biodegradable Active mass
A 4 A A A A A
Ammonia Organic Soluble Particulate Heterotrophs Autotrophs
S\ Nitrogen Su=ing S X =X, x5 XgH ixsX Ba
l and XNP = ixp S
Soluble Particulate
Sp o X\ O
iNss'Ss iNxs Xs

Figure 2. Nitrogen components in ASM 1 (modified from Jeppsson, 1996), components specificadly
related to ASM3 are given in bold and the ones only related to ASM1 initalics

2.1.3. Processes in ASM1
Basicdly there are four different main processes defined in ASM 1 (Henze et al., 1987):
1) Growth of biomass
2) Decay of biomass
3) Ammonification of organic nitrogen
4) Hydrolysis of particulate organic matter

The subgrate flowsin ASM1 areillusirated in Fig. 3.

Aerobic growth of heterotrophic biomass

Growth takes place by degradation of soluble readily biodegradable substrate (Ss) under the consumption
of oxygen (So). Ammonia nitrogen (Sy) is incorporated into cell mass, as described above. Both the
concentrations of Ss and So may be rate limiting for the growth process. The Monod relationship is used to
describe the growth of heterotrophic and autotrophic organisms.
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Anoxic growth of heterotrophic biomass (denitrification)

In the absence of oxygen the heterotrophic organisms are capable of using nitrate as the termina eectron
acceptor with S as subdtrate resulting in biomass growth and nitrogen gas. The same Monod kinetics as
used for aerobic growth is applied except that the kinetic rate expression is multiplied by a correction factor
hg (<1). This factor is accounting for the fact that the anoxic substrate removal rate is dower compared to
aerobic conditions. This can either be caused by a lower maximum growth rate or because only a fraction
of the heterotrophic biomass is able to denitrify. Furthermore, anoxic growth is inhibited when oxygen is
present which is described by the switching function Kon/(Kont+So). The coefficient Koy has the same
vaue as in the expresson for aerobic growth. Thus, as aerobic growth declines, the capacity for anoxic
growth increases.

Asm1 L[ S ASM3 /1 S So
Growth '
RIS ENEARNTEY
Decay ° Growth Endogenous
respiration
XI
Hydrolysis Xs Decay
Hydrolysis| | Storage Growth Endogenous
S Growth respiration

Figure 3. Subgrate flowsin ASM1 and ASM3 (modified from Gujer et al., 1999)

Aerobic growth of autotrophic biomass (nitrification)

Ammonia nitrogen (Sy) is oxidised to nitrate resulting in production of autotrophic biomass. Furthermore,
a pat of the Sy is aso incorporated in the autotrophic cell mass. As for heterotrophic growth the
concentrations of Sy and S can be rate limiting for the process. Nitrification has a considerable effect on
the dkdinity (SaLx).

Decay of heterotrophic biomass

The death regeneration concept of Dold (1980) is applied to describe the different reactions that take place
when organisms die. The traditional endogenous respiration concept describes how a fraction of the
organism mass disappears to provide energy for maintenance. However, in the desth regeneration concept
oxygen is not directly associated with microbid decay. Decay is assumed to result in the release of dowly
biodegradable substrate that is recycled back to soluble substrate and used for more cell growth. Thus, the
oxygen utilisation normally associated directly with decay is caculated as if it occursindirectly from growth
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of new biomass on released subsirate. A pardld converson of organic nitrogen to ammonia nitrogen
occurs. It should be noted that the magnitude of the decay coefficient used in this approach is different from
that of the endogenous respiration. In endogenous respiration the loss of one unit of biomass COD leadsto
the utilisation of one unit of oxygen minus the COD of the inert particulate products that are formed.
However, in the deeth regeneration modd the loss of one biomass COD unit results in the ultimate
formation of one unit of COD due to the formed readily biodegradable substrate minus the formed inert
particulate products. When the readily biodegradable COD is used for cell synthess, only a fraction of a
unit of oxygen (determined by the yield) will be required because of the energy incorporated into the cell
mass. That cdl mass undergoes in turn decay etc. before the unit of oxygen is findly removed.
Summarising, to give the same amount of oxygen utilisation per time due to the decay process, the decay
rate coefficient must be larger for the death regeneration concept than if a more traditional endogenous
decay process was adopted. This has the effect that the cell mass turnover rate increases, resulting in a
higher microbid growth rate in the death regeneration modd.

Decay of autotrophic biomass

The decay of autotrophs is described smilar to the heterotrophic decay process.

Ammonification of soluble organic nitrogen (Snp)

Biodegradable soluble organic nitrogen (Syp) is converted to ammonia nitrogen (Syy) in a first order
process. Hydrogen ions consumed in this conversion process result in an dkalinity change.

Hydrolysis

Sowly biodegradable subgtrate (Xs) enmeshed in the dudge is broken down producing reedily
biodegradable substrate (Ss). The degradation of dowly biodegradable matter has appeared rather
important to redistic modelling of activated dudge systems because it is primarily responsible for redigtic
electron acceptor profiles (Dold, 1980). This process is moddled on the basis of surface reaction kinetics
and occurs only under aerobic and anoxic conditions. The hydrolyss rate is reduced under anoxic
conditions in the same way as anoxic growth, by gpplying a correction factor hy, (<1). Therateisaso first
order with respect to the heterotrophic biomass concentration present but saturates as the amount of
entrapped substrate becomes large in proportion to the biomass.

2.1.4. Restrictions of ASM1
A number of redtrictions concerning ASM 1 are summarised below (Henze et al ., 1987):
1) The syster must operate at constant temperature.

2) The pH is congant and near neutrdity. It is known tha the pH has an influence on many of the
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3)

4)

5)

6)

8)
)

parameters, however only limited knowledge is available to be able to express these possible
influences. Consequently, a constant pH has been assumed. The inclusion of akainity in the modd,
however, does alow for detection of pH problems.

No consderations have been given to changes in the nature of the organic maiter within any given
wastewater fractions (e.g. the readily biodegradable substrate). Therefore, the parameters in the
rate expressons have been assumed to have congtant values. This means that only concentration
changes of the wastewater components can be handled whereas changes in the wastewater
character can not.

The effects of nutrient limitations (e.g. N and P) on the cdll growth have not been congdered. It is,
however, easy to add limitation termsin the modd if needed.

The correction factors for denitrification (hg and hy,) are fixed and congtant for a given wastewater,
even though it is possible thet their vaues are depending on the system configuration.

The parameters for nitrification are assumed to be congtant and to incorporate any inhibitory effects
that wastewater congtituents may have on them.

The heterotrophic biomass is homogeneous and does not undergo changes in species diversity with
time. This assumption is inherent to the assumption of congtant kinetic parameters. This means that
any changes in subgirate concentration gradients, reactor configuration, etc. on dudge settleability
are not considered.

The entrapment of particulate organic matter in the biomassis assumed to be instantaneous.

The hydrolysis of organic matter and organic nitrogen are coupled and occur smultaneoudy with
equal rates.

10) The type of dectron acceptor present does not affect the loss of biomass by decay.

11) The type of dectron acceptor does not affect the heterotrophic yield coefficient.

12) ASM1 is developed for smulation of treatment of municipal wastewater, and it is therefore not

advised to apply the modd to systems where industria contributions dominate the characteristics of
the wastewater.

13) ASM1 does not include processes that describe behaviours under anaerobic conditions.

Smulaions of systems with large fractions of anaerobic reactor volume may therefore lead to
errors.

14) ASM 1 can not dedl with eevated nitrite concentrations.

15) ASM1 is not designed to ded with activated dudge systems with very high load or smdl dudge
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retention time (SRT) (<1 day).

2.2. Activated Sludge Model No. 3 (ASM3)

The ASM3 process rates are presented in matrix form in Table 2. For a complete description of the

ASM3 goichiometric matrix the reader isreferred to Gujer et al. (1999).

Table 2. Process rate expressons of ASM3 (Gujer et al., 1999)

| |Process Processrate equationr,al r;3 0
1 |Hydrolyss K, Xs !Xy X,
Ky +Xg/ Xy

Heterotrophic organisms, aerobic and denitrifying activity

2 |Aerobic storage of Ker So2 Ss
T H

Ss Koz +Soz Ks+Ss

3 |Anoxicstorageof |, Koz Snox Ss
sToMNox ¥ " K X

Ss 02 ¥S02 Knox *Snox Ks+Ss

4 |Aerobic growth So2 Snta SaLk Xsro/ Xy %X
H
Koo *So2 KnmatSus Kaik *Saik Ksrot Xsrol X

S |Anoxic growth My 1 o Koz Snox S SaLk Xstol Xy X,

(Denitrification) Koz *+So2 Knox *Snox Knrat Sy Kak #Sak Kstot Xsrol Xy
6 |Aerobic biros Soz .,

endogenous 7 Ko +Sg

respiration
7 |Anoxic endogenous Koo Snox

o H,NOX H

respiration Koz2+So2 Knox +Snox

Aerobic respiration S
8 b 02

of Xsro STQ02 L 5 T sTe
9 Anoxic respiration oo K o2 Snox o

of Xsto Koz ¥See K nox * Snox
Autotrophic organisms, nitrifying activity
10{Aerobic growthof | Seo Swia Snk

Xa, Nitrification Kao2 tSo2 Kanna*Snna Kaark *Sack

i S

11|Aerobic b s o 02 X

endogenous " Kao2tSo2

respiration
12|Anoxic endogenoug b . Kao2  Syox X

respiration ANOXTK A02+So2 Ka nox tSnox A
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In the development of ASM3 some limitations of ASM1 were evduated, and combined with the
experiences gained with the application of ASM1 the following list of “defects’ of ASM1 was defined
(Gujer et al., 1999):

1)
2)

3)

4)

5)

6)

8)

ASM 1 does nat include expressions to dedl with nitrogen and akalinity limitations.

ASM1 considers hiodegradable soluble and particulate organic nitrogen as model components.
These can, however, not easly be measured and may in most cases unnecessarily complicate the
use of ASM1.

The ammonification kinetics can not be essly quantified, and moreover this process is typicaly
rather fast and does therefore not affect mode predictions sgnificantly.

ASM1 differentiates between inert suspended organic matter present in the influent wastewater and
produced within the activated dudge process. In redity, however, it is impossible to distinguish
between these two components.

Hydrolysis has a rather dominating effect upon the predictions of the oxygen consumption and
denitrification by heterotrophic organisms. In redity this process includes different coupled
processes such as hydrolyss, lyss and storage of substrates. Therefore, the identification of the
kinetic parameters of this combined processis difficult.

The degth regeneration concept is covering lysis combined with hydrolysis of released substrate
and subsequently growth on this subdtrate. In redlity it is difficult to determine the decay coefficient
related to the desth regeneration concept.

Elevated concentrations of readily biodegradable organic substrates can lead to storage of poly-
hydroxy-akanoates, lipids or glycogen. This processis not included in ASM 1.

ASM1 does not include the posshbility to differentiate between decay rates of nitrifiers under
aerobic and anoxic conditions. This may lead to problems with the predictions of the maximum
nitrification rates in cases of high SRT and high fractions of anoxic reactor volumes.

The main difference between ASM1 and ASM3 is the recognition of the importance of storage polymersin
the heterotrophic conversions in the activated dudge processes (point 7 above). The agrobic storage
process in ASM3 describes the storage of the readily biodegradable substrate (Ss) into a cdl internd

component (Xsro). This approach requires that the biomass is modelled with cdl interna structure smilar
to ASM2. The energy required for this process is obtained via aerobic respiration. Thisinternal component
is then subsequently used for growth. In ASM3 it is assumed that dl Ss isfirst taken up and stored prior to
growth. Thus, a division of the storage and growth process, dlowing growth to take place on externa
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substrate directly, is not consdered.

Furthermore, the death regeneration concept is replaced by endogenous respiration, which is closer to the
phenomena observed in redity (point 6 above, endogenous respiration can readily be obtained from a
smple batch test, see below under section 4.3.1.2.). Also, ASM 3 dlows a differentiation between aerobic
and anoxic decay.

Fig. 3 illugtrates the difference in COD flows between ASM1 and ASM3. The firgt thing to notice is that
conversion processes of the two groups of organisms (autotrophs and heterotrophs) are clearly separated
in ASM3, whereas the decay regeneration cycles of the autotrophs and heterotrophs are strongly
interrelated in ASM 1. This change of decay concept (and introduction of the storage step) means that there
ae more “entry” points for oxygen utilisation resulting in, @ some points, easer separation and
characterisation of the processes (see adso discusson under 4.3.4.). Second, there is a shift of emphasis
from hydrolysis to storage of organic matters. This gives a change in how wastewater characterisation
should be defined since the separation between Ss and Xs now should be based on the storage process
rather than on the growth process (see dso discussion in paragraph 4.1.3.). Still, the separation remains
somewha based on biodegradation rates. In ASM3 hydrolyss is obvioudy of a less dominating
importance for the rates of oxygen consumption since only hydrolysis of Xs in the influent is consdered
(see point 5 above).

Below the components and processes of AMS3 are summarised focusing on the differences between
ASM1 and ASM3.

2.2.1. COD components in ASM3

The COD components in ASM3 are basicaly defined in the same way asin ASM1. Only the separation
between inert suspended organic matter in the wastewater influent (X;) and produced via the decay
process (Xp) is no longer maintained (see point 4 above), and, second, the component Xsro isintroduced,
as described above. The substrate S goes through the storage process but is basicaly till biodegradable.
Thus, the total COD balance is defined by Eq. 3 and further illustrated in Fig. 1, where the components
specifically related to ASM 3 are given in bold and the ones only related to ASM1 are given in itdics.

2.2.2. Nitrogen components in ASM3

The nitrogen baance in ASM3 is smplified compared to ASM 1, since the soluble and particulate organic
nitrogen components are no longer consdered (point 2 and 3 above). Furthermore, a nitrogen gas
component (Syy) isincluded alowing for a closed nitrogen mass balance. The nitrogen incorporated in S,
Ss, Xi, Xs, and the biomass is defined in ASM3 as a fraction of these components. This fraction is
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consumed or produced when the corresponding COD fraction is formed or degraded respectively.
Summarising, the total nitrogen baance for the components in ASM3 is defined by Eq. 4, and further
illusrated in Fig. 2. Again, the components specificaly related to ASM3 are shown in bold and the ones
related to ASM1initdics.

Ntot =Sy +Syo +Snz ting 3§ +inss XSs +inxs Xs +ingw XXp + X ) Higy XX, (4)

2.2.3. Processes in ASM3

In ASM3 there are also four basic processes, however, dightly different from ASM1 (Gujer et al., 1999):
1) Storage of readily biodegradable substrate
2) Growth of biomass
3) Decay of biomass

4) Hydrolysis of particulate organic matter

Aerobic storage of readily biodegradable substrate

This process describes the storage d readily biodegradable substrate (Ss) in the form of Xsro with the
consumption of oxygen. As stated above, it is assumed that al Ss first becomes stored material before use
for cdl growth. It is redlised that this is not in accordance with redlity. However, no modd is currently
avalable to predict the separation of § into direct growth and storage. Gujer et al. (1999) therefore
suggested to apply a low storage yield (Ysto) and a higher growth yield (Yy) to approximate direct
growth.

Anoxic storage of readily biodegradable substrate

This processisidentica to the aerobic storage, only is nitrate used as termind eectron acceptor instead of
oxygen. Furthermore, a correction factor (hno) is goplied to indicate that only a fraction of the
heterotrophic biomass may be capable of denitrifying.

Aerobic growth of heterotrophs

Aerobic heterotrophic growth takes place by degradation of Xsto with the consumption of oxygen (So).
Ammonia nitrogen (Sy) is incorporated into cell mass, as described above for ASM 1.

Anoxic growth of heterotrophs (denitrification)

Anoxic growth is amilar to aerobic growth but respiration is based on denitrification. Agan, a correction
factor (hno) is applied to account for the observation of reduced anoxic respiration rates compared to
aerobic respiration.
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Aerobic growth of autotrophs (nitrification)

This processis described smilar to ASM 1.

Aerobic decay of heterotrophs

The energy requirements not associated with growth but including maintenance, lysis, etc. are described by
endogenous respiration in ASM 3 according to asimple first order reaction kinetics.

Anoxic decay of heterotrophs

ASM3 dlows for a description of anoxic decay in asmilar way asthe aerobic decay process.

Aerobic and anoxic decay of autotrophs

The decay of autotrophsis described in the same way as the heterotrophic decay process.

Aerobic and anoxic respiration of storage products

These processes are ana ogous to endogenous respiration and ensure that the storage product Xsro decays
together with the biomass.

Hydrolysis

Just as in ASM1 hydrolysis is responsible for the breskdown of dowly biodegradable substrate (Xs) to
readily biodegradable substrate (Ss). However, in ASM3 hydrolyss is assumed to be eectron donor
independent, and as stressed above the hydrolyss does not play the same dominating role asin ASM 1.

2.2.4. Restrictions of ASM3

The number of redtrictions listed for ASM1 above basicaly ill holds for ASM3, except for restriction 10
sating that the type of eectron acceptor does not affect the biomass decay.

3. Model calibration

In this study mode cdibration is understood as the adaptation of the modd to fit a certain set of information
obtained from the full-scale WWTP under study. Thistask is often rather time-consuming, and typicaly the
time needed for amodel calibration is underestimated. Even though more than a decade has passed since
the publication of ASM1, a fully developed mode cdibration procedure has not been defined yet. We
have not been able to find a complete modd calibration report in literature. There may be many reasons for
this. Important to redise is that the purpose of a mode being built is very much determining on how to
approach the cdibration, making it difficult to generdise (Henze et al., 1995). Still, consdering the wide
application of the activated dudge models there are surprisingly few references that contain details on the
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applied modd calibration procedure. Most often it is not pecified in detail how the mode was cdibrated
but the focus is more on the gpplications, e.g. for process scenarios and optimisations etc. Thus, to obtain
information on modd calibration procedures one often has to collect bits and pieces from various sources
to obtain an overview.

Before going on with a discusson on how to gpproach amodd cdibration of ASM1, it isrelevant to define
how parameter estimation is understood in this sudy and what the difference is between parameter
esimation and model cdibration. Furthermore, the term identifigbility will be defined and the problem of
identifiability with respect to ASM in generd will be addressed.

Parameter estimation congsts of determining the “optima” values of the parameters of a given modd with
the aid of measured data. Here, the numerica techniques for estimation will not be discussed, but reference
Is made to the literature (Robinson, 1985; Vanrolleghem and Dochain, 1998). Only the basic idea behind
parameter estimation is schematised in Fig. 4. Initidly, the mode structures, of which certain sdlected

parameters need to be estimated, and the experimenta data need to be defined. Moreover, first guesses of
the initid conditions, i.e. concentrations, and parameters, have to be given. The parameter estimation
routine then bascdly congsts of minimising an objective function, which for example can be defined asthe
weighted sum of squared errors between the mode output and the data. When the objective function

reaches a minimum with a certain given accuracy the optima parameter vaues are obtained.

First guess of parameters
and initial concentrations

\ 4
» Integration of model equations |« Definition of model structure

\
Calculation of objective function [« Experimental data

Minimum of
objective function
reached?

YES Best estimate of parameters

and initial concentrations

New estimate of parameters
and initial concentrations

Figure 4. llludration of parameter estimation routine (modified from Wanner et al., 1992)
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Thus, parameter estimation is carried out via specific mathematical search agorithms. However, due to the
high complexity caused by the numerous parameters and the unidentifiable nature of the ASM models, it
will be rather cumbersome to apply mathematical cdibration techniques.

Indeed, a mgor problem encountered in cdibration of ASM is the (lack of) identifigbility of the model
parameters. |dentifigbility is the ability to obtain a unique combination of parameters describing a system
behaviour. A diginction should be made between theoretical and practica identifigbility. Theoretica
identifiability is a property of the modd structure, and rdates to the question whether it is a al possbleto
obtain unique parameter vaues for a given modd sructure consdering certain sdected outputs, and
assuming ided measurements. Practica identifiability, on the other hand, includes the quality of the data
Thus, theoreticdly identifisble parameters may be practicdly unidentifigble if the data are too noise
corrupted (Holmberg, 1982; Jeppsson, 1996). This subject will be dedt with in much more detall in
chapter 4 and 5.

For now, it should be stressed that a typica problem related to the modd calibration of ASM isthat more
than one combination of influent characteristics and modd parameters can give the same good description
of the collected data (Dupont and Sinkjag, 1994; Kristensen et al., 1998). Indeed, this indicates
identifigbility problems of either theoretica or practicd origin.

The modd cdibration of ASM is typicaly based on a step-wise procedure, and by changing just afew of
the many parameters instead of gpplying an automatic mathematical optimisation routine. Based on the
above gatements concerning identifiability problems it is, however, obvious that a cdibration procedure
where the model parameters are changed by trid and error until a good description of the measured datais
reached is not advisable (Dupont and Sinkjae, 1994; Kristensen et al., 1998). Thus, it becomes important
to gather as much information as possible that can help the framing of redigtic parameter combinations. In
this review it was atempted to gather and summarise the type of information needed for successful mode
cdibration.

3.1. Information set for model calibration

The st of information that should be collected for successful modd cdibration was extracted and
combined from different sources (Henze et al., 1987; Henze, 1992; Lesouef et al., 1992; Pedersen and
Sinkjae, 1992; Siegrist and Tschui, 1992; Stokes et al., 1993; de la Sota et al., 1994; Dupont and
Sinkjae, 1994; Funamizu and Takakuwa, 1994; Weijers et al., 1996; Xu and Hultman, 1996; Coen et al.,
1997; Mino et al., 1997; Kristensen et al., 1998) and is summarised below:.

1. Desgn data: reactor volumes, pump flows and aeration capacities.
2. Operationd data:

2.1. Flow rates, as averages or dynamic trgectories, of influent, effluent, recycle and waste flows.
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2.2. pH, aeration and temperatures.
3. Characterisation for the hydraulic modd, e.g. the results of tracer tests.

4. Characterisation for the settler model, eg. zone sttling velocities at different mixed liquor suspended
solids concentrations.

5. Characterisation for the biological modd, ASM, of:

5.1. Wastewater concentrations of full-scde WWTP influent and effluent (as well as some intermediate
streams between the WWTP's unit processes), as averages or as dynamic trgectories. e.g. SS,
COD, TKN, NHs-N, NOs-N, PO4-P etc.

5.2. Sudge composition: e.g. SS, VSS, COD, N and/or P content.
5.3. Reaction kinetics: e.g. growth and decay rates.
5.4. Reaction soichiometry : eg. biomassyidds

The list does not discuss on how the particular information can be collected in practice, since this will be
discussed more in detall in the following sections.

As mentioned above, the required qudity and quantity of the information will depend very much on the
purpose of the modelling. In case the model is to be used for educationa purposes (e.g. to increase basic
undergtanding of the processes), for comparison of design dternatives for non-exiging plants or in other
Stuations where quditative comparisons are sufficient, the default parameter vaues defined by Henze et al.
(1987) can be applied. A reasonably good description can most often be obtained with this default
parameter set for typica municipal cases without sgnificant indudrid influences (Henze et al., 1997).
However, if the cdibrated model is going to be used for process performance evauation and optimisation,
it may be necessary to have a more accurate description of the actual processes under study. Some
processes may need a more adequate description than others depending on the purpose of the model
cdibration. This may especidly agpply for models that are supposed to describe the processes in an
industrid or combined municipd and industrid trestment plant (Coen et al., 1997, 1998). In such cases the
wadtewater characterisation, and thereby the activated dudge, may differ sgnificantly from standard
municipa wastewater. In addition, specid attention often has to be pad to the characterisation of
nitrification kinetics (e.g. Dupont and Sinkjee, 1994), since nitrification typicaly is the determining process
for the process designs. Also, the availability of readily biodegradable carbon substances is important for
the successful achievement of both denitrification and biologicd P remova, and may need to be
characterised in more detail (Coen et al., 1997).

In this sudy the focus will manly be on the information described in point 5 above. Although not
consdered in detall, it should be stressed that the information listed in point 1 - 4 isadso very essentid and

32



should not be neglected for a successful mode calibration. Mgor calibration problems can, for example,
be related to rather smple errors in the recording of operational data (point 2), e.g. erroneous data of the
waste dudge measurements might result in an incorrect dudge baance (Méelcer, 1999). Moreover good
characterisation of hydraulics and settling can be of great importance since e.g. poor or erroneous hydraulic
modelling may result in hydraulic effects being lumped into the biologica parameters of ASM 1.

The information needed for the characterisation of the biologicad modd, listed in point 5 above, can
basicaly be gathered from three sources:

1. Default vduesfrom literature (e.g. Henze et al., 1987).

2. Rull-scae plant data
2.1. Average or dynamic data from grab or time/flow proportiona samples.
2.2. Conventiona mass balances of the full-scale data.
2.3. Onr-linedata.

2.4. Measurements in reactors to characterise process dynamics (mainly relevant for SBR's and
dternating systems).

3. Information obtained from different kinds of lab-scale experiments with wastewater and activated
dudge from the full-scale plant under study.
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A
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10. Dynamic calibration of ASM

A

Figure 5. Schematic overview of the different generd stepsin an activated dudge mode cdibration
procedure

Agan, the intended use of the modd will determine which information source to choose for the
characterisation of the different biologica processes in the modd. In addition, the purpose will decide to
which level the modd has to be cdibrated, since the quality of the desired modd predictions will depend
grongly on the quality of the modd cdibration. Fig. 5 illustrates the different generd steps in a model
cdibration procedure. It should be stressed that not al steps may have to be taken depending on the
purpose. Thiswill be discussed further with examples below, and will be concretised for one case sudy
carried out in the frame of this study (see chapter 8).

3.2. Model calibration levels.

Steps 1-5in Fig. 5 indicate the collection of information. Design (1) and operationd (2) data are in generd
aways needed for a model cdibration. E.g. the flow and load variations are important in the design of
measuring campaigns for hydraulic, dudge settling and biologica characterisation of the full-scale WWTP.
The hydraulics (3) are typicdly characterised via tracer tests at the full-scaeingalation (De Clercg et al.,
1999). The settling properties (4) can be characterised via on-line or lab-scale settling tests (Vanderhasslt
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et al., 19993, 1999b). Findly, the biology can be characterised via different information sources (see
below).

In Fig. 5 steps 610 illudrate different cdibration levels. The cdlibration of the hydraulic mode via tracer
test results, and the settler modd cdlibration viaresults from dudge settling tests are indicated in steps 6 and
7 respectively. A firsda ASM cdlibration leve istypicaly asmple steady state modd calibration (8).

3.2.1. Steady state model calibration

In this step data obtained from the full-scde WWTP are averaged, thereby assuming that this average
represents a steady state, and a smple mode not including hydraulic detail is calibrated to average effluent
and dudge wagte data. Typicaly, the cdibrations of the ASM and the settler are linked together, since the
am is mog often to describe the fina effluent quality. Moreover, the recycle from the settler has an
influence on the activated dudge system. Thus, at this stage, there may be an interaction between the steady
date cdibration and the settler model cdibration, indicated in Fig. 5 with the double arrow. Findly, the
characterisation of wastewater components may be adjusted according to the cdibration of the full-scade
model, indicated with the double arrow between (8) and (5) in Fig. 5.

The next gep in the cdibration procedure is a steady state modd calibration that includes the hydraulic
modd (9). In generd, with a steady state mode cdibration, only parameters responsible for long-term
behaviour of the WWTP can be determined, i.e. Yy, f,, by and X in the influent (Henze et al., 1998;
Nowak et al., 1999). These parameters are correlated to a certain degree, meaning that a modification of
one parameter value can be compensated by a modification of another parameter value. In the study of
Nowak et al. (1999) on mass balances of full-scale deta, it was therefore chosen to fix Yy and fp, leaving
X in the influent and b, to be determined from the steedy state data. In the study of Lesouef et al. (1992),
two WWTP models were cdibrated via steady Sate cdibration only, and this calibrated modd was
gpplied to smulate dynamic process scenarios. However, if one relies entirdly on a steady State cdibration
some problems may be encountered since the red input variations are usudly faster than the dow process
dynamics that were focused upon during the steady state calibration. In other words, the process does not
operate in steady state but one Htill attempts to fit a steady state smplification of the mode to an unsteedy
Stuation. A geedy date caibration is, however, very useful for the determination of initid conditions prior
to a dynamic modd cdibration and for the initiation of first parameter iteration (e.g. Pedersen and Sinkjae,
1992; Stokes et al., 1993; Dupont and Sinkjae, 1994; Xu and Hultman, 1996; Kristensen et al., 1998).

3.2.2. Dynamic model calibration

If it is the am to describe and predict more short-term and dynamic stuations, a modd cdibration to
dynamic data will be needed since such data contain more information than steedy dtate data, especiadly on
fast dynamic behaviour. The important point in model cdibration based on dynamic data is to obtain a
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more religble estimation of the maximum specific growth rates M and Mmhaxa (Henze et al., 1998), which
are the most important parameters in predicting dynamic Stuations.

At the WWTP data are most often collected routinely with a daily or weekly sampling frequency. This
sampling frequency may, however, not be high enough, and for more accurate modelling it may therefore
be required to run special measuring campaigns (e.g. Pedersen and Sinkjae 1992; Dupont and Sinkjae,
1994; de la Sota et al., 1994; Xu and Hultman, 1996). The sampling frequencies should be chosen in
relaion to the time congtants of the process and influent variations. One of the important time congtants of
the process is the hydraulic retention time (HRT). Idedly, one should choose to sample about five times
fagter than the hydraulic retention time and have a test duration of 3-4 timesthis key time congtant (Ljung,
1987). However, snce measurements on full-scde WWTP's ae rdatively expensve these
recommendations may not aways be completely fulfilled.

Furthermore, data from the full-scae ingdlation done may be insufficient for a dynamic modd cdibration
since the reaction kinetics can not be readily obtained from such data, except for specific designs like
SBR's and dternating systems (Vanrolleghem and Coen, 1995). For a dynamic mode cdibration on afull-
scde WWTP the moddler is therefore typically aming a combining more information rich results derived
from lab-scae experiments (carried out with dudge and wastewater from the full-scale ingdlation) with
data obtained from measuring campaigns on the WWTP under study (Dupont and Sinkjag, 1994; Xu and
Hultman, 1996; Kristensen et al., 1998).

In Table 3 an atempt is made to gather and summarise the available literature examples on mode
cdibrations where detailed information is given on the modd cdibration procedures. The table should not
be regarded as a complete list of posshilities but can serve as a sarting point. The purpose of the different
modd cdibrations is given together with the gpplied cdibration strategy. Furthermore, the information
sources for the characterisation of (1) wastewater, (2) dudge, (3) kinetics and (4) stoichiometry, are listed.
Table 3 does not indicate the kind of experiments that may have been carried out to gather the information,
snce this will be discussed in one of the next sections of this review. The mode parameters that are not
mentioned in Table 3 have ether been taken from literature or their origin may not have been clearly
indicated in the references. Consdering wastewater characterisation it is not adways specified how the
wadtewater information was converted into the wastewater components according to ASM1. In these
cases only the type of measurement (e.g. COD, TKN etc.) islisted in the Table.

Based on Table 3, it is obvious that the choice of information needed for the modd cdibration is governed
by the purpose. E.g. in the studies of Pedersen and Sinkjae (1992) and Dupont and Sinkjae (1994) the
emphasis was to have a description of the nitrification and denitrification, and the mode cdibrations
therefore focused on adjustment of the parameters related to these processes. In contrast, other studies
amed at a description of both COD and N removal, and as a result more parameters had to be considered
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for adjusment in the modd cdlibration (Siegrist and Tschui, 1992; de la Sota et al., 1994; Xu and
Hultman, 1996; Kristensen et al., 1998).

The wastewater characterisation has both been carried out via full-scae data combined with mass balances
and via lab-scde experiments, eg. for the inert components S and X, (Lesouef et al., 1992) and the S
component (Xu and Hultman, 1996; Kristensen et al., 1998). In one study al wastewater components
were determined viamode cdibration on the full-scale data (de la Sota et al ., 1994). The determination of
the stoichiometric and kinetic parameters is often carried out via cdibration of the modd to the full-scae
data only. However, some studies have dso included the effort of characterisng some parameters in lab-
scae experiments, eg. for the determination of the specific growth rate of the autotrophic biomass (e.g.
Lesouef et al., 1992; Dupont and Sinkjae, 1994) or to collect further information on the haf-saturation
coefficients (Kristensen et al., 1998).

In addition, Table 3 indicates that if the purpose of the mode calibration was more than “just” a description
of the processes, more emphasis was put on the characterisation of the relevant parameters via lab-scde
experiments. For example in the study of Dupont and Sinkjae (1994) the aim was to apply the modd for
optimisation of nitrogen removd.

Findly, Table 4 ams a summarisng the most relevant parameters to adjust in the steedy state and dynamic
model cdibration. The parameters related to the hydrolyss process are not included in Table 4. This was
done on purpose since it was not clear from the literature whether the parameters of this process are most
influentia to short- or long-term trestment plant behaviour.
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Table 4. Most relevant parameters in steedy state and dynamic model calibration.

Steady dtate calibration Dynamic cdibration
Predictions Long-term Short-term
Man rda/a]t pa.anaas YH! fP1 bH1 Xl,influent mnaxH, rnnaxA, hgl hh’ KS! KNH! KOH1 KOA

4. Characterisation of wastewater and sludge kinetics

Different methods may be proposed to Structure the wedth of methods that have been developed and
applied for the characterisation of wastewater and reaction kinetics in relation to ASM1. At this point it is
assumed that the reader is familiar with the ASM 1 terminology. In this review it has been chosen to focus
on the methodologies, i.e. what can be achieved with different methods, their advantages and
disadvantages, rather than focus on the different wastewater components and processes separately. This
choice was motivated by the fact that some methods typicaly can yied information on more than one
component or process. In the end of the review it is attempted to illugtrate the power of the different
methods for waestewater and dudge kinetics characterisation in the frame of ASM1. Findly, the rlevance
of characterisng the different components and processes in the frame of ASM1 moded cdibration is
criticaly evauated.

4.1. Wastewater characterisation

Wastewater can be characterised either with physical-chemicad methods or with biologica methods. In
practice one typicaly ends up with a combined approach to obtain an estimate of the concentrations of al
components. In the following physica-chemica and biologica methods will first be described separately to
obtain an overview of what can be achieved with the different methods. Findly, an overview of what can
be achieved by combining both gpproaches is illustrated and discussed. In ASM1 the CODtot of the
wastewater is consdered to consst of inert soluble organic matter (S), readily and dowly biodegradable
substrate (Ss and Xs respectively) and inert suspended organic matter (X)), whereas biomass in the
wasteweter is consdered to be insgnificant:

CODtot =S, +Sg + X, +Xg (5)

4.1.1. Physical-chemical characterisation

A wastewater can be separated into different components in a reativey smple manner via physica-
chemica separation methods.

The difference in molecular size can give an indication on biodegradability because small molecules can be
taken up directly over the cell membranes whereas bigger molecules need to be broken down prior to
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uptake. Enzymétic hydrolyss is primarily a surface phenomenon, which means that the hydrolyss rete is
directly related to the surface area. Thus, smaller molecules are readily degraded whereas degradation of
larger materid can be kinticaly limited.

In early studies the wastewater components were separated physicaly into four size-depending fractions by
successive sedimentation, centrifugation, and filtration. The fractions were classfied as settlegble,
supracolloidal, colloida, and soluble (Rickert and Hunter, 1971), and were andlysed for Chemical Oxygen
Demand (COD). An important concluson from these early studies was that particles smdler than 1.0 mm
were gpproximated to be the true soluble fraction. Moreover, the particles smdler than 1.0 mm were
observed to be more rapidly degradable than particles larger than 1.0 mm. In amore recent study Levine et
al. (1985) studied the sze digtribution of the organic matter in wastewater and the relationship to different
wastewater trestment processes. In this study it was concluded that a separation over a membrane with a
pore size of 0.1 mm was vdid for a differentiation between the true soluble and particulate organic
fractions. The organic particles smaler than 0.1 nm are typicaly cdl fragments, viruses, macromolecules
and miscdlaneous debris. The mgor groups of macromolecules in wastewater are polysaccharides,
proteins, lipids and nucleic acids. The fraction measured by the standard test for suspended solids (1.2 mm)
includes protozoa, dgae, bacterid flocs and single cdls. However some bacterid cells, cdl fragments,
viruses and inorganic particles have a sze from 0.1 to 1.2 nm and will thus aso pass through the more
typicaly gpplied filter Sze of 0.45 nm for separation between soluble and particulate matter (Levine et al .,
1985). The sze of colloidd matter is typicaly in the range 0.1-50 nm whereas materia with a 9ze larger
than 50 nm usudly settles (Levine et al., 1985).

The ASM models do not differentiate between filtered, colloidd and settlesble wastewater fractions. It is
therefore necessary to convert the fractions resulting from a physical-chemica characterisation to the ASM
components. The posshilities and limitations of physica-chemicd methods to accomplish this task are
summarised and discussed below.

Inert soluble organic matter S,

Soluble inert organic matter S is present in the influent, kut, importantly, is also produced during the
activated dudge process (Chudoba, 1985; Orhon et al., 1989; Boero et al., 1991; Germirli et al., 1991,
Sollfrank et al., 1992). Most of the evidence for the production of soluble organics by micro-organismsis
collected from experiments with smple known substrates, eg. glucose (Chudoba, 1985; Boero et al.,
1991). However, the production has also been proven to take place with wastewater (Orhon et al., 1989;
Gamirli et al., 1991; Sollfrank et al., 1992). The § production seems to depend on the initid substrate
concentration and on cultivation conditions (Chudoba, 1985). A model has been proposed relating the S
formation to the hydrolysis of non-vigble cdlular materids in the system, thereby linking the S production
to the initid substrate concentration and the decay of the produced biomass (Orhon et al., 1989). This
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modd was verified in a study with different industrial wastewaters and, although the data were not of very
high qudity, some evidence was gven that the S production depends very much on the wastewater type
(Germirli et al., 1991). The hyphotesis that the $ production originates from the decay process was,
however, contradicted in a sudy on municipal wastewater (Sollfrank et al., 1992) where it was concluded
that the S production was related to the hydrolysis of dowly biodegradable COD of the incoming
wastewater.

Thus, dthough the origin of the § production may remain unexplained, it seems clear that it does take place
to various extents depending on different factors as mentioned above, resulting in a § concentration in the
effluent that may be higher than the influent. Such S production is, however, not included in the ASM
models, where § is considered a conservative component. To ded with this discrepancy between model
concept and redity a smplified gpproach is typicaly gpplied by the definition of a fictive modd influent
concentration § which includes the produced § together with the real S influent concentration (Henze,
1992).

It is not possible to measure S directly and different gpproximations are therefore usualy applied. Most
often S is determined by the soluble effluent COD, which has appeared to be a good estimate for S in
case of alow |loaded activated dudge process (Ekama et al., 1986). On the other hand Siegrist and Tschui
(1992) suggested that the influent S could be edtimated as 90% of the effluent COD. These
approximations may hold in most cases, but a more correct approach would be to consider it as the soluble
effluent COD minus the soluble effluent Biochemica Oxygen Demand (BOD) multiplied with a BOD/COD
conversion factor (Henze, 1992). Furthermore, S can be determined as the soluble COD remaining after a
long-term BOD test with the influent (Henze et al., 1987; Lesouef et al., 1992). The latter gpproach isin
fact a combination of physica-chemicd and biologicd methods. However, in case of dgnificant S
production during the test the influent S may be overestimated (Sollfrank et al., 1992), which may lead to
an underestimation of influent S eventudly. Findly, a procedure was developed to distinguish between S
of the influent wastewater and S produced during degradation (Germirli et al., 1991). However, in order
to achieve sgnificant response ducose was added in these tests assuming that the wastewater under sudy
resembled glucose, an assumption that may not hold in practice.

Summarising, it will be case depending whether it is needed to characterise the produced S or whether the
model component can be approximated as described above.

Readily biodegradable substrate Sg

The soluble COD fraction excluding the soluble inert organic matter (S) is mostly considered to represent
the readily biodegradable substrate Ss. The correctness of this approach does however evidently depend
on the pore size of the filters used for the separation. As described above the “true” soluble fraction passes
through a 0.1 mm filtration step according to Levine et al. (1985). However, in practice larger filter Szes
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are mogt often used, which may result in an overestimation of the soluble readily biodegradable substrate
concentration, assuming that the definition of Levine et al. (1985) holds.

Another study confirmed that the fraction passing a 0.1 nm filter gave a good representation of the soluble
readily biodegradable substrate (Torrijos et al., 1994). It was confirmed biologicaly (viarespirometry, see
below for a detailed description) that the studied wastewater did not contain any particulate readily
biodegradable matter. In contrast with this, Spanjers and Vanrolleghem (1995) found, dso via
respirometry, that filtered wastewater (045 nm) had a lower biologicd response than unfiltered
wastewater, indicating that parts of the readily biodegradable wastewater fraction was retained on the filter.
Smilarly, for an industrid wastewater it was found that the filtrate fraction produced via ultrafiltration (pore
size < 0.001 nmm) had a lower biodegradability (13% of CODtot) than the fraction determined with a
respirometric characterisation method (20% of CODtot) (Bortone et al., 1994). Further it was dso found
that part of the soluble COD can be dowly biodegradable (Sollfrank and Gujer, 1991).

Findly, a method based on flocculation with Zn(OH), has been developed to remove colloida matter of
0.1-10 nm that normally passes through 0.45 nm filter membranes, and was successfully applied to a
phosphorus removal activated dudge system (Mamais et al., 1993). However, the flocculation has
appeared to be rather sengtive to interference and gppears highly depending on the pH vaue during the
flocculation (Haider, 2000).

Inert suspended organic matter X,

The test proposed for the determination of S, as the resdud soluble COD remaining after a long-term
BOD tedt, by Lesouef et al. (1992) can also be applied to determine X. The X concentration is then
determined as the resdud particulate COD, assuming that X, is not produced during the test. This
assumption may, however, be questionable since X will be produced due to decay during the long-term
BOD test and corrections for this will have to be considered.

Slowly biodegradable substrate Xsg

As mentioned earlier, a physical characterisation based on different molecular sizes can be used to
distinguish between readily biodegradable substrate § and sowly biodegradable substrate Xs. In one
study it has been proposed that Xs may be determined as the colloidd fraction defined by 0.1 — 50 mm
(Torrijos et al., 1994). However, this hypothesis could not be supported since the results indicated that the
colloidals mainly disappeared according to a physical remova mechanism without any related biologica
oxidation. In another study of contact stabilisation, a multiple filtration procedure was used to isolate and
monitor the variation in concentration of the colloidd fraction between 0.03 — 1.5 mm (Bunch and Griffin,
1987). Here it was further confirmed that colloidal matter was removed physicaly, probably by adsorption.
However, the subsequent increase in soluble organic matter, and corresponding oxygen uptake resulting
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from breakdown of colloidal substrate, were not observed. Thus, based on these two studiesiit is not clear
whether colloidals can be considered equa to Xs. Part of the colloida substrate may be inert, as was
probably the case in the example of Bunch and Griffin (1987), but this was not considered in these studies.

In addition, parts of the soluble substrate (Sollfrank and Gujer, 1991) and the settleable matters may
belong to the Xs fraction making it rather problematic to characterise Xs entirely by a physica-chemicd
method.

Findly, if the components &, S and X, are known and if it is assumed that the biomass concentration is
negligible, Xs can be determined viaa smple mass COD baance.

Biomass Xgy and Xga

It is not possible to distinguish biomass concentrations via a physca-chemica method.

Nitrogen components Snu, Sno, Sno, Xno

The nitrogen components can rather easily be detected by physica—chemicad andyds viaacombination of
standard anadyses of ammonium, nitrite and nitrate and Kjeldahl nitrogen (TKN) on filtered and non-filtered
samples (Henze et al., 1987).

Summary and discussion of physical-chemical wastewater characterisation

Based on the descriptions and discussons above it can be concluded thet a wastewater characterisation
entirdly based on physica-chemicd characterisation done will not be sufficient to obtain an accurate
distribution of the organic subgirate over the different ASM1 components (Fig. 6A). However, physica-
chemica methods aone may be adequate for the estimation of the nitrogen components (Fig. 6B). In Fig. 6
the dashed line indicates the range of uncertainty with respect to the determination of the organic
components.

Summarigng, the two main problems with respect to determination of the organic components entirdy by
physica-chemicd means are:

4. The rdiability of S determination based on soluble COD depends very much on the gpplied filter Sze
but, even more, on the kind of wastewater under study since it is possible thet part of the particulate
subgtrate is also readily biodegradable.

5. Defining Xs as being the colloidas can induce errors because the colloidd fraction may aso contain
inert matter. Moreover, parts of the soluble and settleable fractions may belong to Xs. Thus, it is not
possible to separate the particulate Xs, X; and Xgn components adequately.
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Table 5 summarises the characterisation of wastewater components via physica-chemical methods, and the
assumptions needed, as described in the literature review above. According to this table it can be seen that
with some assumptions and a combination of a physica-chemica and a biologica method for assessment
of X, (long-term BOD test) (Lesouef et al., 1992), it is possible to determine al COD components (Ss, S,
Xs and X). Knowledge of X dlows a determination of Xs via a mass balance of particulate COD,
assuming that Xgy is zero. However, it should be kept in mind that the determination of X, viaalong-term
BOD test may not be accurate, as discussed above. Moreover the assumption that particular COD is not
readily biodegradable may be incorrect.

physical - chemical biological ASM1
inert ;
total settleable | i
biomass :
COoD i Xg
slowly Xan
biodegradable |
colloidal 9 XA
inert
T readily :
. Ss
soluble biodegradable
A e e :Enert S
ASM1 physical-chemical
total N | Particulate TKN
XND
Soluble TKN
SND
Ammonium
Sk
B 1 ~ [Nitrite+Nitrate | Sy

Figure 6. Characterisation of ASM1 wastewater components by physica-chemica methods (A: modified
from STOWA (1996), and B: modified from Henze et al. (1995))
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Table5. Overview of physica-chemical methods for determination of wastewater components (Fields
with grey background indicate that a physical-chemica method is not gpplicable)

45

Component | Method Additional information. | Assumptions References
S 0.45 mm filtration of low |oaded system (no E86
effluent biodegradabl e substrate
in effluent)
90% of effluent COD ST92
7-8 mm filtration after no S, production during | L92; S92
long-term aeration test degradation
COD profilesinbatch wastewater similar to Gol
tests glucose
Ss 0.1 mm filtration S Particul ates do not L85; TH
7-8 mm filtration S contain readily L92
Zn(OH), flocculation S biodegradable matters M93
X 7-8 mm filtration after no X, production during | L92
long-term aeration test degradation
Xs mass balance S S, X Xgn» Xga Negligible H87
XBH
XBA
Xp
S Standard analysis of
oxygen concentration
Swo Standard analysis H87
SwH Standard analysis H87
S\ Standard analysis of S\H H87
soluble TKN
XnD Standard analysis of H87
particulate TKN
SaLk Standard analysis of
akalinity
References:
E86 Ekamaet al ., 1986 Go1 Germirli et al., 1991 H87 Henzeet al ., 1987
L92 Lesouef et al., 1992 L85 Levineet al., 1985 M93  Mamaisetal., 1993
ST92  Siegrist and Tschui, 1992 92 Sollfrank et al., 1992 THA Torrijoset al., 1994




4.1.2. Biological characterisation

The ASM modes are in generd biologicaly defined models Thus, it is not surprisng that biologica
wastewater characterisation methods have found wider gpplication and acceptance than physica-chemica
characterisation tests. In the biologica methods the fractionation of organic metter is based on its rate of
degradation (Henze, 1992) which makes the relation to the ASM concepts more direct. It is obvious that
mainly the biodegradable components and the microbid biomass in the wastewater (Ss, Xs, Sun, Sno, Xno
and Xgp) can be characterised directly by these methods, whereas the inert components § and X, may be
determined by a combinaion of physca-chemicd and biologica tests, as dready mentioned above
(Lesouef et al., 1992). Typicdly, a biologicd characterisation is based on measurements of the biomass
response during substrate degradation in ether a continuous flow-through system or batch type experiment.
This means that the concentration determination of the biodegradable components is indirect, since the
biomass activity has to be interpreted in terms of a substrate concentration. In principle the consumption of
substrate can be measured directly by measurements of eg. COD. However, this is typicaly not very
practical due to problems of sampling and filtration of dudge samples etc. Ingtead, the biomass response
during substrate degradation can be monitored by recording the utilisation of €ectron acceptors, such as
oxygen or nitrate, or the formation of products, such as protons, nitrate or carbon dioxide.

A main part of thereview on biologica characterisation will ded with respirometry. Respirometry is defined
as the measurement and interpretation of the oxygen uptake rate of activated dudge (Spanjers et al.,
1998). In fact the main god of a WWTP is to reduce the biochemica oxygen demand of the wastewater,
and ASM1 was primarily developed to yield a good description of the dudge production and consumption
patterns of eectron acceptors, as described above. Thus, it is not surprisingly that respirometry has turned
into one of the most popular biologica characterisation methods, since the total respiration rate is affected
by the concentration of al aerobicdly biodegradable components, to which the mgority of wastewater
components usudly belong. However, nitrate utilisation rates can aso be applied for characterisation of the
denitrification potentid of a wadtewater. Findly, a titrimetric technique, especialy applicable for
determingtion of the ammonium concentration available for nitrification, will be reviewed.

Before the description and discusson on the gpplication of respirometry, nitrate utilisation rates and
titrimetry for wastewater characterisation, the methodology of each method is described in more detall.
Thus, the readers dready familiar with these methodologies can skip these intermediate sections and
directly continue reading about their gpplications for wastewater characterisation.
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4.1.2.1. Respirometry

Higtoricdly, the determination of the Biochemical Oxygen Demand (BOD) during an incubation period of 5
to 7 days (BODs or BOD;) has been widdy gpplied to quantify the effects of pollutants on the oxygen
demand of receiving waters, and was further gpplied for the characterisation of wastewater. However, due
to the rather arbitrary choice of 5 or 7 days the test result represents a varying part of the ultimate BOD of
different wastewaters, depending on the wastewater composition. For a more complete analyss of the
ultimate oxygen demand of a wastewater the BOD test can be expanded to 20-30 days, typically 28 days.
In the BOD tests the oxygen content is most often only recorded at the start and end of the test without
information on the evolution of the oxygen consumption over time. This means that the test can not give any
information on the different biodegradable fractions.

The test length of 57 days or even longer is not very suitable in the frame of wastewater treatment plant
operation. As a consequence the concept of short-term biochemica oxygen demand (BODs) was
introduced (Vernimmen et al., 1967). The concentration of BODg can be determined via respirometry. As
defined above, respirometry deds with the measurement and interpretation of the oxygen uptake rate, ro,
of activated dudge. In generd, the ro may be consdered to consst of two components (Spanjers, 1993):
The exogenous oxygen uptake rate (roe), Which is the immediate oxygen uptake needed to degrade a
subgtrate, and the endogenous oxygen uptake rate (o eng). Different definitions of ro eng 8pear in literature.
The definition gpplied by Spanjers (1993) is that the Io &g IS the oxygen uptake rate in absence of readily
biodegradable substrate. In the context of ASM1 it is assumed that ro eng IS @ssociated with the oxidation of
readily biodegradable matter produced by (1) hydrolysis of the dowly biodegradable matter that results
from lysis of decayed biomass and, (2) the use of substrate for maintenance. Theintegrd of the ro o profile
isameasure of BODy (Spanjerset al., 1998).

Contrary to the BODs method, the BODy test is carried out with the same biomass as in the activated
dudge plant under sudy and may therefore be a more representative measure of the effect of the
wastewater on the particular activated dudge plant under study. Severd attempts have been made to
correlate BODs to BODy (Venimmen et al., 1967; Farkas, 1981; Suschka and Ferreira, 1986;
Vandebroek, 1986; Ciaccio, 1992; Vanrolleghem and Spanjers, 1994). However, the success of such a
correlation seems to depend strongly on the type of wastewater, since the wastewater may contain varying
proportions of readily and dowly biodegradable fractions.

Fig. 7 illugtrates the conceptud idea of respirometry. The degradation of substrate S and S (Fig. 7A)
results in atota exogenous uptake rate ro (Fig. 7B). Fig. 7B illustrates arather typica respirogram (i.e. a
time course of respiration rates) with an initid pesk in be caused by oxidation of the most readily
biodegradable matter, here S,, followed by, in this case, one “shoulder” in the roe profile where
component S continues to be degraded. Thus, in this example the contribution of S and S; to the totdl
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l'oex, and related total BODyg;, can eadily be distinguished.

However, it will become clear from the “whed-work” described in Table 6 (Vanrolleghem et al., 1999)
that most of the processes in ASM1 eventudly act on the oxygen mass balance and may result in more
complicated ro e profiles. The tota ro e Of the activated dudge in contact with wasteweter is given in Eq. 6
according to ASM 1.

Xy X X s
rO,eX = (l_ YH) BH TThax x SS +(457- YA) BA xrnnaxA x NH (6)
YH Ks+SS YA KNH+SNH
* s2 0.45
147 A 0n | 5

121 0.35 1

10\ st 03

0.25 1

S (mg/l)

0.2 1

roex (M@/l.min)

0.15

0.1 1
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Figure 7. Conceptua respirogram resulting from degradation of substrate S; and S,

The concentration of S5 and Syn depend on the influent wastewater and aso on the rates at which Xs, Syp
and Xyp are degraded. As an example we will follow the arrows from Xgy to & (Table 6): in the mass
balance of the heterotrophic biomass Xgy (column, c., 5) the production of Xgy by aerobic growth (row,
r., 1) is counteracted by the loss of Xgy by heterotrophic decay (r. 4). In this decay process component
XgH (C. 5) is converted to component Xs (. 4). This production of Xs is counteracted by the loss of Xs by
hydrolysis (r. 7), leading to production of component Ss (. 2). Ss is subsequently used for heterotrophic
growth (r. 1) where it is converted to component Xg (C. 5) with concomitant consumption of oxygen S
(c. 8), i.e. respiration. A smilar reasoning can be made for the processes involving the nitrogen components
(Swr, Swo @nd Xup) and autotrophic (nitrifying) organisms (Xga).

Fig. 8 shows different examples of respirograms collected in a baich experiment where synthetic
wastewaters were added to endogenous dudge. Note that in Fig. 8 GD only the exogenous oxygen
consumption due to subsirate oxidation is given, Io e, Whereas the total 1o is given in Fg. 8 A-B. It now
becomes clear that the respirograms can differ sgnificantly in shape depending on the substrate added and
may not be as straightforward to interpret as the conceptud example givenin Fig. 7. Thus, the chdlenge is
to interpret and perhaps divide the respirogram according to the contribution of roe by different
wastewater components.
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Figure 8. A: Typical acetate profile (reference; see dso chapter 3) B: Municipa wastewater (Kappeler
and Gujer, 1992), C: Municipa wastewater (Spanjers and Vanrolleghem, 1995), D: Industrid wastewater
(Coen et al., 1998)

There are two gpproaches for the determination of modd parameters and components. direct methods
focus on specific parameters and components which can directly be evduated from the measured
respiration rates (Ekama et al., 1986; Spanjers et al., 1999), whereas optimisation methods use a (more
or less smplified) modd that is fitted to the measured data (Kappeler and Gujer, 1992; Larrea et al.,
1992; Wanner et al., 1992; Spanjers and Vanrolleghem, 1995; Brouwer et al., 1998; Coen et al., 1998).
In the latter, numerica techniques are used to estimate parameter values that lead to the smalest deviation
between mode predicted and measured respiration rates (see Fig. 4).

Below, examples of respirometric experiments to assess the different wastewater components will be
reviewed and important experimenta factors with respect to wastewater characterisation will be discussed.
The overview does not attempt to review and evauate different respirometric principles, Snce areview of
these is included in the introduction to chapter 3. Different methods may only be included here to illugtrate
points that are specificaly related to wastewater characterisation.

Readily biodegradable substrate S¢

The readily biodegradable subgtrate is presumably composed of smple and low molecular soluble
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compounds, such as volatle fatty acids, acohols, etc. (Henze, 1992). The characteristic of these
compounds is that they are degraded rapidly and hence result in a fast respirometric response, eg. asin
Fig. 8A.

The most typicad batch test for determination of S involves the addition of a wastewater sample to
endogenous dudge, and the monitoring of the respiration rate until it returns back to the endogenous leve
(Ekamaet al., 1986, among others). The examples shown in Fig. 8 are dl obtained with such an approach.
The respirometric methods may vary (see review in Chapter 3) from a very smple lab-scale batch test to
more complex methods that may even be agpplied ontline. The concentration of readily biodegradable
subdrate initidly present in the mixture of biomass and wastewater in the experiment is generdly caculated
according to Eq. 7.

0) == fa;éi‘" dtg 7
SO =7y E Goutt ™

The concentration of Ss in the wastewater is then easily caculated by taking the dilution into account. The
end point &, of the integration intervd is the time ingant where S is completely oxidised and where the
exogenous respiration rate for Ss becomes zero. The integral can directly and easlly be obtained by
determining the area under the o« profile, e.g. by using a soreadsheet program. An dternative conssts of
solving the mass baance equations with a numerica integrator to predict the exogenous respiration rates for
Ss and a given initid vaue $(0). It may be a bit overdone to apply numerica integration for the profile
illustrated in Fig. 8A, however for more complex profiles (Fig. 8 BD), the approach may become
necessary and more straightforward than direct caculation, as will be discussed further below.

Notice that knowledge of the heterotrophic yield coefficient Y4 is needed for the caculaion of S from
respiration rates (Eq. 7). Theyidd indicates the COD fraction that is converted to cell mass. Therest of the
COD is used to provide the energy that is required to drive different synthess reactions. This energy is
made avalable by oxidative phosphorylation, which requires a termind eectron acceptor, in this case
oxygen. The produced energy is proportiond to the mass of eectron acceptor utilised, which in turn is
proportiona to the COD consumed. As a consequence (1-Y1)*COD is equd to the integral under the ro e
curve. Evidently, the parameter Yy is dways involved when oxygen consumption is converted to subsrate
equivaents.

The batch test described above is aso used to assess other ASM1 components and, likewise, kinetic and
soichiometric parameters. This will be explained further in the next section on characterisation of dudge
kinetics, but this indicates dready the popularity of this test in assessing wastewater components and
reaction kinetics.

Apart from the typica batch test as described above, other experimental designs have also been tried out
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for the determination of S&. One example conssts of monitoring the respiration rate of unsettled sewage
without inoculum for areatively long period, approximately 20 hours (Wentzdl et d., 1995). A respirogram
amilar to the one depicted in Fig. 9 is obtained. The S concentration is calculated from the respiration
rates observed between the start of the test up to the time with the precipitous drop (due to depletion of
Ss), with correction for the increasing endogenous respiration due to the increase of biomass during the
test. In addition to Yy, knowledge of the maximum specific growth rate is required, information that can be
obtained from the same test (see below).
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Figure 9. Respiration rates measured in a batch experiment for estimation of P and Ks (after Kappeler
and Gujer, 1992)

An often-referred continuous flow-through method was developed by Ekama et al. (1986), see Fig. 10.
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Figure 10. Respiration rates obtained with the experimenta set-up of Ekamaet al. (1986)
This method involves the monitoring of respiration rate in a completely mixed reactor operated under a
daly cycdlic square-wave feeding pattern. The experimert is designed in such a way that the supply of S

from hydrolyss of Xs remains constant for a period after the feed is stopped and gives rise to a second ro
plateau. It is hypothesised that the difference in 1o plateau vaues corresponds uniquely to the S that has
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entered via the influent. Hence, the concentration of readily biodegradable substrate in the wastewater can
be calculated as given in Eq. 8.

_V Dro
Q (1' YH) (8)

An obvious disadvantage of this method is the experimentd length (24 h which is not induding the
gabilisation of the continuous reactor used for the test), and the fact that sufficient Xs is needed in the feed
to achieve a congtant hydrolysis rate and to create as such the step change in ro. In addition, the method is
rather difficult to carry out in practice (Sollfrank and Gujer, 1991; Wentzd et al., 1995).

A find method for the evauation of S was based on the evolution of the respiration rates obtained in a
continuoudy fed respirometer during trangents between two modes of operation; a mode of endogenous
respiration and wastewater addition respectively (Spanjers et al., 1994). In the work of Lukasse et al.
(1997) the estimation technique developed for the determination of Ss in the respirometer of Spanjers et
al. (1994) was further evauated and improved. In the work of Witteborg et al. (1996) the same
continuoudy fed respirometer was used but a different esimation of Ss was proposed as now the
measurement of respiration rate was performed under three different wastewater loading conditions. The
wastewater Ss was caculated by numericaly solving a set of mass baances pertaining to different loading
conditions of the respirometer.

Slowly biodegradable substrate Xsg

It is assumed that dowly biodegradable substrate Xs is compaosed of (high-molecular) compounds ranging
from soluble to colloidd and particulate (Henze, 1992). The common feature of these compounds is that
they cannot pass the cell membrane as such, but have to undergo hydrolysis to low-molecular compounds
(Ss) which are subsequently assmilated and oxidised. The respirometric response on Xs is dower because
the hydrolysisrateis lower than the oxidation rate of Ss.

In a batch test an exponentidly decreasing “tail” can frequently be observed in respirograms (Fig. 8 B-C).
In Fg. 8B, this talling Sarts after gpproximatdy 0.75 hours. The wastewater concentration of Xs can be
assessed in a sSmilar way as above, Eq. 7 (Sollfrank and Gujer, 1991; Kappder and Gujer, 1992).
Smultaneoudy occurring oxidation processes such as nitrification might interfere and complicate the
separation of the respiration rate due to hydrolysis in the tota respiration rate. In that case a nitrification
inhibitor may be used to facilitate the assessment of Xs (Spanjers and Vanrolleghem, 1995). Alternatively,
if the data of such respirometric baich tests are used in combinaion with mathematica curve fitting
techniques to match the response of the modd to the data, the nitrification part can rather easily be
extracted from the respirogram (Spanjers and Vanrolleghem, 1995).

It has also been proposed to estimate X based on a long-term BOD test where X is obtained by
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subtracting S from BOD/(1-Y ) (STOWA, 1996). Note that the value of Yy here should be lower than
the one gpplied in Eq. 7, due to internd turnover of substrate from decayed biomass in long-term tests,

Heterotrophic biomass Xgn

In the ASM1 report the influent concentration of heterotrophic biomass, Xgy, is assumed to be negligible,
as earlier mentioned. However, some wastewaters can contain a significant concentration of heterotrophic
biomass (Henze, 1992), and there may therefore be a need to quantify this component. A batch test has
been proposed where Xgy is assessed from the respirometric response of raw wastewater without
inoculum (Kappeler and Gujer, 1992; Wentzel et al., 1995). The caculation requires knowledge of Yy
together with two parameters (mna and by) that can be obtained from the same data. Respirograms look
amilar to the one presented in Fg. 9. The procedure basically backtracks the amount of heterotrophic
biomass origindly present in the wastewater by comparing the origind respiration rate with the respiration
rate after sgnificant (hence, well quantifiable) growth of Xgp.

Autotrophic biomass Xga

So far, no procedures were found by which the autotrophic biomass concentration in wastewater is
determined. However, it could be imagined that a smilar procedure as the one developed for Xgy is

applicable. Thus, by evaduation of the respiration rate for nitrification, rgex , Of the autotrophs present in the

wastewater and by comparison to the respiration rate of a culture with known autotrophic biomass
concentration Xga, €9. after sgnificant growth, the originaly present Xga could be determined.

Ammonium Syu

The concentration of ammonium in wastewaer can be determined by using conventiona andytica
techniques, as mentioned earlier. However, respirometry aso offers the possibility to deduce Sy from
batch measurements in a Ssmilar way as Ss and Xs, provided the test is done with nitrifying activated dudge
and the oxygen consumption for nitrification can be separated from the other oxygen consuming processes.
Asfallows from Table 6, the autotrophic yield coefficient Y, is needed to convert the oxygen consumption
for nitrification to a nitrogen concentration by divison by (4.57-Y ), where 4.57 indicates the amount of
oxygen needed to oxidise one unit of ammonium nitrogen. The vaue of Y, is typicdly 024 g
COD(biomass)/g N, which means that the determination of Sy iS not very senstivity to Y Snceitsvaue
issmal compared to 4.57.

Notice that part of the available anmonium may be assimilated into new heterotrophic biomass, which may
be a considerable fraction of the ritrogen in case a large amount of COD is biodegraded (CODP®)
smultaneoudy with the nitrification. The actud nitrified ammonium nitrogen, denoted N™', can be
gpproximated by Eq. 9 in which ixg is the nitrogen content of newly formed biomass:
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From this equation one can easily deduce the origina nitrogen concentration when CODP®"** and the
stoichiometric parameters kg and Yy are given. Note, however that fitting a mode in which carbon and
nitrogen oxidation are included to the respirometric data will automaticaly take this correction into account
(Vanrolleghem and Verstraete, 1993; Spanjers and Vanrolleghem, 1995; Brouwer et al., 1998).

Organic nitrogen Syp and slowly biodeqgradable organic nitrogen Xsp

Probably because the anmonification and hydrolyss rates of organic nitrogen compounds are relatively
fadt, little attention has been devoted so far to the establishment of respirometric techniques for Syp and
Xnp quantification. In batch tests these compounds are typicaly converted to Sy before the Sy that was
origindly present in the wastewater is removed by nitrification. Therefore, Sip and Xyp are not directly
observable in such tests but may be lumped into the fraction of nitrified ammonium. Still, for some industrid
wastewaters the ammonification and hydrolyss steps may be considerably dower and quantification of
these component concentrations may be required. In such cases, one can imagine a procedure in which the
nitrification respiration rate rgex is monitored and interpreted in terms of ammonification and hydrolysis,

amilar to the way the respiration resulting from COD degradetion is interpreted in terms of the
biodegradation of readily biodegradable substrate and the hydrolysis process. Subsequently, the amounts

of nitrogen containing substrates could be assessed by taking the integrd of ro“fex for the corresponding

fractions and dividing these by (4.57-Y ). In case smultaneous COD removd is taking place, correction
should again be made for nitrogen assmilated into new heterotrophic biomass (see above).

4.1.2.2. Nitrate utilisation rates

Readily or slowly biodegradable substrate S5 and Xg

The basis for wastewater characterisation via monitoring of nitrate utilisation rates (ryos) to determine the
denitrification potentid is rather Smilar to that of respirometry (Nichols et al., 1985; Ekama et al., 1986;
Krigensen et al., 1992; Naidoo et al., 1998; Spérandio, 1998; Urbain et al., 1998; Kujawa and
Klapwijk, 1999). The application of nitrate utilisation rates for wastewater characterisation within the frame
of ASM1 is however not as widespread as respirometry.

The readily biodegradable component Ss (or Xs) is determined by Eq. 10 (Smilar to Eq. 7). A typicd ryos
profileis given in Fig. 11, indicating two biodegradable wastewater fractions.

286 & 0
SS(O) = ¢ dNOB,exdt; (10)
1I-Yugo 1)
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Figure 11. Typicd profile of ryoz asfunction of time for determination of Ss and Xs (Urbain et al., 1998)

The factor 2.86 g O,/g NOs-N originates from the fact that the theoretical €ectron acceptor capacity of
nitrate (as N) is 2.86 times that of oxygen (as O), assuming that NOs-N is converted completely to
nitrogen gas N, (Payne, 1981; van Haandd et al., 1981). The factor has been verified experimentadly by
Copp and Dold (1998).

In Eq. 10t is assumed that the Yy of aerobic and anoxic subsirate degradation is equa, as also assumed in
ASM1. In agtudy on a pure denitrifying culture it has however been reported since long that aerobic yields
are larger than anoxic yields (Koike and Hattori, 1975). It has been theoreticaly proven, based on the
energetics of the metabolic processes, that anoxic yields indeed are consistently lower than aerobic ones
(Orhon et al., 1996). Indeed smilar differences between aerobic and anoxic yield were obtained
experimentaly with activated dudge (McClintock et al., 1998; Spérandio et al., 1999). Thus, to apply
nitrate utilisation rates for wastewater characterisation it isimportant to correct for this difference in aerobic
and anoxic yidd since gpplication of aerobic yidd vauesin Eqg. 10 will lead to overestimation of the reedily
biodegradable wastewater components.

4.1.2.3. Titrimetry

The buffer capacity of water samples can be measured accurately by advanced titration techniques (Van
Vooren et al., 1995), and has recently been successfully gpplied for the determination of ammonium and
phosphorus in low concentrations (0 — 100 mg/l) in effluents, surface waters and manure (Van Vooren,
2000).

Some efforts have been done to characterise VFA concentrations related to anaerobic processes based on
titration procedures and pH measurements (e.g. Minch and Greenfield, 1998). These techniques may aso
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be applicable for wastewater characterisation in the frame of ASM2 where one component is defined as
the concentration of fermentation products. This will however not be dedt with any further in this
presentation.

Alternative to the classcd titration methods (up and down titrations) Ramadori et al. (1980) proposed to
monitor the acid and/or base consumption rate that was needed to keep the pH congtant in an activated
dudge sample where pH-affecting biologica reactions occur. This titrimetric method has been successfully
goplied for the monitoring of nitrification, which has a clearly defined effect on the pH, and concentrations
of Swh (Massone et al., 1995; Gernaey et al., 1997a). Recently, it has aso been attempted to apply the
method for the determination of the totd nitrifiable nitrogen concentration of a wastewater (Yuan et al.,
1999).

Ammonium, Sy

A typica cumulative base addition curve and a pH profile collected during a titration experiment with
nitrifying dudge sampled on-line from a pilot plant are shown in Fig. 12 (Gernaey et al., 1998). In afirst
phase, the pH of the nitrifying activated dudge sample is increased to the pH setpoint, and base is added at
a maximum rate. This phase took about 2 minutes for the example of Fig. 12 For the experiments
described here, a pH setpoint + DpH interva vadue of 8.2 £ 0.03 was used. Every time the pH of the
dudge sample becomes lower than 8.17 (= pH setpoint minus DpH interval), base is added to the dudge.
Dosage of base is repeated until the pH has returned within the pH setpoint + DpH interval range.

The andyses of the data can ether be via a smple manud interpretation or model-based (Gernaey et al.,
1998). The smple procedure is based on the detection of the two dopes (S1 and S2) in the cumulative
base addition curve, followed by an extrgpolation of the different lines to the Y-axis (Fig. 13). The Si4
concentration (mg N/I) and the nitrification rate ry (mg N/I.min) can be caculated according to Eq. 11 and
12, where the intercepts B1 and B2 are expressed in meg/l units. The factor 0.143 meg/mg N (i.e,, 2 mole
H* per mole N), is the stoichiometric coefficient relating the amount of acid (meq) produced per mg of
nitrogen nitrified. The dopes S1 and S2 are expressed in meg/l.min units.

_(B2- Bl
NH 0,143 (11)
_@Q-382
™= 0143 (12)

In the gpplication of Gernagy et al. (1998) the dudge was sampled at the last compartment of an activated
dudge pilot plant thereby reducing the likeihood of presence of organic subgirates. In case anmonification
is dower than nitrification it may be rdevant to determine S, as described above in the section on
respirometry. Thus, the titrimetric method may aso be applicable for Syp determination. It is obvious,

57



however, that degradation of organic substrates may cause acid or base consumption effects that may

interfere with the determination of Sy, according to the described methodology.
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Figure 12. Typica cumulative base addition curve (expressed as amount of base dosed per liter of
activated dudge sample) and pH profile obtained during an ot line titration experiment with amixed liquor
sample. For this example, the nitrification phase is finished after about 25 minutes (Gerneey et al., 1998)
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Figure 13. Smple manud interpretation of atypica cumulative base addition curve (Gerneey et al., 1998)

Readily biodegradable substrate Sg

The titrimetric methodology has aso been gpplied for the determination of readily biodegradable COD
avalable for denitrification, and within control drategies for additiond carbon dosage (Bogeert et al.,
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1997). A complicating factor is that depending on the carbon source denitrification will either produce or
consume acid (Bogaert et al., 1997). However, prdiminary results (Dhaene, 1996; Rozzi et al., 1997)
have indicated that the method may be used to evaluate the readily biodegradable substrate in concentrated
wastewaters.

4.1.2.4. Summary and discussion of biological wastewater characterisation

The capabilities of the different biologicad methods presented above to directly determine the ASM1
wastewater components are illustrated in Fig. 14 (the dashed lines indicate areas of uncertainties) and
summarised in Table 7. According to Fig. 14 it is obvious that the readily biodegradable organic
wastewater components, i.e. Ss and parts of Xs (Fig. 14A), and the nitrogen components Sy, and parts of
Swo and Xyp (Fig. 14B), can be determined directly via the biologicd methods. The determination of the
dower biodegradable component Xs can be caried out indirectly via a long-term BOD test and
knowledge of S (STOWA, 1996). However, uncertainties may be introduced by long-term BOD tests
snce sgnificant interference from product formation may occur during the lengthy test.

For the determination of S it should be remembered thet it is in fact the nitrifiable nitrogen thet is
determined via the biologicd methods (as indicated with dashed lines into the regions of organic nitrogen,
snce parts of the organic nitrogen may be hydrolysed making it reedily available for nitrification). Thisisin
contrast to the physical-chemica method where the Sy component is determined via a chemica andyss
of ammonia
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Figure 14. Characterisation of ASM1 wastewater components by different biologica methods (the dashed
lines indicate areas of uncertainties). A: COD components; B: Nitrogen components
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Table 7. Overview of biologica methods for estimation of wastewater component concentrations. (Fields

with grey background indicate that a respirometric method is not applicable or relevant)

Component | Method | Type of Additiond Assumptions | References
experiment Information
S R BODy, WW Yy H87; L92
S R B, WW add. | Y4 E86
B, WW Yh, Mhaxns Ks Wed5
C Yy Wi96
C (on/off) Yy E86; SGI1; Wed5
N B,WWadd. | Yy E86; K92; N98; U9s;
KK99
T B, WW, S C/IN C/N constant | B97; R97; D96
X
Xs R B, WW Yx SG91,KG92; SV95
BOD,, WW 96
B, WWadd. | Yy N98; U98; KK99
Xex R B, WW Yy KG92, Wed5; B95
Xea R B, WW Ya Thisreview
Xp
S
Swo T B,S C/N C/N constant | B97
S R B, WW Ya, ixg, Yu, CODP* VV93, SV95; B9S
T B, WW M95, G97; G98
Sw R B, WW Yy, ixg, Yu, COD This review
Xnp R B, WW Ya, ixg, Y COD® Thisreview
SALK
Explanation to Table 7
M ethod:
R: Respirometry N: Nitrate respiration test T: Titrimetry
Type of experiment:
Ac: acetate B: batch reactor add.: addition adds.: additions
C: continuous system  WW: wastewater S: synthetic substrate
References
B95: Bjerreet al., 1995 B97 Bogaert et al., 1997 B Brandset al., 1994
B98 Brouwer et al ., 1998 D9% Dhaene, 1996 E86 Ekamaet al ., 1986
G9o7 Gernaey et al., 1997a G98 Gernaey et al., 1998 H87 Henzeet al ., 1987
KG92 Kappeler and Gujer, 1992 K92 Kristensen et al., 1992 KK99  Kujawaand Klapwijk 1999
L92 Lesouef et al., 1992 M95 Massone et al ., 1995 N98 Naidoo et al ., 1998
R97 Rozzietal., 1997 SG91  Sollfrank and Gujer, 1991 SV9  Spanjersand Vanrolleghem, 1995
96 STOWA, 1996 u9s Urbain et al., 1998 VV93  Vanrolleghem and Verstraete, 1993
Wed95 Wentzel et al., 1995 Wi9%  Witteborg et al., 1996
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4.1.3. Discussion on physical-chemical versus biological wastewater
characterisation

By definition the totd COD in ASM1 is subdivided based on (i) solubility, (i) biodegradability, (iii)
biodegradation rate and (iv) viability (biomass), as earlier described. Summarising, the COD components
to consider in awastewater are:

CODtot =S, +Sg+ X, + Xg+(Xay) (13)

In previous sections it has been thoroughly reviewed how to determine these components by ether
physica-chemicd or biologicd methods, and different limitations of the methodologies have been
underlined and discussed. Furthermore, it is obvious that the divison of the wastewater into mode
components is to some extent artificid. For example, a divison is made between soluble and readily
biodegradable substrate (Ss) and particulate dowly biodegradable matter (Xs), dthough it is for example
known that some dowly biodegradable substrate may be soluble etc.

It became clear that an gpplication of physica-chemica methods doneis not sufficient for characterisation
of the wastewater into model COD components. These methods badcaly only dlow to didinguish
between soluble and particulate COD and do not differentiate with respect to biodegradability (non-
biodegradable versus biodegradable matters) and biodegradation rate (readily versus dowly biodegradable
substrates). However, by application of biologicd characterisation methods it is possble to obtan
knowledge of the biodegradability and biodegradation rate of the wastewater. Thus, it is obvious that a
combination of physca-chemicd and biologicd characterisation methods is advantageous for the
trandation of the wastewater characterigtics into the ASM1 modd components. A suggestion for such a
combined approach, based on the literature review above, is presented in Fig. 15. Here it is suggested to
determine the readily biodegradable substrate (Ss) directly via respiration tests (respirometry or nitrate
utilisation rates). The presence of biomass in the wastewater may aso be determined by respiration tedts.
The dowly biodegradable matter (Xs) can be determined via the results of a long-term BOD test. The
same kind of test may provide information on the soluble and particulate inert (S and X)) matters. Here,
however, the reservation should be repeated that long-term BOD tests may not be very accurate due to
possible product formation (S) and decay which results in X. Therefore, the determination of X viaa
long-term BOD test may be questionable. Indeed, it is proposed by Henze et al. (1987) to determine the
influent X via the complete model during the calibration of the dudge baance. Subsequently, Xs may be
determined via a COD mass balance as the difference between totad COD and the other components. If it
is chosen to determine § by along-term BOD test, it may be advisable to combine it with analyses of the
effluent, as proposed in the section about physica-chemica methods. It isagain clear from Fig. 15 thet the
borderline especidly between particulate and soluble COD, the differentiation between model components
(Ss and Xs) and the results from short-term respiration and long-term BOD tests may not be completely
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consgent.

Total COD ASM1
X
XBH Respiration tests
BA
Long-term BOD test?
XI
Long-term BOD test
Xs 9
Mass balance
Analytically T
soluble COD ——
Respiration tests
Ss
Effluent analyses
S Long-term BOD test

Figure 15. Suggested wastewater characterisation by combined physica-chemica and biologicd methods

The nitrogen ASM1 components are somewhat esser to determine since they can basicaly dl be
determined via mass baances based on standard chemica andyses of total nitrogen, Kjeldahl nitrogen,
ammonium nitrogen and nitrate nitrogen (see Fig. 6). It can, however, be advantageous to combine these
chemica andyses with biologicd methods (respirometry or titrimetry) to obtain the nitrifiable nitrogen as a
measure of Sy (See Fig. 14) for studies where the focus is specificaly on nitrification capacities.

In a sudy of STOWA (STOWA, 1996) a smilar, but less extensve, sudy of physcal-chemicd versus
biologica (only respirometric) influent wastewater characterisation was carried out. In this sudy guiddines
for the COD components were finaly defined based on a more traditiond choice of physica-chemica
methods combined with long-term BOD measurements to dlow for an easy implementation in dready
exiging routine analys's programs. It was concluded that respirometry is not yet at a date where it can
easily be applied for routine wastewater characterisation. The STOWA guidelines for determination of the
COD components are summarised in Fig. 16. Here the concentration of inert soluble matters (S) is
determined as 90% of the effluent COD for low loaded systems, according to Siegrist and Tschui (1992).
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For high loaded systems S is aso determined as 90% of the effluent COD but the effluent BOD (multiplied
by a COD/BOD factor) is subtracted. S is determined as the difference between soluble COD and S.
Furthermore, the concentration of Xs is based on a long-term BOD test as the difference between
BOD/(1-Yy) and Ss, as described above. The yidd coefficient in this long-term test is set to 0.20. Findly,
X, is defined as the difference between particulate COD and the determined X. Obvioudy, in this
approach the divison of the wastewater into ASM 1 components is based on solubility and to some extent
on biodegradability according to physica-chemicd methods supplemented by measurements of the ultimate
BODy or BODs. The problem with this gpproach is that the biodegradation rate of the wastewater is not
redly consdered. This means that the divison of the biodegradable subsirate into readily and dowly
biodegradable substrates may not be correct. It should be stressed though that the approach chosen by
STOWA is ample to implement into existing standard measuring routines & full-scde WWTFP's, whichisa
factor not to be underestimated.

Total COD ASM1 STOWA
XaH -
Negligible
XBA 1
Mass balance :
_X| | particulate COD - Xq

Long-term BOD test

XS
soluble COD
T Mass balance :
Soluble COD - S,
SS
Effluent analyses
S, Y

Figure 16. The STOWA guidelines for determination of COD components (STOWA, 1996)

The STOWA guiddines for nitrogen components are aso rather smple and based on physica-chemica
analyses. The Sy component is obtained based on standard analyses of soluble ammonium nitrogen, and
the determination of the organic nitrogen fractions (Syp and Xnp) is based on certain fixed fractions of N in
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organic components. It is advised that these organic nitrogen fractions are checked regularly based on
measurements of total nitrogen, Kjeldahl nitrogen etc. according to Fig. 6B.

In this literature review the focus has been on characterisation of the ASM1 wastewater cmponents.
However, with the introduction of ASM3 (see Table 2), that aso focuses on a description of oxygen
consumption, dudge production and N removdl, it is interesting to discuss whether the gpproaches for
wastewater characterisation applied for ASM 1 can hold for ASM3 as well.

As described above, there is a shift of emphasis from hydrolyss to storage of organic matter in ASM3.
Furthermore, dl S is supposed to go through the storage process (conversion to Xsro) before being used
for growth. This means a change in how wastewater characterisation should be viewed, since the
separation between S and Xs should now be based on the storage process rather than on the growth
process. In ASM3 (Gujer et al., 1999) it is supposed that the soluble (Ss) and particulate (Xs)
biodegradable components can be differentiated with filtration over 0.45 nm membrane filters, whereas a
ggnificant fraction of Xs in ASM1 may be contained in the filtrate of the influent wasteweter. In ASM3 the
latter is assumed to be due to the converson of soluble biodegradable COD to storage polymers in the
respiration tests. Whether this may hold in any case seems yet rather unclear. In Gujer et al. (1999) it was
recognised that the modd concept of converting dl S into a storage component is not in accordance with
redlity. Indeed, Krishna and van Loosdrecht (1999) illustrated that the difference between feast and famine
phases could not be described accurately. This was caused by the fact that ASM 3 does not alow growth
on the subgtrate Ss done. Therefore, a new mode structure was proposed where growth on externd

substrate is dlowed in parale with the storage process. It remains however uncertain how to differentiate
between the amount of & that is directed to storage and growth lespectively. Furthermore, the yield
coefficient (which is needed to convert respirometric responses to COD components) in ASM3 is
composed of two factors. Y=Y sto¥ 1, Where Ysro is the storage yield and Yy the heterotrophic yied
for the growth process. Also, here it does not seem clear how to differentiate between the two yidds.

Basicaly, concerning the characterisation of COD wastewater components, more experience will be
needed before a wastewater characterisation of the COD components related to the new storage concept
of ASM3 can be proposed.

The characterisation of the nitrogen components in ASM3 is however smplified by the fact that organic
nitrogen components are included in the model as a fraction of the corresponding COD components.
Degradation of the corresponding COD component results in immediate release of the organic nitrogen as
ammonium. The latter was based on the assumption that the anmonification is fast and the converson of
organic nitrogen into ammonium therefore hardly affects the modd predictions (Gujer et al., 1999). Thus,
the nitrogen baance includes on the one hand ammonium nitrogen (Syy) and nitrate nitrogen (Syo), which
both can be messured easly via standard chemica analyses, and on the other hand organic nitrogen
components. However, typicdly the fractions of organic nitrogen in the COD components can be
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considered to be constant.

4.2. Characterisation of sludge composition

In this section specid attention is only paid to the assessment of the dower varying dudge characterigtics.
Knowing the initid vaue of the concentrations of soluble components (eg. anmonia) is not redly essentid
because it has little impact on typical Smulation results with a cdibrated modd. Hence, the concentrations
of the following particulate, dowly varying components must be assessed: Xgn, Xga and X (+Xp),
assuming that the system is in baance with no accumulation of Xs. Only two concentrations must be
assessed since the sum of the concentrations is equd to the particulate COD (X) of the dudge that can
easily be measured by using traditiond COD andysis (EQ. 14)

X=X, +(Xp)+ Xy +Xga (14)

Bedow some fast and direct methods for assessng dudge components are summarised. Notice that the
particulate nitrogen components are not consdered here as their concentrations are assumed to be low.

Heterotrophic biomass Xgy

One can show that the concentration of heterotrophs in a continuous system in steady stateis equd to:

Qq  1+byoy (15)

where gx is the dudge age, o is the hydraulic retention time, CODP¥™® the total amount of COD
removed (taken over a sufficiently long period, eg. one dudge age), by the decay rate coefficient and Yy
the yield coefficient. Respirometric methods to determine the parameters by and Yy are discussed below,
while a respirometric evaluation of CODP®"** can be performed with the respirometric measurements of
biodegradable COD fractions (Ss, Xs) that was dready presented above.

As an dternative, Bjerre et al. (1995) used the method of Kgppeler and Gujer (1992) to determine the
concentration of heterotrophs in the mixed liquor. Recently, this method was thoroughly evauated by Ubis
et al. (1997).

Autotrophic organisms Xga

In much the same way, the concentration of nitrifying organiamsin the activated dudge can be evaluated by
means of a mass baance for the autotrophs (over a sufficiently long time) (Dupont and Sinkjae, 1994):

Aerobic Nitr
Xga =Ya X f N
O  1+bao (16)
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where £*¥°° js the agrobic fraction of the reactor; N™" the amount of nitrified nitrogen ; by the autotrophic
decay rate coefficient and Y, the autotrophic yield coefficient. The methods to determine the parameter ba
and Y, are discussed in the next paragraph, while N™ can be quantified using the respirometry-based
nitrifiable nitrogen evaluation methods that were given above.

Produced inert suspended organic matter Xp

To determine the produced inert matters, Xp, an evauation of the mass baance of Xp in Seady state can
be made. Assuming that the autotrophic biomass can be neglected, Eq. 17 is obtained:

Xp = fp X0y Xpy *Ox (17)

The totd concentration of inert matters, including the often significant contribution of suspended inert
meteria from the influent, is given in Eq. 18.

XP:q—xxi"'fobH XXy O (18)
H

Respirometry can be involved in caculaing thisfraction viafe and by (see below).

4.3. Characterisation of stoichiometric and kinetic parameters

Smilar to the overview of wastewater characterisation the overview on characterisation of stoichiometric
and kinetic parameters will be darified according to the gpplied methodology. The focus will, however,
only be on different biologicd methods since physica-chemicd characterisation is not very relevant when it
comes to characterisation of reactions. As highlighted in the previous section the mgority of the processes
involve oxygen consumption, which means that respirometry will again be the dominating method in the
review. However, dso other methods such as nitrate utilisation rates, titrimetry and ammonium uptake rate
are powerful to assess some of the kinetic and stoichiometric parameters.

4.3.1. Respirometry

4.3.1.1. Stoichiometric parameters

By definition, determination of stoichiometric parameters requires the measurement of two factors that are
related to the substrate uptake. One of these factors may be the respiration rate. Theoreticaly, for ASM1
the following stoichiometric parameters can be evauated using respirometry: Yu, Ya, ixg and f, though
attempts are reported only for the first two.

Heterotrophic vield coefficient Yy

This parameter not only influences the estimation of dudge production and oxygen demand but dso has an
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impact on the vaue of other parameters whose determination requires a value for Yy (see Table 6) An
example is the determination of Ss from respirometric data as described above (Eq. 7). Hence, an accurate
vaue for Yy is of great importance. Yy can be determined using respirometry by addition of an amount of
wastewater COD and measurements of the substrate oxidation ro e (Sollfrank and Gujer, 1991; Brands et
al., 1994). Eq. 19 isthen applied to evauate Y.
t
COD gegragapie = (Jo,ex(t)at

Yy = 0 (19)
CODdegradabIe

The amount of degradable COD (CODyegraianie) 1S given by the concentration of COD in the filtered
wastewater minus the inert portion (S). In the sudy of Sollfrank and Gujer (1992) S was determined as
the soluble COD concentration in the effluent.

Brands et al. (1994) and Liebeskind et al. (1996) circumvent the problem of determining S by usng a
completely biodegradable substrate (acetate) instead of wastewater. Hence, CODgegradanie 1S Known
exactly. This gpproach is, however, doubtful. First, the choice of acetate is rather arbitrary and there is
quite some evidence that the yield coefficient for acetate differs from influent wastewater (Dircks et al.,
1999). Hence, acetate is not redly representative for wastewater COD. Moreover, due to the
experimenta conditions in the batch reactor, it can be expected that part of the acetate is stored in the cell
(Mgone et al., 1999). In this case the observed oxygen demand only represents the needs for transport of
the subgtrate and incorporation in storage materid of the cdll, and not for the complete conversion into new
biomass. Conclusvely, these procedures for estimation of the heterotrophic yield do not seem without
problems.

Autotrophic vield coefficient Ya

A vaue of 0.24 g biomass COD per g nitrified nitrogen is generdly assumed to be a good theoreticd vaue
for Ya. If required it is possible however to determine the actua Y, from arespirometric batch experiment
in which aknown pulse of ammonium (Sy(0)) is added to a nitrifying activated dudge sample (Eg. 20).
t
457 Sy (0) - Yo ()t
Y, = 0 (20)
g Sxi (0)
In this approach care has to be taken that no sgnificant net growth of heterotrophs take place as they
would incorporate part of the added ammonium. In the modd-based data interpretation applied by
Spanjers and Vanrolleghem (1995) correction for incorporation of Sy into biomass is taken into account
directly viathe modd.
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Nitrogen content of the biomass ixg

Obvioudy, the most likely method for evauation of ixg would consist of a nitrogen andysis of the biomass.
However, one can imagine (abeit maybe not very redidicdly) that nitrogen incorporation into biomass can
be assessed using two respirometric experiments with nitrifying dudge in which different amounts of COD
are degraded, the difference being denoted as DCOD ™™, The reduction in the oxygen consumption for

nitrification D(yo e (t)dt that can be observed for the higher COD loading then dlows a cdculation of ixg

(development of Eq. 9).

YH DCODDegraded

= = (21)
4.57- Y, Dc\fo, o (D)dt

I'xB

Inert particulate fraction of the biomass fp

Decay of biomass results in a fraction being transformed into inert particulate products. Typicaly 20 % of
the biomass congds of inert materid (Henze et al., 1987). This inert biologicd fraction is caled f'p. The
model fr can be caculated garting from the biologicd f' » with the following implicit equation:

f = fe
LY AL 1)

(22)

If the studied activated dudge has a yidd coefficient (estimated for ingance by using respirometry)
deviating from the one reported in literature, the f--vaue must be adapted for this. Keesman et al. (1998)
showed theoreticaly that the value of £ can be estimated directly from a batch test in which only the
evolution of the respiration rate and dudge concentration are monitored over sufficiently long time.

4.3.1.2. Kinetic parameters

Basicdly the kinetic parameters that can be determined via respirometry are related to aerobic growth,
decay and nitrification.

Heterotrophic decay coefficient by

The classical respirometric method for determination of ky described by Henze et al. (1987) is the
protocol proposed by Marais and Ekama (1976), and is the most typicd method applied for the
determination of the decay coefficient (e.g. Sollfrank and Gujer, 1991; Kappeler and Gujer, 1992). Sudge
is inhibited for nitrification and is aerated in a non-fed batch reactor. The (endogenous) respiration rate is
measured a certain time indants over a period of severd days. Since the endogenous respiration is
proportiona with the active biomass concentration, a plot of the logarithm of the endogenous respiration
rate roeng @ function of time describes the exponential biomass decrease as a straight line with dope b’ ..
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The desth regeneration concept implies that the classcal methods for determination of the decay of
biomass based on endogenous decay can not be applied directly. The parameter based on the endogenous
decay concept has to be trandated to the death regeneration concept, smilarly to fp (Eq. 22), leading to the
ASM1 decay coefficient by (Eq. 23).

___ by

1 Yh ’(1' fP) (23)

by

Hence, the stoichiometric parameters Yy, and fp are necessary for caculation of by.

Vanrolleghem et al. (1992) described a fast method for the estimation of b’ usng only one measurement
of the endogenous respiration (in absence of nitrification) in a batch reactor. By means of Eq. 24 describing
endogenous respiration, by can be calculated on condition that f, and Xg are known.

oend = (- fo) 0y XX gy (24)

The edimation of b’y can adso be based on the fact that the respiration rate for substrate oxidetion is
proportional to the heterotrophic biomass concentration (Spanjers and Vanrolleghem, 1995). If a
aufficiently high amount of oxygen So and substrate Ss are present, ro « iS not subdtrate limited and will only
be proportional to Xzy. Consequently, the decay of the heterotrophic biomass can be determined by (i)
taking a dudge sample from the aerated and non-fed batch reactor at certain time instants (ty), (ii) adding a
aufficient amount of subsirate and (iii) measuring the maximum respiration rate. Assuming that Yy and tmexn
remain constant during incubation, plotting the logarithm of ro «(t) as function of time again dlows to
determine b’y as the dope of the curve obtained via linear legression. In the study of Spanjers and
Vanrolleghem (1995) a mode-based interpretation was gpplied to obtain accurate vaues of the maximum
respiration rates. However, only two data points were used for the semilog regresson, which does not
make the estimated decay coefficientsin this sudy very reliable.

In the Sudy of Avcioglu et al. (1998) a smilar procedure was developed, where the decay rate b’y was
asessed by monitoring the decrease in maximum respiration rate. Avdoglu et al. (1998) included more
data points compared to the study of Spanjers and Vanrolleghem (1995). It was proposed that this method
of determining the decay rate should be more reliable, since interference of dowly biodegradable subdtrate,
especidly in the initid phase of the traditiond test of Marais and Ekama (1976), and inaccuracy of low
endogenous respiration rate measurements were avoided. The latter will, however, evidently depend on the
sengtivity of the gpplied respirometric method.
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Figure 17. Respirograms obtained after injection of a C/N mixture for the S multaneous determination of
by and b, according to the procedure of Spanjers and Vanrolleghem (1995). Left: after 1 day incubetion,
Right: after 7 days

Furthermore, in the work of Avcioglu et al. (1998) it was experimentaly verified that the anoxic
heterotrophic decay rate was reduced with about 40-50% compared to aerobic conditions. Other studies
confirm the observation that the heterotrophic decay is dower under anoxic conditions (McClintock et al.,
1988; Siegrist et al., 1999).

Autotrophic decay rate coefficient ba

The death regeneration concept is not applied for the autotrophic biomass in ASM1. However, the
gpproach of monitoring the decrease in ro eng 8s function of time can not be applied for the determination of
b since that would require for instance an inhibition of the heterotrophic biomass. Instead, the method
based on the maximum substrate (here Syn) degradation rate as function of time can be applied smilar to
the procedure for the heterotrophic decay coefficient. In fact, in the procedure described by Spanjers and
Vanrolleghem (1995) the heterotrophic and autotrophic decay rate coefficients were determined
smultaneoudy by addition of a mixture of acetate and ammonium. Fig. 17 shows the ro o datafor the two
respirometric tests performed after one and seven days of dudge incubation, clearly illustrating the
decreaang activity.

Nowak et al. (1994) pointed to the fact that the release of nitrogen due to decay of heterotrophic biomass
may result in some growth of nitrifying organisms. Hence, an underestimation of b, would result. To correct
this, they proposed the incubation of the dudge under anoxic conditions to prevent the growth of nitrifiers.
Daily a dudge sample was removed from the anoxic reactor and (after agration) the maximum respiration
rate was determined. It was however observed that the reduction in maximum respiration rate was
sgnificantly smaler (about 50%) under anoxic than aerobic conditions. This was further confirmed by work
on immohilised Nitrosomonas (Leenen et al., 1997) and by the findings of Siegrist et al. (1999).
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Maximum specific heterotrophic growth rate pnwaxn and half-saturation

concentrationt Kg

The maximum heterotrophic growth rate paw can essly be determined from the maximum ro e (EQ. 25)
(Ekama et al., 1986), assuming that the substrate concentration is in excess and the yield coefficient and
heterotrophic biomass concentration (see previous section) are known.

rO ex ><YH
rrrhaxH

= > 7 25
(1- Yy) *X gy )

However, the methodology proposed by Ekama et al. (1986) does not provide information on K.

The increase of the subgtrate uptake rate with increasing Ss concentration is depicted in Fig. 18. From such
Monod type evolution the maximum specific growth rate pmaq and the haf-saturation constant Ks can be
determined. In Cech et al. (1984) arespirometric method is described in which a number of measurements
are performed, each of which add one point to Fig. 18. In this procedure experiments are carried out with
addition of different amounts of wastewater (substrate) to endogenous dudge, dlowing to achieve various
subgtrate uptake rates, i.e. exogenous respiration rates (ro e), UP to a maximum rate. The parameters Ymaxn
and Ks can, for ingtance, be found by Lineweaver-Burk linearisation of Eq. 26 that describes the curvein
Fig. 18 (Cech et al., 1984), dthough the Statistica qudity of this procedure is not optima (Robinson,
1985).

dSs _  Myan XXBH_ Ss

. h."l 10’

"

Figure 18. A plot of substrate uptake reate versus substrate concentration for estimation of the parameters
for growth, example with vaeric acid (Cech et al., 1984)

The method of Cech et al. (1984), which was dso gpplied by e.g. Volskay and Grady (1990), is rather
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time consuming and the experimental effort is high. As an dternative a more efficient gpproach was
presented, usng a continuoudy aerated respirometer to which a single subdtrate pulse is added
(Varolleghem et al., 1990; Kong et al., 1994). In this method roe is recorded frequently as the
experiment progresses and one experiment is sufficient for the determination of both pmxn and Ks
provided that the concentration of added subgtrate is sufficiently high. In this goproach a modd (Eq. 27 -
28) is fitted to the ro profile for the determination of pnan and Ks. An example of an acetate addition is
illugrated in Fig. 19 (obtained from Kong et al., 1994) where pe is illustrated together with the
corresponding cumulative oxygen consumption and substrate concentrations as function of time.

dSs _  Mhaxr Xen, S

(27)
dt Yy Ks+Sg
_ MhaxH XX gy Ss
loex = (1' YH) x (28)
Yh Ks+Ss
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Figure 19. ro  (symbals), cumulative oxygen uptake (increasing line) and subgtrate concentration
(decreasing line) in batch experiment (Kong et al., 1994)

The heterotrophic kinetic parameters can aso be determined based on the cumulative oxygen uptake
profiles rather than oxygen upteke rate data In the methodology described by Ellis et al. (1996) and
Smets et al. (1996) the kinetics are determined for specific organic chemicals. However, the procedure is
directly gpplicable for wastewaters as well.

A batch experiment with high initid substrate (wastewater) to dudge rtio (caled the S(0)/X(0) ratio) was
proposed by Kappeler and Gujer (1992). This procedure also enables estimation of ey and Ks froma
single experiment. An dternative to Kappeler and Gujer (1992) isto plot the oxygen uptake rate versus the
cumulative oxygen uptake rate (Smets et al., 1996). Fig. 9 shows a respirogram obtained with such an
experiment (Kappeler and Gujer, 1992). Contrary to the procedures of e.g. Vanrolleghem and Verstragte
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(1993) biomass growth is sgnificant and Pmaxn Can be assessed directly without knowledge of Yy. A plot
of the logarithm of the ro measurements versus time has the dope (Mmaxn - br). If by isknown, acdculation
of Umaxn 1S poSsble (in the work presented by Kappeler and Gujer (1992), it is assumed that the decay
rate is 5% of the growth rate). Attention has to be paid to the fact that the high S(0)/X(0) ratio in this
experimenta set-up (about 4/1) gives rise to sgnificant growth of the biomass during the experiment. This
means that the observed kinetic characteristics may no longer be representative for the origina dudge, due
to the risk tha the experimentad conditions may have favoured fast growing organisms that become
dominant during the experiment. Novék et al. (1994) gave practica evidence for this hypothesis by
evauating results from experiments with different S(0)/X(0) ratios. A 2.5 times higher specific growth rate
was obtained at high S(0)/X(0) ratio, compared to an experiment with alow S0)/X(0) ratio.

In the work of Grady et al. (1996) the terminology of intringc and extant kinetics was introduced. Intringc
kinetics refers to the ultimate capacity of the biomass activity whereas extant kinetics refers to the biomass
activity prior to the lab-scde experiments, eg. in the full-scae plant. This will be discussed further in
section 4.4 and 5.

Maximum specific autotrophic growth rate p,.xa and half-saturation concentration
Kun

In the studies by Drtil et al. (1993) and Nowak et al. (1994) the above mentioned methodology of Cech
et al. (1984) was applied to evauate the maximum specific autotrophic growth rate and haf-saturation
concentration Kyy. To assess the 1o for autotrophic activity only, the heterotrophic endogenous respiration
was determined by a separate experiment, where ATU was added, and was subtracted from the tota ro
obtained from an ammonium addition. Here too knowledge of Y and Xz, is heeded for the caculation of
Mmaxa. 1N the work by Nowak et al. (1994) the concentration of Xga Was determined based on full-scae
data.
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Figur e 20. Respirogram obtained after injection of 3.31 mg NH,-N in 1.4 | of activated dudge (Spanjers
and Vanrolleghem, 1995)
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Alterndively, pmaxa and Kyy can be obtained directly from experimental data of a Smple ammonium
addition as presented in Fig. 20. In a study by Spanjers and Vanrolleghem (1995) a model-based
interpretation was applied for the determination of the nitrification kinetic parameters (Eq. 29), Smilar to the
approach described above for the kinetic parameters of heterotrophic growth.

XX s
= (457 - Y, ) Thaca *TeA N (29)

Foex
Ya KNk S

Hydrolysis constants Ky, Kx

As far as known the only experimental protocol that enables a determination of both parameters of the
hydrolysis process is the “cyclic square wave feed” experiment proposed by Ekama et al. (1986). This
method has aready been described earlier for the determination of S with a typicaly obtained profile
shown in Fig. 10. To determine the hydrolysis parameters the data obtained after the drop in respiration
rate are important. If ro remains congtant on a plateau value (asis noticed in Fig. 10 betweent =12 andt =
15 h), this is related to the hydrolyss that proceeds a maximum rate and biomass is saturated with
hydrolysable products (Xs /Xgn >> Kx). As such, these data contain the information to assess the vaue of
kn, on condition that the heterotrophic biomass concentration Xg and the yield coefficient Yy are known.
With decreasing Xs aso the rate of hydrolysis decreases and the respiration rate is depending on the value
for Ky, dlowing its estimation. Estimation of the parametersis best by means of modd optimisation (Henze
et al., 1987).

In many cases the dependency of the rate of hydrolysis on the heterotrophic biomass concentration may be
neglected and firgt order hydrolysis process dynamics are then obtained (Sollfrank and Gujer, 1991). This
assumes that Xs/Xgn << Kx. Sallfrank and Gujer (1991) proposed a method to determine the first order
hydrolysis congtant, i.e. ky/Kx, using respiration rates measured by dosage of wastewater to a continuous
flow pilot reactor. To smplify the estimation, they suggested plotting the respiretion rete as function of the
resdual amount of subdrate. In this plot one is able to isolate a linear part from which the hydrolyss
constant ky/K x is deduced (provided Yy is known).

For estimation of the first order hydrolysis congtant ky/K x Kappeler and Gujer (1992) performed a batch
experiment with an initid COD based S(0)/X(0) ratio which was 10 times higher than their experiment for
determination of the maximum specific growth rate (S(0)/X(0)=1/2). Fig. 8B shows the respiration rate
data of such an experiment, from which the dowly biodegradable substrate, Xs, can dso be determined, as
described above. Once the readily biodegradable substrate S is removed (in Fig. 8B after 0.75 h) the
further decrease of the respiration rate is determined by hydrolysis of X. As a consequence, the i
measurements enable to estimate the hydrolysis rate constant. The authors advise to do this exercise a
different biomass concentrations to check for a possble dependency of the hydrolysis rate to the biomass
concentration.
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Parameters of “switching functions” Koy, Koa

Kappeer and Gujer (1992) determined the respiration rate as function of different oxygen concentrationsin
the respiration chamber of their respirometer. According to these authors the concentration of readily
biodegradable substrate Ss needs to exceed a minima concentration in order to have an accurate
determination of Kop. The same technique can be used for Koa With ammonia as subdtrate.

Ammonification rate constant k,

So far, no respirometric method has been reported for the determination of the ammonification rate,
However, it istheoreticaly possble (see Table 6) to assess this parameter from the evolution of the oxygen
consumption for nitrification resulting from ammonified nitrogen, provided ammonification isthe rate limiting

step.

4.3.1.3. Simultaneous determination of kinetic parameters for heterotrophic and
autotrophic growth

In the previous sections on determination of heterotrophic and autotrophic growth kinetics the focus was
put on how to determine the kinetic parameters for the heterotrophic and autotrophic processes separately.
However, except for the examples of Sollfrank and Gujer (1991) and Kappder and Gujer (1992) the
presented examples mainly dedt with additions of known subgtrates (acetate as carbon source and

ammonium). The fact isthat when dedling with red wastewater and activated dudge both heterotrophic and
autotrophic processes will take place smultaneoudy, and a detailed data interpretation of the respirograms
and good experimental design will be needed to “separate’ and as such determine the kinetic parameters
for the different processes.

Vanrolleghem and Verdragte (1993) proposed an experimental design that enables to smultaneoudy
measure both heterotrophic and autotrophic maximum respiration rates. In their gpproach a mixture of
ammonium and acetate was added to endogenous dudge. The maximum respiration rate for carbon
oxidation and nitrification can be derived from the respirograms on the condition that the two aerobic
processes can be clearly distinguished from each other. The problem with this approach is however that the
kinetic parameters are highly dependent on the nature of the substrate. Thus, use of a sSingle compound to
represent a complex subsrate like wastewater is difficult to justify scientificaly.

In the study on wastewater by Spanjers and Vanrolleghem (1995) experiments with municipa wastewater
were presented with much lower subgtrate to biomass ratios (S(0)/X(0)) compared to Kappeler and Gujer
(1992). Fig. 21 shows a typicd respirogram from an experiment with a S0)/X(0) of 1/200. This
respirogram is much more complicated to interpret than the ones shown o far. First, smultaneous carbon
oxidation and nitrification take place. The only seven minutes lagting initid peak in o« IS assumed to be
due to the oxidation of S. After some time only nitrification and, assumingly, oxidation of substrates
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released by hydrolysis occurs. In this work the respirograms of the wastewater were interpreted with a
more complex ASM1 based modd including degradation of two readily biodegradable subsirates Ss; and
Ss, firgt order hydrolysis and nitrification. Thus, kinetic parameters for al these processes were obtained
smultaneoudy. Experiments in the presence of a nitrification inhibitor ATU were performed to check the
contribution of nitrification to the respiration rate. This is shown in the insert of Fig. 21, where the Ip &
related to the degradation of Ss and Xs can be observed.

1.00 =

+ ATU
0.80

(mg/l.min)

0.40

o

0.00

Time{min)
Figure 21. Respiration rate after injection of 70 ml raw wastewater to 1.5 | activated dudge. Insertion:
amilar experiment but after addition of ATU (Spanjers and Vanrolleghem, 1995)

An gpproach circumventing ATU addition, suggested by Spanjers and Vanrolleghem (1995), consisted of
the following two-step procedure. Firdt, the nitrification process is characterised separately via an
experiment where only ammonium was added, as described above and illugtrated in Fig. 20. In a second
gep, the full modd is applied to fit to the data of Fig. 21. However, during this step the nitrification
parameters are kept a their values obtained from the separate nitrification experiment, and are thereby
used to “diminate’ the nitrification oxygen consumption in an experiment with addition of wastewater. The
amount of nitrogen in the wastewater sample can be estimated smultaneoudy as it determines the length of
the nitrification shoulder. Spanjers and VVanrolleghem (1995) demonstrated that the ATU and model- based
dimination of the nitrification respiration rate lead to Smilar vaues for the kinetic parameters and
wastewater characteristics.

Another example of a detailed interpretation of a respirometric test with municipal wastewater addition is
given by Brouwer et al. (1998). Here a modd including degradation of two readily biodegradable
subgtrates, hydrolysis and two step nitrification is gpplied to interpret wastewater respirograms. The
problem encountered in this study was, however, that not al processes were clearly identifiable from the
respirograms. It was thus suggested that the number of unknown model parameters should be reduced for
this example by including experiments with separate additions of synthetic subgtrates, for example
ammonium and nitrite. In thisway it would be possible to fix these kinetic parameters in the characterisation
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of the complex wastewater, Smilar to the gpproach of Spanjers and Vanrolleghem (1995).

Findly, an gpplication with indudtrid wastewater (no nitrification) was presented by Coen et al. (1998),
where a model-based interpretation approach was gpplied for the determination of kinetic parameters and
substrate concentrations of smultaneous degradation of three COD wastewater fractions.

4.3.2. Nitrate utilisation rates

Characterisation of reaction kinetics via andyss of the nitrate utilisation rate is basicaly very smilar to the
methodology based on oxygen respiration rate, and different studies have dedt with the comparison of ro
and Kozex (€0. McClintock et al., 1988; Kristensen et al., 1992; Orhon et al., 1996; Sozen et al.,
1998). In ASM1, the same kinetic expressions are gpplied for nitrate utilisation processes as for oxygen,
with the only difference that a correction factor h is incorporated in the equations for anoxic processes.
This factor dlows to describe that only a fraction of the totd biomass is capable of respiring with nitrate
and/or that the anoxic rate is lower than the aerobic one. Typicaly, one gpplies the relationship given in Eq.
30 in order to relate ro ex With ryoz ex-

h=2.86 xr:‘L (30)
O,ex

Correction factors for anoxic growth and hydrolysis h.

It has been shown that the value of h can vary ggnificantly for different activated dudge sysems. In
different studies values have been recorded in the range 0 - 0.95 (Van Haande et al., 1981; Henze, 1986
Henze et al., 1987, 1995; McClintock et al., 1988; Kristensen et al., 1992; Sbzen et al., 1998;
Spérandio et al., 1999). Some theories were developed based on generad mass balances that dlowed for
an esimation of h from wastewater characteristics, treatment plant layout and operation (Henze, 1986). It
was shown that the dominating factor for h is the potentid inlet fraction of denitrifiers, which includes the
denitrifying fraction of the influent biomass plus the primary produced anoxic biomass. Based on some
practica condraints concerning e.g. minimum anoxic dudge age and minimum aerobic dudge age to keep
both nitrification and denitrification in the system, it was estimated that in practice h might be in the order of
0.4 - 0.9 (Henze, 1986).

An underlying assumption behind Eq. 30 is that the agrobic and anoxic yields are equd. As discussed
above sgnificant evidence exigs that the anoxic yiedd may be lower than the aerobic one. In the studies by
Orhon et al. (1996) and Sozen et al. (1998) very high vaues (>1) for the converson factor h were
related to possble lower anoxic yieds for which correction will be needed. The occurrence of lower
anoxic biomass yields was aready discussed above, in the section about application of nitrate utilisation
rates for the determination of readily or dowly biodegradable substrate Ss and Xs.
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4.3.3. Titrimetry

Maximum specific autotrophic growth rate pnaxa and half-saturation concentration
Knn

So far, the titrimetric technique based on pH control and monitoring of the cumulative amount of base or
acid added to keep the pH set-point, proposed by Ramadori et al. (1980), and introduced in more detail
above, has only been gpplied to the determination of the nitrification kinetic parameters Myxa and Kyy. As
illustrated in Fig. 12 and 13 and by Eq. 12, the cumulative amount of base added can be used to calculate
the nitrification rate and thereby provide kinetic information. In the work of Gernaey et al. (1998) a model-
based data interpretation was applied for the estimation of Myxa and Kyy. The modd issmilar to the one
gpplied to describe respirometric and nitrate utilisation rate data. The only difference is the stoichiometric
coefficient relating the ammonium degradation to proton production Hp (Eq. 31).

_ 2+ Y ¥xg  Mhaa *XBa ,, SnH (31)

r
e 14 Ya Knn +Swr

4.3.4. Summary and discussion of biological characterisation of stoichiometric
and kinetic parameters

Summarisng, the review on biologicd characterisation has illudrated that, theoreticdly, nearly dl
parameters can be determined with biologica methods. Especidly respirometry stands as a powerful
characterisation method but other methods too are useful for the characterisation of specific processes, eg.
titimetry for the characterisation of nitrification and gpplication of nitrate utilisation rates for the
determination of the correction factor for denitrification.

One of the chalenges in the application of the biological methods is how to interpret and relate the
experimenta data to the different processes that may take place smultaneoudy. It is obvious that
experiments with addition of known and smple substrate such as ammonium or acetae are easer to
interpret in terms of determination of $oichiometric and kinetic parameters than experiments with red
wastewater. For example, it is difficult to assess the heterotrophic yied Y by experiments with red
wastewater, and in some cases it was therefore suggested to determine it from an experiment with known
subgtrate in the form of acetate (Brands et al., 1994; Liebeskind et al., 1996). It has aso been suggested
to determine the maximum specific growth rate mya based on experiments with acetate in respirometric
experiments (eg. Vanrolleghem and Verstragte, 1993). However, acetate does not represent the actual
wadtewater very well. As dready stressed above it is generadlly questionable to use a single substrate to
represent complex wastewater. Furthermore it is a known phenomenon that acetate easily gets directed
towards the storage process ingtead of directly being consumed for growth (Mgone et al., 1999). This
means that if such data are only interpreted in terms of the growth process, the estimated parameters
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related to growth will be erroneous. E.g. the stoichiometric growth yield (YY) will be overestimated (Dircks
et al., 1999). On the other hand, characterisation of the stoichiometric and kinetic parameters for
nitrification can be done by respirometric or titrimetric experiments with single additions of pure ammonium.

It is of course advantageous if severa parameters (kinetic or stoichiometric) and some wastewater
components can be obtained from the same experiment. This was illustrated in studies with municipa
wastewater by e.g. Spanjers and Vanrolleghem (1995) and Brouwer et al. (1998), and dso for an
industrial COD removal case (Coen et al., 1998).

In Table 8 (adopted and modified from Vanrolleghem et al., 1999) the experiments described above for
characterisation of stoichiometry and kinetics are concisely represented. Attention is drawn to

0] The method (respirometry, nitrate utilisation rates, titrimetry)

(ii) The type of reactor set-up (continuous or batch experiment) and the additions performed;
(iii) The requirement for other information collected from other experiments (or assumed);

(iv) Major assumptions made during the interpretation of the data;

(V) The reference where more information can be found.

From Table 8 it can for example be seen that in the work of Spanjers and Vanrolleghem (1995) with
wastewater (reference SV95 and experiment type “B, WW add.”) the parameters Muaw, Ks, Mhaxa, Kt
and kp, and the substrate components Ss, Xs and Sy, could be retrieved from a single experiment.

It will now be attempted to evaluate whether the approaches br characterisation of the kinetic and
stoichiometric parameters as reviewed for ASM1 can hold for ASM 3 too.

As reviewed above, it should be theoretically possible to assess the ammonification rate from respirometric
data, provided that ammonification is the rate limiting step. However, in most gpplications this is not the
case making it difficult to quantify the kinetics of ammonification. Furthermore, anmonification does not
affect the mode predictions sgnificantly, snce it is usudly a fast process. Thus, with this in mind the
ammonification process was not included in ASM3, thereby dso diminating the need to determine its
kinetic rate.

Ancther smplification in ASM3 is the way the decay process is described. Instead of the more complex
desth regeneration concept it was chosen to describe decay with amore traditional and smple endogenous
decay process. This means that the results from a smple long-term aeration test (Marais and Ekama,
1976), where the endogenous respiration rate is monitored over a period of several days, can be applied
more directly. In this way a transformation of the data from the endogenous test to the death regeneration
concept is no longer needed. Furthermore, the excluson
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Table 8. Overview of biologicd methods for estimation of (combinations of) ASM1 parameters. (Fidds
with grey background indicate that a respirometric method is not gpplicable or not relevant)

Method | Type of Additional Assumptions References
experiment information
Stoichiometric parameters
Yh R B, WW add. S SGa1
B, Ac add. Ac representative of S Bro4
Ya R B, NH, add. ixs@ SV
B, NH,+Ac add. ixg, Y SV95
fp R B MLVSS K98
ixg R B, COD add. Yy, Ya, DCOD° this paper
ixp
Kinetic parameters
MhaxH R B, n S,Ac adds. Y, Xan C84; VG0
B, S, Acadd. Y, Xen K94; E96; Sm96
B, WW add. by my represent original Xgy KG92
B, WW add. Y, Xen SV95, B98
Ks R B, n S,Ac adds. Y, Xgn C84; VG0
B, S, Acadd. Yu, Xen K94; E96; Sm96
B, WW add. by Ksrepresent original Xgy KG92
B, WW add. Y, Xy Sv95, B98
Kon R B,nS S S sufficiently high KG92
Kno
by R B, no add. fp, Yy ME76; SG91
B, nAcadd. Yu , My constant Sv95
B, no add. fp, Yy V2
Mhaxa R B, nNH, adds. Ya, Xga ca4
B, NH, add. Ya, Xga D93; SV95
T B, NH4 add. Ya, Xga G998
A B, NH4 add. Ya, Xga K92
Knh R B, nNH, adds. Ya NHA
B, NH, add. Ya D93; SV95
B, WW add. Ya SV95, B98
Koa R B,nS S\H Swu sufficiently high KG92
ba R B, NH, add. H87; N94
B, nNH,+Ac add. SV
q R+N B, WW add. K92; S99
a R B, Sadd. This paper
kn R C (on/off) Yu, Xen max. hydrolysisrate E86
C, WW add. Yy Ky very large SGa1
B, WW add. Ky very large KG92; SV95; B98
Kx R C (on/off) Yu, Xen E86
hy, R+N B, WW add K92
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Explanation to Table 8

Method:

R: Respirometry N: Nitrate respiration test A: Ammonia uptake test T:
Titrimetry

Type of experiment:

Ac: acetate B: batch reactor add.: addition adds.: additions

C: continuous system  WW: wastewater S: synthetic substrate

References

B Brandset al., 194 B98 Brouwer et al ., 1998 cs4 Cechetal., 1984
D93 Drtil et al., 1993 E86 Ekamaet al ., 1986 E9% Elliset al., 1996

G8 Gernaey et al., 1998 H87 Henzeet al ., 1987 KG9 Kappeler and Gujer, 1992
K98 Keesman et al., 1998 K94 Kong et al., 1994 K92 Kristensen et al., 1992
ME76 Maraisand Ekama, 1976 N4 Nowak et al., 1994 Sn%  Smetset al., 1996

SGO1  Sollfrank and Gujer, 1991 SV95  Spanjersand Vanrolleghem, 1995 S99 Spérandio et al ., 1999
V2 Vanrolleghemet al., 1992 VG Volskay and Grady, 1990

of the death regeneration concept aso resulted in a smplification of the hydrolyss process, since this
process is now only involved in hydrolysis of dowly biodegradable subgirate (Xs) contained in the influent.

However, with the introduction of the storage mode concept it becomes difficult to separate between the
kinetics of storage and growth. Already in the discussion of wastewater characterisation it was pointed out
that the yield obtained from a respirometric test is composed of two factors Ye=Ysto+ Yw. Furthermore,
it does not seem clear how to differentiate between the storage rate and growth rate from eg. a
respirometric test.

4.4. Is characterisation via lab-scale experiments relevant?

In previous sections the sources of information that can be used for cdibration of ASM1 were reviewed
and attention was especialy focused on how to characterise the different wastewater components,
stoichiometric and kinetic parameters. Different problems were dready highlighted.

The focus is now turned back to calibration of ASM1 and the am of desribing a full-scde WWTP. It
should be remembered that the purpose of the modd caibration determines the degree of detail of the
information that is needed, eg. which wastewater components and parameters need a more accurate
determination than others. Even though it may be possible to characterise some components or parameters
it may not aways be relevant for the actud purpose. Or to apply the terminology suggested by Grady et al.
(1996); do the lab-scale experiments provide extant kinetic parameters, i.e. parameters representative for
the biomass prior to the experiments? Furthermore it will be discussed how the relations are between lab-
and full-scale observations, and how the biological processes are presented in ASM 1.
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(@ Tranderability between lab-scde and full-scale observations: Are the different components and
parameters that may be determined via lab-scale experiments representative, i.e. transferable to the
full-scae system? That is, do the experiments provide extant parameters.

(b) Tranderability between full-scale observations and modeled processes. Are the full-scale processes
described in a biologicdly redigtic way in the mode or are the modd processes lumping different
biological processes? If S0, it may be impossible to characterise them by any experiment.

(o Transferability between modd processes and lab-scae observations: Are the processes defined in
the modd reflected by the |ab-scae experiments?

These conflicts of transferability areillustrated in Fig. 22, and the discussion is taken below considering the
different wastewater components, kinetic and stoichiometric parameters. The am of this discusson is to
decide which information source is most relevant for the different components and parameters. Of course,
in principle dl the components and parameters can be obtained from the mode, eg. via the default
parameter set or via adjustment of the vaues during the model calibration exercise.

Full-scale process

A B

22 >
Lab-scale C Model

Figure 22. Schematic representation of discussion on transferability

However, some model processes do not reflect redity completely, dthough they endble a mathematica

description of the biologica observations. The modd components and parameters related to such
processes can not be characterised reliably via either lab-scde or full-scale data and should preferably be
tuned during the mode calibration with the full ASM 1. Then there are some components and parameters
that readily and rdiably can be trandferred from a lab-scale experiment. For othersthe lab-scde results are
difficult to ransfer to the modd of the full-scde system, and for instance a mass balance with full-scale data
may be more gppropriate as information source. Whether a certain component or parameter should be
obtained via lab-scae or full-scae data or should be tuned directly viathe modd will depend on what the
component or parameter in question is depending on. In this discussion it is assumed that the values of the
components and parameters can depend on ether the actua biomass in the activated dudge system or the
actua WWTP operation. It should be stressed that only the actua State of the system is considered in this
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discusson, since this is what the cdibrated model is aimed at describing. Obvioudy, the biomass character
(eg. maximum specific growth rate, decay rate etc.) of the WWTP is determined by both the incoming
wastewater and WWTP operation. However, changes in biomass characteristics caused by changing
WWTP operation or wastewater character are more long-term effects. Description of these effects is not
within the scope of the ASM modds. Thus, the actua wastewater considered for the model cdlibration is
assumed to be representative for the general wastewater composition to which the biomass has adapted
and by which the biomass character is determined.

4.4.1. Kinetic and stoichiometric parameters

Below, the information sources for the most relevant kinetic and stoichiometric parameters will be
discussed in relation to Fig. 22. Furthermore, the discussion on whether a parameter is depending on the
wastewater, biomass and/or WWTP operation is summarised in Table 9. Findly, the mogt relevant
information source is indicated in Table 9. Brackets in Table 9, i.e. (X) indicates that a lab-scde
experiment is possble for determination but the transferability of the obtained parameters to the full-scae
Stuation is uncertain for different reasons, as explained below. Findly, as mentioned above dl parameters
can in principle be determined based on the modd done without additiond supporting information.

Table 9. Discusson on relevant information sources for kinetic and stoichiometric parameters. A bracket
around X indicates that alab-scae experiment is possible for determination but the transferability of
the obtained parameters to the full-scale Stuation is uncertain due to different reasons (see text for

further explanation)
Dependency Relevant information source
Sludge/biomass | Plant operation Lab-scale Full-scale data Modd
experiment | Mass balances calibration
MimaxH X X X
Mhaxa X X X
Ks, Kno X X X) (X) X
K X X X) X) X
K OH» K OA X X (X) (X) X
by,ba X X X
Yy X (X) X
Ya X X) X
K X X
Kx X X
hg X X X X
hy, X X
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The maximum specific heterotrophic growth rate, Myaxu

The observed actud specific growth rate in the full-scae system, M., depends on the dudge age and
therefore depends both on the actual wastewater and the WWTP operation. If the wastewater contains a
ggnificant amount of biomass, M Will depend primarily on the wastewater, wheress it will depend on
the operation if the biomass is primarily produced within the plant. On the contrary, the maximum specific
growth rate, M+, 1S the maximum possible specific growth rate of the actud dudge, and is only influenced
by the actual kind of bacteria presert. It may be important to distinguish here between myn and the
growth rate, m which is influenced by the mixed liquor substrate concentration. Thus, Miaw IS NOt
depending on the wastewater whereas mis.

This means that the problem of trandferability between the lab-scale and the full-scale observations will not
be sgnificant (conflict a in Fg. 22) if the lab-scale experiment is carried out under conditions that are
comparable to the full-scae system (e.g. with respect to pH, temperature, ratio between substrate and
biomass concentration etc.). In other words, if the lab-scae experiments are performed in a way that
alows measurement of extant parameter vaues, then little or no conflict will arise.

As described earlier, the death regeneration concept in the modd has the effect that the cell mass turnover
rate increases, resulting in a higher growth rate than if a more traditiona concept of endogenous decay was
applied. Thus, this should be taken into account in the interpretetion of lab-scale experiments and in the
trandferability of reaults to the full-scale modd (conflict C in Fig. 22). Smilarly the death regeneration
model concept and the way it influences the maximum specific growth raie may not reflect the full-scae
process completely (conflict B in Fig. 22), but may alow for an adequate description of observations.

Summarisng, the myax IS one of the most relevant parameters to study in lab-scale experiments and can be
consdered to be abiologica parameter, which is only determined by the actual bacteria present (see Table
9).

The maximum specific autotrophic growth rate, Myaxa

Although specific bacterid groups undertake nitrification, they adapt to the actual environment and the
bacterial species can therefore vary. Therefore, the discusson on the maximum specific autotrophic growth
rate Muaxa IS rather smilar to the one of M. Thus, it is possible to determine the vaue of Myxa from lab-
scae experiments, and trandfer the value to the modd of the full-scae system.

Half-saturation coefficients : Ks, Knn, Kno, Koa and Koy

In pure cultures the haf-saturation coefficients can be regarded as pure biologica parameters that give
measures of the affinity of the biomass for substrates. However, in cultures where the bacteria grow in flocs
(as in activated dudge), the floc sze and Structure play a role in the diffuson of subgrate to the cell and
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thereby on the gpparent value of saturation coefficients Especidly in full-scde sysems mixing
characterigtics will further influence the apparent values. Even in lab-scae tests under smpler mixing
characterigtics, mixing may play a role and influence the obtained vaues of the haf-saturation coefficients.
Thus, the different mixing characterigtics of the lab-scae and full-scale system meke it difficult to transfer
the lab-scae observation to the full-scale system (conflict A in Fig. 22). If the floc Sze decreases due to
eg. a more intengve mixing in the amdl batch scae experiments, the obtained coefficients will be smdler
than required to describe the full-scale behaviour (Henze et al, 1998). This makes it difficult to obtain a
modd rdevant vaue of the hdf-saturation coefficients from lab-scde experiments (conflict C in Fig. 22).
The saturation coefficients in ASM1 describing a full-scde stuation may therefore be regarded more as
model parameters with the purpose of preventing unredidticaly high substrate uptake and growth rates.
Thus, the biologicd meaning of the modd half-saturation coefficients is mixed with the hydrauics of the
system (conflict B in Fig. 22). Obvioudy, if avery detailed modd is available to describe the hydraulics of a
system accuratdy, it may be possble to separate the effects of biomass affinity for a subgtrate and the
hydraulic effects from mixing. However, usudly the hydraulic pattern is gpproximated by a smple tanks-in-
series modd that may be sufficient for a mathematica description but not accurate enough for a complete
elimination of hydraulic effects on the biologicd parameters.

Thus, dl hdf-saturation coefficients of the full-scae system will depend on both the WWTP operation
(mixing) and the actud kind of biomass present. The coefficients can be determined by lab-scae
experiments but the values obtained may not be very representative. It may therefore be better to estimate
these parameters from full-scale data, via the operationa rate of COD removal found by mass balances as
function of the operationd range of COD concentrations. The question is of course whether the full-scde
data is informative enough for such determinations. Thus, in practice these values may have to be tuned
during the modd cdlibration.

Decay rate of heterotrophs by and autotrophs ba.

The decay rate in afull-scde WWTPisin principle a characteritic of the actua biomass, and can, smilarly
to the maximum specific growth rate, be consdered as abiological parameter. However, it may be difficult
to obtain a representative vaue of the decay rates of a full-scae system from the lab-scal e tests presented
above (conflict A in Fig. 22), snce decay and growth due to subgtrate inflow (and interna production) take
place smultaneoudy in the full-scae WWTP. On the contrary, decay istypicaly investigated under starving
conditions (endogenous respiration) in lab-scae experiments. Furthermore, the decay rate in the full-scde
plant is typicdly influenced by grazing, i.e. presence of protozoa, which may not be present or may not be
able to survive in the lab-sca e experiment.

In ASM1, the death regeneration concept includes both lyss combined with hydrolyss of released
substrate and, subsequently, growth on this substrate. As discussed earlier, this interaction of different
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processes makes it difficult to determine the decay coefficient related to the desth regeneration concept
(conflict B in Fig. 22). However, according to ASM1 it is possible to transfer the decay rate obtained from
a lab-scde experiment with decreasing endogenous respiration as function of time for determination of the
endogenous decay rate to the death regeneration model concept (via Eg. 23, conflict C in Fig. 22).
Obvioudy, the change in ASM3 to the endogenous respiration decay concept makes it more
sraightforward to determine the decay rate of the modd by alab-experiment.

Conclugvely, it is possble to determine the decay rate via lab-scde experiments, and to convert the
obtained vaue to the death regeneration concept of ASM1, but the value may to some extent have to be
adjusted during the modd calibration procedure.

Maximum heterotrophic and autotrophic vield, Y4 and Ya.

The observed yields in a full-scale WWTP, Y’y and Y’ 4, are depending on the process operation, i.e. the
actud wastewater load and the dudge age. On the other hand, the actua maximum yields (Y and Y,) are
depending on the kind of biomass present. For municipa WWTP sthe parameters Yy, and Y aretypicaly
assumed to be rather condtant, indicating that the biomass character is rather smilar among different
municipd WWTP s. However, it may gill be needed in some cases to determine the biomass yidds. This
can be carried out in lab-scae experiments, but there may be some experimentd difficulties, eg. caused by
the possible influence of storage which may be induced by the conditions in the lab-scae experiment
(Majoneet al., 1999), as earlier described (conflict A in Fig. 22).

In fact the typical maximum heterotrophic yield of 0.67 for municipad wastewater (Henze et al., 1987) is
higher than the yields observed with pure cultures. The reason for this may be thet the mode yield covers
different processes as storage, death regeneration etc. and may thereby be considered more as a model

yield (van Loosdrecht and Henze, 1999) (conflict B and C in Fig. 22). Although the heterotrophic biomass
yield seems to be influenced by the available eectron acceptors (the anoxic yidd is reported to be lower
than the agrobic one, Koike and Hattori, 1975; Orhon et al., 1996; McClintock et al., 1998; Spérandio
et al., 1999), the yield may be more influenced by storage than by the type of electron acceptor.

Hydrolysis rate k, and half-saturation coefficient Ky

Although only limited knowledge is available about hydrolyss, the process is needed in ASM1 to describe
the degradation of dowly biodegradable organic matter originating from the influent COD and from internd
turnover of subgtrate in the deeth regeneration cycle.

As described above attempts have been made to analyse hydrolysis in lab-scale experiments. It may be
possible to compare the red enzymatic hydrolyss as it takes place in |ab-scde with the full-scae hydrolyss
process. However, the red enzymatic hydrolysisis not the same as the hydrolysis process in the modd, as
it might also cover consumption of storage polymers, hydrolys's of decayed biomass (degth regeneration),
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protozoan activity etc. (conflict B and C in Fig. 22) (van Loosdrecht and Henze, 1999). Thus, it remains
problematic to design an experiment that is representative for both the model concept and the hydrolyss
process as it takes place in full-scale. If thisis compared to the determination of e.g. the maximum specific
growth rate, we note that this parameter so covers many details but <till only describes one process, i.e.
growth.

Conclusively, the red hydrolysis process is probably determined by the actua biomass that produces the
enzymes, but for the modd cdlibration of ASM1 it does not seem relevant to attempt to characterise this
process in lab-scale tests. Hence, the hydrolysis as it is described in ASM1 should be consdered as a
model process that has to be adjusted during the model caibration procedure. It should be remembered
that the definition of hydrolyss has changed in ASM3 and is closer to the red biologica hydrolyss. Thus, a
characterisation of the hydrolyss parameters from alab-scale experiment will be more relevant for ASM3.
The problem remains, however, to desgn a good experiment for characterisng the red biologicd
hydrolyss.

Correction factors for denitrification h, and hy,

The correction factors for denitrification can be found via a combination of respirometric and nitrate
utilisation rate experiments for the determination of the growth and hydrolysis process, athough some
problems may be encountered in the case where the aerobic and anoxic yields can not be consdered
equa. It was aso referred above that the correction factors can be determined based on some generd

mass baances of the full-scae system (Henze, 1986). Both correction factors will depend on the actual

biomass character. However, no particular corflicts, as indicated in Fig. 22, are apparent concerning the
correction factor for growth, hg. Determination of the correction factor for hydrolysis will suffer from the
same problems as indicated above for the hydrolysisitsdf, and may therefore also be considered moreasa
mode parameter.

4.4.2. Relevant kinetic and stoichiometric parameters for lab-scale
characterisation

In the discussion on the relevance of characterisation of the stoichiometric and kinetic parameters of ASM 1
via lab-scale experiments, one fas to remember that none of the ASM model processes are pure or
microbiologicaly correct. They are dl bulk processes to some extent. It has clearly been illustrated above
that experiments oriented in identifying mechaniams introduced in the modd might essly lead to conflict
with the actua modd coefficients (van Loosdrecht and Henze, 1999). Thus, dthough possble, it may not
aways be rdlevant to retrieve the model parameters from lab-sca e tests.

Above the discussion was taken on these conflicts between lab- and full-scale observations and the links to
the modd processes. Table 9 summarised the dependency of the parameters on the biomass and WWTP
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operation, and it was attempted to indicate the most relevant information source based on these
discussons. Notice the difference to Table 8 that listed how the different parameters could be estimated
from lab-scade tests, whereas Table 9 indicates whether this is relevant or not, consdering that the
parameter should correspond reasonably well both with the full-scale behaviour, i.e. extant parameters are
sought, and the model concepts.

From Table 9 it is deduced that it may be reevant to determine the following list of stoichiometric and
kinetic parameters from lab-scae experiments. It is not judged whether it is dways needed to characterise
these parameters since that will depend on the purpose of the model calibration. For the same reason it is
not attempted to make an indicative order of parameter importance.

MhaxH
Mhaxa
hg

A
b
(Y
(Ya)

Theyidds are incdluded in the list, knowing thet they are not easy to determine in lab-scale tests and that
they are usudly assumed to be rather congtant. However, it should aso be redised that the yied
coefficients have an important influence on nearly al the processes (see Table 6), and therefore it would be
rather relevant to have a more accurate determination of these.

The remaining parameters can be determined via ether full-scale data or directly viathe mode cadibration,
as indicated in Table 9. It is mportant to notice that the above parameter ligt is significantly reduced
compared to the list of parameters retrieved from experiments based on Table 8, basicdly due to the fact
that the half-saturation coefficients and hydrolyss parameters are left out.

4.4.3. Relevant wastewater components for lab-scale characterisation

Only the dde of the triangle dedling with the conflict between lab-scale observations and model concepts
(conflict C) outlined in Fig. 22 is relevant when it comes to characterisation of wastewater components.
Also, the discusson summarised in Table 9 is not rdlevant here, Snce the wastewater components are
neither depending on the biomass or the WWTP operation. Therefore, the discussion on wastewater
components is less extendve here (see a0 the earlier discusson and summary of wastewater
characterisation methods) and is not divided according to the different components.
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As discussed above in the review of wastewater characterisation a conflict may indeed exist between the
need for quantification of some of the ASM1 wastewater components and what is practicaly obtainable
from lab-scae experiments. The origin of this problem mainly laysin the way the components are defined in
ASM1. The death regeneration cycle and the hydrolysis processes of ASM1 are model processesthat are
not directly measurable in lab-scae experiments, as discussed above. Thus, the dowly biodegradable
subgtrate and inert particulate matter components, Xs and X, respectively, that are related to these
processes may ten aso be regarded as modd components that should rather be quantified during the
modd cdlibration exercise than through dedicated experiments. Indeed, it was proposed by Henze et al.
(1995) to estimate X, in the influent via the complete mode during the cdlibration of the dudge baance and,
subsequently, estimate Xs from the difference between totad COD and the other COD components, as
discussed earlier. A determination of the heterotrophic biomass (Xgn) in the wastewater is possible vialab-
scale experiments, as described above. However, in most cases the Xgy present in wastewater is not of
great importance, since the growth rates are so high that washout of Xy hever occursin practice. Thus, an
incluson of X in the Xs component does not affect the moddling sgnificantly, dthough it will affect the
vaue of the heterotrophic yield coefficient (a dightly smdler yidd may need to be chosen) (Henze et al.,
1998). On the contrary, the presence of autotrophic biomass (Xga) in the wastewater may be of
importance to prevent wash out of the nitrifiers. The concentration of Xg can in principle be determined
via lab-scale experiments, but in practice the procedure may not be straightforward and Xga may rather be
adjusted during the model cdibration.

In generd there is no need for a detailed characterisation of the nitrogen components since the main part of
nitrogen in wastewater is ammonium without any coupling to the organic metter (Henze et al., 1998). An
exception to this may, however, exig for some industria wastewater. Thus, the wastewater components
relevant to be characterised separately via lab-scae experiments are listed below. Again, an indicative
order of importance is not aimed for, since thiswill depend on the actua case.

S

Ss

S

(Swo, Xnp)

The rlevance of determining the inert soluble matter (S) islinked to the determination of the soluble readily
biodegradable substrate (Ss) since S may be needed for the mass balance of soluble COD.

5. Biological experimental constraints

In the previous section wastewater components, stoichiometric and kinetic parameters were listed that are
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most relevant to be determined in lab-scae experiment were listed. This list was compiled on the basis of
consderations that the component or parameter resulting from the lab-scae experiment should be reevant
to full-scale behaviour and fit within the mode concepts.

Here we will further zoom in on the problem of transferability between lab-scae results and full-scale
behaviour. As discussed above care should be taken in the transfer of results derived from lab-scae
experiments to a modd of the full-scae sysem. Summarising, the reason for problems with transferability
are on the one hand differences in biologica experimenta conditions between lab-scde and full-scae
experiments (conflict A in Fig. 22) and, on the other hand, differences in the models used (conflict Cin Fig.
22).

At the experimentd level the lab-scae behaviour may not equd the full-scale behaviour due to, for
ingtance, differences in feeding pattern resulting in other concentration profiles, differencesin environmental
conditions such as pH, temperature or mixing behaviour, or differences in dudge higtory. One of the most
discussed biologica experimenta factors is the ratio between initid subsirate concentration (So) and the
initid biomass concentration (Xo). This S(0)/X(0) ratio is consdered to be one of the important factors
determining (1) the response of the dudge with a certain wastewater or substrate and (2) whether the
experimenta response is sufficiently informative for adequate interpretation. The firgt point is of a more
basic nature since it has been observed that the S(0)/X(0) ratio directly influences the behaviour of the
dudge, leading to different characteristics (Chudoba et al., 1992; Grady et al., 1996, Pollard et al.,
1998). The second point is more related to the practica identifiability of model parameters, i.e. it affectsthe
quality of the experimenta data (Spanjers and Vanrolleghem, 1995; Spérandio and Paul, 2000). For
ingance, if S(0)/X(0) is very high the measured response (e.g. the respiration rate) may be too smal and
the experiment may take too long. On the other hand, if S(0)/X(0) is very low the respirometric response
may be too short for a reliable measurement, or it may be swamped into the endogenous respiration rete.
Below, specid attention is pad to the first point, where the S(0)/X(0) problem will be discussed in more
detail.

At the modelling levd the results from |ab-scae experiments may be described with amode different from
the modd used to describe the full-scae behaviour. Although not obvious & first sght, the use of asmple
model for interpretation of the lab-scae daa increases caculation speeds sgnificantly, resulting in, for
ingance, a faster and more sraightforward parameter estimation. Problems arise when the modd uses
different concepts that may not alow to transfer the estimated parameters from one modd to the other, e.g.
the deeth regeneration versus endogenous respiration concept (Y uan and Stenstrom, 1996).

5.1. Transferability between model concepts: an example

In ASM1 the death regeneration concept is applied, whereas the model to describe the lab-scae results
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may only include the degradation of subgirates, i.e. decay and death regeneration are omitted, because they
are conddered inggnificant in relation to the time scale used in the experiment (Spanjers and Vanrolleghem,
1995). In ASM1 oxygen is consumed for growth on incoming substrate plus growth on substrate produced
due to degth regeneration, whereas in a lab-scae modd one may only consider that oxygen is consumed
for growth on incoming substrate. Thisisillugtrated in Fig. 23.
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Figure 23. lllugtration of difference in interpretation of substrate uptake rate in lab-scale (endogenous
respiration) mode versus ASM1 (desth regeneration)

In Fig. 23 the line illusirates subgtrate uptake rate rs as function of time and the values & the |eft hand side
of the yaxes indicate the corresponding substrate concentrations Ss. The left figure illustrates how the
subgtrate uptake rate is interpreted in the lab-scae (batch) experiments whereas the right figure gives the
ASM1 interpretation. In both cases the tota oxygen consumption rate is the same, but it is interpreted
differently in the lab and full-scde modd. In the lab-scae modd oxygen is consumed to degrade the
incoming substrate and the substrate concentration will eventualy go to zero. Apart from oxygen for
substrate degradation (ro ), OXygen is aso used for endogenous respiration (fo eng). IN ASM1 substrate
will adso be degraded. However the concentration will not reach zero since there will be some production
of subgtrate from the desth regeneration process. Thus, according to the ASM1 model concept oxygen will
be consumed for degradation of both the incoming substrate and the produced subgtrate. In Fig. 23 it is
assumed for clarity that the concentration of the produced subdrate is 10 mg CODJ/I. This dightly higher
Subdrate availability in ASM1 means that the contribution of the observed total © to degradation of
incoming subdrate is lower in ASM1 than in the lab-scde modd. As a consequence the estimated
maximum growth rate, which is proportiond to the maximum ro, will be lower in the batch sysem. Thisis
illustrated with the size of the double arrow at the right hand sde of both graphsin Fig. 23. Also, the vdue
of the haf-saturation coefficient Ks will be underestimated in the batch model compared to ASM1. In the
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batch mode thisisillusrated by a Ks vaue of 50 whereas it may be 55in ASM1.

As discussed earlier, it is possible to derive andytical transformations between both mode concepts for the
decay and growth rates, the yield and the fraction of inerts produced (Henze et al., 1987). However, a
transformation for Ks is more complicated.

5.2. Review and discussion of S(0)/X(0) ratio

Depending on the experimenta conditions the organic substrate (COD) uptake rate in both lab- and full-
scae may consgt of different responses. Thisisillugtrated in Fig. 24.

"" Organism 4

Organism 3
NN Organism 2

Organisml
1 3\, 4 5

I?j/g%y Maintenance Growth Storage  Spilling
“a A

increase of cell size  Cell division

Figure 24. Different flows of externd COD in the organisms

In the concept presented in that figure COD is produced from decay (flow 1). Maintenance (flow 2) is
defined as the externd subdtrate requirements to maintain the organisms in teir current state. Note the
difference here to endogenous respiration, which can be defined as the respiration in absence of externa

substrate (for a detailed review see van Loosdrecht and Henze, 1999). However, here it is assumed that
externa subgtrate is present. Growth (flow 3) isdivided in two; (i) increase in biomass due to production of
cdll condituents (e.g. proteins etc.) but without cdll multiplication, (i) increase in biomass caused by cdll

multiplication. Storage (flow 4) is defined as the accumulation of polymers, eg. poly-hydroxy-akanoates
and glycogen. Energy spilling (flow 5) (Zeng et al., 1995) is defined as substrate waste that may take place
when the organisms are exposed to very high substrate concentrations. In such cases the organisms may
not be able to regul ate the catabolism rate to the needs for anabolism, resulting in inefficient use of subdtrate
and possible excretion of metabolites. Fig. 24 illugtrates the possble COD flows in the single organisms.
Depending on the experimenta conditions one of the flows may dominate in a Sngle organism (Fg. 24).
The same experimentad conditions dso provoke a particular distribution of COD over the different
organisms. Competition may eventudly lead to a shift in the population (Novak et al., 1994).

As mentioned above the S(0)/X(0) ratio is consdered to be one of the determining factors for the way the
organisms respond in a system. However, even though the importance of this ratio has been recognised,
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only few references that dedl with the subject in more detail can be found (Chudoba et al., 1992; Novak
et al. 1994; Zeng et al., 1995; Grady et al., 1996; Liu, 1996). They al deal with the subject from amore
theoretica point of view without much experimenta support, and there is il alack of both quditative and
especidly quantitative explanation of the exact role of the S(0)/X(0) ratio. The discussion on the effect of
S(0)/X(0) can be consdered from areaction stoichiometry or reaction kinetic point of view.

Effect of S(0)/X(0) on stoichiometry

Both Chudoba et al. (1992) and Liu (1996) explain the importance of the S0)/X(0) ratio from a
thermodynamic point of view based on the observations that the observed yidd (Y’y) decreased with
increasing S(0)/X(0) ratio (Fig. 25).

In the work of Chudoba et al. (1992) substrate (COD) profiles versus time were measured. Here it was
assumed that autocataytic growth would cause subgtrate uptake a an increasing rate whereas substrate
uptake at a congtant rate was assumed to be an indirect evidence of storage. It was hyphotesised that at
low S(0)/X(0) ratio the main response is storage (flow 4 in Fig. 24) since the energy leve in the cdl will be
too low to trigger cell multiplication, resulting in less substrate being oxidised (Daigger and Grady, 1982)
and thereby a higher Y’y. At high S0)/X(0) ratios on the contrary, the growth response where cell

multiplication (flow 3 in Fig. 24) is dominating results in lower observed yidds (Chudoba et al., 1992).
However, the lower Y’y a higher S(0)/X(0) ratios may as well be explained by less energy being required
for growth without associated cdll multiplication (flow 3) and without the involvement of storage (flow 4). A
second possible explanation of the data of Chudoba et al. (1992) is that the contribution of endogenous
respiration to the total amount of oxygen consumed is higher at high S(0)/X(0) ratio. This could aso result
in lower Y’y, snce the experiments at high S(0)/X(0) ratios take longer time and therefore the amount of
decayed biomass (flow 1) is higher.

Stll, adifferent explanation of the decreasing observed yidd with increasing S(0)/X(0) is found in the work
of Liu (1996), who presented an attempt to quantify the importance of S(0)/X(0). Here the decrease in
Y’y isexplaned by an increasein energy spilling (flow 5) with increasing S(0)/X(0) (Liu, 1996). However,
the problem in verifying this gpproach isto define a which S(0)/X(0) energy spilling will start to take place.
In the study of Liu (1996) the rétio is assumed to be 1. The proposed mode was tested on literature data,
but the S(0)/X(0) ratios of al the literature data used in the study were higher than 1, making the evidence
for the modd incomplete. 1t should be noted that none of these studies attempted to explain the observed
behaviour with amore complex modd, such as ASM 1.
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Figure 25. Literature data of Yobs as function of S(0)/X(0) ratio: A: Rao and Gaudy, 1966; B: Chudaoba,
1969; C: Chang et al., 1993; D: Chudobaet al., 1991. Data digitised from Liu (1996)

Effect of S(0)/X(0) on kinetics

Ancther way of looking a the influence of §0)/X(0) is from a kinetic point of view focusng on the
physiologicd, i.e. enzymatic, state and adaptation. In order to describe these phenomena, the concept of
the machinery necessary for protein synthesis (PSS) has been introduced (Grady et al., 1996). This should
bascdly be understood as follows. If the organisms are adgpted to grow under substrate limited
conditions, its PSS will not be sufficient to quickly incresse the growth rate if the subdrate limitetion is
removed. Thus, the PSS and eventudly the specific growth rate will gradudly increase during time, until the
maximum possible vaue according to the new conditions, i.e. physical adaptation has taken place. It has
been stated that the synthesis of storage polymers requires less physiologica adaptation than the growth
response (Daigger and Grady, 1982). Thus, this would mean that if a subdtrate limitation is removed, as
described above, a storage response may be triggered as afast response and as an dternative mechanism
when the growth response istoo dow.

A smple example of physologicd adaptation is illustrated in Fig. 26 where three pulses of acetate were
added consecutively to a dudge sample (Vanrolleghem et al., 1998). Each of the three responses is
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characterised by a fast start-up of about two minutes. These two minutes are assumed to be the time
needed by a cdl to take up fresh subsirate and oxidise it (Vanrolleghem et al., 1998). In the first two
responses a more gradua increase of 1o is observed for about 10 minutes, presumably due to an incressed
converson capacity (e.g. enzyme activation or synthess). In the third response (after 40 minutes) this
cagpacity has become conditutive. Starvation of the culture for one night turned the capacity down (the
organisms “forgot”) and a smilar behaviour could be observed when acetate was added again (results not
shown).
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Figure 26. rq  profiles obtained by addition of acetate to an activated dudge sample (Vanrolleghem et
al., 1998)

In both Chudoba et al. (1992) and Liu (1996) the applied S(0)/X(0) retios are very high (above 1),
whereas in the example of Fig. 26 the S(0)/X(0) ratio was very low (below 1/20). It is commonly assumed
that it is necessary to work under low S(0)/X(0) ratios (Chudoba et al., 1992; Novak et al., 1994,
Spanjers and Vanrolleghem, 1995; Grady et al., 1996). Indeed, if the S(0)/X(0) ratio is high this may
result in a change of maximum specific growth and substrate removal rate due to physiological adaptation,
which eventudly may result in changes of the proportions among dow-growers and fast-growers leading to
population shifts (Nov&k et al., 1994). The kinetics measured under such conditions will more represent
the ultimate capabilities of the organisms (intringc kinetics), wheress kinetics measured in experiments
performed under low S(0)/X(0) ratio may be more representative of the physiological state of the cells
prior to the experiments (extant kinetics) (Grady et al., 1996). In the example of Kappeer and Gujer
(1992) a very high S(0)/X(0) ratio was applied resulting in an overestimation of the growth rates, due to a
shift in biomass compodtion towards fast-growers. In addition, population shifts will aso take place if the
subgtrate source is changed.

Discussion on S(0)/X(0) ratio

Asillusgtrated above the discussion on the effect of the S(0)/X(0) ratio is looked a from many angles and it
seems difficult to draw a coherent picture. However, ingead of focusing on a threshold vaue for the
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S0)/X(0) retio it may be more rlevant to consder the following factors in the discussion of what kind of
response can be expected in alab-scale experiment:

1. DS how big is the change of subdgirate concentration in the lab-scale system compared to the full-scale
sysem, i.e. to what extent are organiams subjected to a drastic change in their environmenta
conditions.

2. Time for how long is DS maintained, i.e. what is the time frame of the experiments.
3. Higtory: how grong isthe higtory of the dudge, e.g. Starvation periods prior to the experiment

These three factors should be understood as follows. If DS is low and the experiment is performed over
short-term, the risk for changing the response of the dudge compared to the full-scale system is probably
low and extant parameters can be obtained. If DSishigh and thetimeis short the risk for excess subdtrate
uptake not resulting in immediate growth increases (maybe induction of storage or spilling). Findly, if DSis
high and the experiment is performed over long-term the risk for physiologica adaptation due to enzymatic
changes isincreasing, eventudly leading to a population shift. The specific growth rate may increase during
the experiment resulting in an increase in growth response and a decrease in  excess substrate uptake
responsg, i.e. the initid stress reaction such as storage or energy spilling will decrease as the organisms get
adapted to the new environment. Thus, somehow a compromise between DS and time is needed.

Furthermore, the history of the dudge will play a role in the experimenta designs, snce for example
darvation periods prior to the experiment will result in an initid dower response of the dudge. It is
however, not redly clear if for example starvation periods can lead to aninitid different response.

The above discussion on S(0)/X(0) focused on heterotrophic organisms and their response to a carbon
substrate. However, the discussion can easily be extended to autotrophic organisms where the subgtrate is
ammonium. In this case atoo high DS may result in inhibition of the nitrification process. However, the risk
for a population shift may be lower ance the nitrifying group of organismsis supposed to be rather uniform
in character. Still, adaptations to new environments will take place and the bacteria species can vary.

The problem of choosing an appropriate S(0)/X(0) vaue will be addressed further in chapter 7.

6. Summary

In this extensive review numerous aspects of activated dudge model calibration have been touched upon.
As an introduction the industry-standard Activated Sludge Model No. 1 was introduced to set the scene
and it was compared to the more recent update ASM 3. The wastewater and dudge fractions considered in
these models were described and the processes taking place among them were given. All these items are
focused upon when cdibrating such modd.

In a next section an overview was given on the descriptions of calibration procedures that were found in
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literature. Surprisngly, it is not possble to find a Sngle paper where a comprehensive overview is given.
The information is only available as “bits and pieces’ and is scattered in a vast amount of literature. The
information sets that are typicaly required were presented and a 10-step cdibration procedure was
proposed.

The multitude of methods for modd cdibration was sructured dong three lines. (1) wastewater
characterisation, (2) dudge composition analysis and (3) stoichiometric and kinetic parameters.

The wastewater characterisation is typically done ether by physica-chemica or biologica characterisation
methods. Whereas the former appear the easiest to apply, even in routine lab andlyss, their results are not
directly related to the modd concepts and, moreover, the results need to be augmented with specific
characteristics obtained from biologica characterisation methods. Among these biological methods
attention was particularly given to the respirometric tests as they form the core technique, but nitrate
utilisation tests and the upcoming titrimetric tests were presented as well. For the extraction of the model-
related information, either direct or mode-based andyss is needed. Whereas the former is redly smple,
the latter dlows extracting multiple characteristics from a single experiment.

For the dudge compogtion andyss, manly in-out mass baancing methods are being used. The estimation
of soichiometric and kinetic parameters is typicdly based on dedicated batch experiments usng
respirometers. Specia  attention was drawn to the smultaneous estimation of parameters from well-
designed single experiments. Especidly for this, mode-based andysisis required. It is also noteworthy that
these more complex approaches not only lead to stoichiometric and kinetic parameter estimates, but
typicaly dso lead to estimates on wastewater composition.

In the last section of this review attention was focused upon the problem of transferring the results of the
specific tests to a modd apt to describe the full-scale behaviour. It was indeed argued thet quite some
esimation results give a near-perfect description of what happened in the batch test. However this result
could not be gpplied in the practicd Stuation because, for ingtance, the insufficiently modeled mixing
characteristics have to be lumped into the biologicd parameters of the full-scde modd. Stll, it was
attempted to point towards the parameters whose vaues can most likely be assessed redligticaly from lab-
scale tests and transferred to the full-scale modd.

All in dl, this review has led to the belief that a consderable potentia exigts for efficient characterisation of
Activated Sludge Modds, provided that precautions are taken with respect to congdraining the
experimental conditions. The further work of this thesis is entirdy devoted to this question. The thess
focuses on the design of optima experiments that not only lead to high-information content data sets with
good identifigbility properties, but that aso take into account the biologicd condraints to guarantee
transferability of cdibration results to the full-scale model.
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Chapter 3

Activated sludge monitoring with combined
respirometric - titrimetric measurements

Parts of this chapter were presented as:

Petersen B., Gernagy K. and Vanrolleghem P.A. (1999) Moddlling of activated dudge process kinetics
using a combination of hybrid respirometric and titrimetric data. In: Proceedings 9th European Congress on
Biotechnology. Brussels, Belgium, July 11-15 1999.

The main part of this chapter was published as.
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Chapter 3

Activated sludge monitoring with combined
respirometric-titrimetric measurements

Abgract - A short review of different respirometric methods is presented, and advantages and
disadvantages of different principles are discussed. In this study a combined respirometric — titrimetric set-
up was gpplied to monitor degradation processes during batch experiments with activated dudge. The
respirometer consists of an open aerated vessdl and a closed non-aerated respiration chamber. It is
operated with two oxygen probes resulting in two sources of information on the oxygen uptake rate, both
collected at a high frequency. The respirometer is combined with atitrimetric unit that keeps the pH of the
activated dudge sample a a congtant va ue through addition of acid and/or base. The cumulative amount of
added acid and base serves as a complementary information source on the degradation processes.

Interpretation of respirometric data resulting from validation experiments (additions of acetete and urea as
ammonium source) showed that the st-up provided reliable data. Data interpretation was approached in
two ways. (1) via a basic caculation procedure, in which the oxygen uptake rates were obtained by an

oxygen mass balance over the respiration chamber, and (2) via a mode-based procedure in which
subgtrate trangport was included for a more accurate data interpretation. Simulation examples showed that
the presence of subdtrate transport in the model may be crucid for a correct data interpretation, since
experimenta conditions (e.g. low flow rate) and/or the biodegradation kinetic parameters (e.g. high Ks)
may otherwise lead to data interpretation errors. Earlier studies dready pointed out that titrimetric data can
be related to nitrification, and this was aso confirmed in this study. However, in addition, it was shown here
for experimerts with acetate that the amount of acid dosed was clearly related to the amount of acetate
degraded. This indicates that titrimetric data can be used to study carbon source degradation. For the
titrimetric data in this study, a model-based analysis was however only gpplied for the nitrification process.
For an experiment with ammonium, it was illustrated that estimation of biodegradetion kinetics on a
combined respirometric-titrimetric data set sgnificantly improves confidence intervas of the parameters
compared to parameter estimation based on respirometric or titrimetric data separately.

1. Introduction

In the following respirometric techniques are reviewed. The advantages and disadvantages of different
respirometric approaches are discussed with respect to ther applicability for wastewater and dudge
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kinetics characterisation. In addition recent gpplications of a titrimetric measuring principle for activated
dudge is presented shortly.

1.1. Respirometry

Respirometry is the measurement and interpretation of the respiration rate of activated dudge, and is
defined as the amount of oxygen per unit of volume and time that is consumed by the microorganisms in
activated dudge. It is a frequently used tool for the characterisation of wastewater and activated dudge
Kinetics. The resulting data can for example be applied in the frame of modelling and control of the aerobic
parts of the activated dudge process (Henze et al., 1987; Spanjers et al., 1998; Vanrolleghem et al.,
1999). Severd respirometric principles were developed in the past, and one can classfy them into a
number of basc measurement principles depending on two criterias 1) The phase where oxygen is
measured (gas or liquid), and 2) The flow regime of both gas and liquid phase, which can be ether flowing
or static (Spanjerset al., 1998). Fig. 1 shows a schematic representation of a respirometer.

Gas —

Liquid }—>

Figure 1. Schematic representation of arespirometer (Spanjerset al., 1998)

For most practicd applications oxygen measurements are performed in the liquid phase. Hence,
respirometric methods described in the sequel of this introduction will be limited to respirometers where
oxygen is measured in the liquid phase using a dissolved oxygen dectrode. The respiration rate is caculated
by making a generd mass baance for oxygen over the liquid phase (Eq. 1). The equation includes, in that
order, a transport term, an aeration term and a term describing the oxygen uptake rate (ro) by the
microorganisms. However, depending on the design of the respirometer the transport and aeration term
may not be needed aswill be illustrated below.

dSO —_ Qin

dt v (SO,in - So) +KLa(Sg - So)' o (1)

1.1.1. Static gas - static liquid

A datic gas - datic liquid respirometer is typicaly operated by monitoring the decline in dissolved oxygen
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concentration S with time in aclosed vessd after a short aerated phase (Vernimmen et al., 1967; Cech et
al., 1984; Kappeler and Gujer, 1992; Kristensen et al., 1992; Kroiss et al., 1992; Drtil et al., 1993;
Ubay Cokgor et al., 1998). In this type of respirometer the mass balance of Eq. 1 becomes very smple
because the transport and aeration term can be omitted, resulting in Eq. 2.

ds,
dt

A completely closed respiration chamber with no headspace is needed because no aeration of the activated
dudge sample (e.g. through surface aeration or air bubbles in the liquid phase) may take place during the

=-To (2)

experiment. In case an open respiration chamber is used surface aeration may influence the measured deta,
and in that case Eq. 3 (see below) applies for a correct data interpretation. However, the contribution of
the surface agration is typicaly neglected (Farkas, 1969; Takamatsu et al., 1981; Randal et al., 1991).
Alternatively one can try to limit the oxygen transfer through the liquid-air interface of the open vessd, for
example by covering the surface with smdl plagtic bals (Wentzd et al., 1995), or through use of a narrow
respiration chamber that has about the same diameter as the dissolved oxygen dectrode (Gernaey et al.,
1997h).

Because of the absence of aeration, and thereby danger of oxygen limitation, gpplication of this type of
respirometer is limited, especidly for the determination of dudge kinetics and wastewater characteristics.
Typicaly, experiments with these sat-ups are carried out with high subgirate concentrations and low
biomass concentrations (high /X, ratio) to avoid limitation of oxygen. However, the dudge behaviour
when subjected to a very high S/Xo ratio may not be representative for the full-scae system (Novak et
al., 1994). Furthermore, experiments with high So/Xo ratio will mog often only alow a determination of
maximum growth rate and not of the hdf-saturation substrate concentration Ks) since the substrate
concentration may never drop to vaues near the vadue of Ks. Alterndively, oxygen limitation can be
avoided by a regular reaeration of the sample (Suschka and Ferreira, 1986; Watts and Garber, 1993).
This will dlow higher dudge concentrations and thereby more redistic S/Xo ratios. Another way to solve
the oxygen limitation problem is to oversaturate the activated dudge sample with pure oxygen or increased
ar pressure and in that way achieve a higher initid S concentration (Ellis et al., 1996). The disadvantage
may however be that the microorganisms are exposed to S levels different from their naturd environment.
A closed respiration vessd is dso very important in this case to avoid transfer of oxygen from the
oversaturated liquid phase to the gas phase. It should be added here that the respirometric methodology of
Hliset al. (1996) is not based on Eq. 2. In their gpproach the cumulative oxygen consumption (expressed
in mg/l as function of time) is cdculated as the difference between the initid and actud oxygen
concentration. Findly, gatic gas - datic liquid respirometers have been developed where the activated
dudge in the closed vessd is replaced when the Sy concentration drops below a certain minimum, or when
the retention time in the vessd exceeds a preset maximum (Dircks et al., 1999).
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The ro sampling frequency is often rather low in these different kinds of datic gas — ddic liquid
respirometers since one will typicaly obtain one © vaue per agration — measurement cycle. A low b
sampling frequency is a disadvantage especidly when the data are to be used to estimate activated dudge
kinetic parameters (Vanrolleghem and Spanjers, 1998).

1.1.2. Flowing gas - static liquid

Flowing gas - datic liquid respirometers are continuoudy aerated and have the advantage that higher dudge
concentrations can be used, because there is a continuous input of oxygen to avoid oxygen limitation (Blok,
1974; Farkas, 1981; Ros et al., 1988; Vanrolleghem et al., 1990, 1994). A higher dudge concentration
will typicaly alow a shortening of the experiment. The transport term of Eq. 1 is not needed and the mass
baance over the liquid phase becomes:

o KA ) ®

It should be noted that the oxygen dynamics might not be visible in case the oxygen transfer coefficient K a
is too high. Moreover, too high aeration intensty may increase the risk of measurement noise. It is thus
important to optimise the aeration in the respirometer in such away that ardiable ro vaue can be obtained.
In generd, the oxygen uptake rate (ro) may be considered to consist of two components (Spanjers, 1993):
The exogenous oxygen uptake rate (roe), Which is the immediate oxygen uptake needed to degrade a
subgtrate, and the endogenous oxygen uptake rate (froeng). The roex IS zero when no substrate is present,
and in that case the oxygen concentration in the flowing gas — static liquid respirometer reaches a steady-
state concentration S ¢ representing the equilibrium between oxygen transfer and endogenous respiration.
Therefore, EQ. 3 can be transformed into Eq. 4 (Vanrolleghem et al., 1994), under the assumption that
I'o.end IS CONStaNt, which is a reasonable assumption for short-term experiments.

das
dto =K La(SO,eq - SO) - rO,ex (4)

By applying EQg. 4 attention can be focused on the substrate degradation induced respiration (roe) only. A
flowing gas - Satic liquid respirometer allows to record ro data with a higher frequency compared to most
datic gas — Satic liquid respirometers (e.g. one measurement every 10 sasin Vanrolleghem et al., 1994).
According to Eq. 4, 1o Can be caculated from S data measured during substrate degradation when the
values of dSo/dt, S ¢q and K a are known. The factor dSo/dt is the dope of the S curve, and istypicaly
obtained by a moving data window regresson on the & data. The & ¢ can be obtained easily from the
respirogram as the & concentration measured during the endogenous respiration phase. In the examplein
Fig. 2, Soe cCOrresponds to the S concentration measured a t = 70 min. For the oxygen transfer
coefficient K_a several methods can be used to obtain its vaue (ASCE, 1996). The K acan for example
be obtained from a separate reaeration experiment with dudge in endogenous state (Bandyopadhyay et al.,
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1967). Alternatively, the K a value can be estimated from a reaeration curve obtained after addition of a
known readily biodegradable subgtrate to an activated dudge sample (Vanrolleghem, 1994), as illustrated
in Fig. 2. This K a estimation method requires the assumption that the degradation of the added known
reedily biodegradable subdtrate is completed at a certain point in time, and that ro is congtant during the
reaeration phase. The & curve in Fig. 2 congdts of two parts. 1) S vaues are decreasing, and both
substrate degradation and aeration influence the S, concentration; 2) S values increase due to aeration of
the activated dudge. The bending point in the upward part of the S curve is subsequently determined as
the point where d’So/dt? changes sgn (after 23 min. in Fig. 2). From this point on K. a vaues are
cdculated by applying Eq. 4 a each time indant, assuming that Ih IS zero. Thus, when the K avdue
caculated this way becomes condtant (judged by a Satidticd test) this is seen as an indication that the
regeration is the only process that takes place. In Fg. 2 this assumption is vaid from the very first point
after the bending point, and this estimated K, avaue is used in the further calculaions. The increased noise
on the estimated K _a vaues a the end of the respirogram is mainly because S approaches the vaue of
So,eq, EVeNtuUaly resulting in unrediable K a estimates.
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Figure 2. Illugtration of the K_a determination principle for aflowing gas- dtatic liquid respirometer
following the addition of areadily biodegradable substrateat t = 0

The K a vaue obtained this way is subgtituted in Eqg. 4 to cdculate 1o for other experiments in which
unknown substrates are added to the activated dudge sample in the respirometer. This approach may
however give practicd problems. An addition of an unknown substrate (e.g. a complex wastewater
containing surfactants) or a change in the liquid volume in the sensor (eg. by adding a large volume of
wastewater sample) can result in K achanges that will not be taken into account during the ro caculations.
Findly, the question remains if the assumption of constant K_a aso holds while the degradation of complex
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wastewater samples is ongoing. Research is currently going on to investigate the problems concerning the
assumptions behind this K a estimation method.

1.1.3. Static gas - flowing liquid

In static gas - flowing liquid respirometers the S, concentration a both the inlet and the outlet of a closed
respiration chamber is measured (Spanjers, 1993). Aerated dudge is pumped continuoudy through the
respiration chamber. The 1o is caculated by making an oxygen mass balance over the respiration chamber
using the inlet (Sn) and outlet (So) dissolved oxygen concentration and the resdence time (V/Qiy) inthe
chamber (Eq. 5).

CISO — Qin

o Vv
Knowledge of K a is not necessary, which gives this type of respirometer an advantage in the study of
more complex substrates such as wastewater for which K a estimation may be problematic. The residence

(So,in - So) - Io (5)

time (V/Qin) is assumed to be known in this gpproach, and should be properly chosen to avoid oxygen
limitation in the respiration chamber. A disadvantage is thet ardatively smdl difference (S, — So) must be
cdculated from the Sgnds of two different dissolved oxygen probes, indicating that drift of the electrodes
may CaliSe erroneous ro data. To dedl with this, the S concentrations in inlet and outlet of the respiration
chamber are measured by the same dissolved oxygen probe in the static gas - flowing liquid respirometer
of Spanjers (1993). This was achieved by regular switching of the flow direction in the repiration vessd

(e.g. once every minute). However, the frequent flow direction switch means that the response time of the
electrode itself becomes important for the data interpretation (Spanjers and Olsson, 1992). Moreover, it is
the cause of a lower measurement frequency of ro (Vanrolleghem and Spanjers, 1998), typicaly one data
point per minute (Spanjers, 1993). As an dternative to this respirometric principle, where the resdence
time in the respiration chamber is kept constant, Kate (1990) proposed a respirometer in which the flow
rate is varied to maintain a congtant (Soin — Sp) Set-point in order to asses the short term biochemical

oxygen demand (BODy,).

1.1.4. Hybrid respirometer

As a compromise, taking the good and leaving the bad dements of the different existing respirometers, the
theoretica concept of a hybrid respirometric measurement principle was proposed (Vanrolleghem and

Spanjers, 1998). In the hybrid respirometer, the principles of a flowing gas- satic liquid and a gatic gas -
flowing liquid respirometer are combined. The respirometer consists of an open agrated vessd and a
closed non-aerated respiration chamber, and is equipped with two dissolved oxygen probes (Fig. 3).

Sudgeis continuoudy pumped between the aeration vessal and the respiration chamber. The advantages of
the different respirometer principles are combined (Table 1): Use of two dissolved oxygen probes resultsin
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the high ro data collection frequency of the flowing gas - dtatic liquid respirometer. At the sametime ro can
be caculated with a Smilar procedure as the datic gas - flowing liquid respirometer because a mass
balance for oxygen over the closed respiration chamber (Eq. 6) avoids the need to estimate K, avalues. In
addition, a second mass baance for oxygen can be made over the aeration vessel as a second source of ro
data on condition that the K a value can be estimated (Eq. 7).

dS Qin
df[)’2 - V, (So1 - So2) - Tos ©)
dS Qin 0
ot — (So, - Soi) TKLASS - So1) - Toy ()
dt A

Vanrolleghem and Spanjers (1998) proposed different implementations of the hybrid respirometer principle
by changing the pogition of the dissolved oxygen probes in the set-up (Fig. 3). An obvious disadvantage of
the hybrid respirometer is that it involves two dissolved oxygen probes with the risk that the measured S
outputs drift away from each other. However, each of the proposed configurations had different
possibilities for fault detection and respirometer calibration aiming at reducing errors due to pump flow rate
and/or dissolved oxygen probe drift. The “ultimate’ hybrid respirometer has the two dissolved oxygen

probes in the tubes trangporting dudge from aeration vessd to respiration chamber and vice versa (Fig. 3).

L

Figure 3. Scheme of the operation of two different hybrid respirometer principles (Vanrolleghem and
Spanjers, 1998). Full line = respirometer configuration with dissolved oxygen electrodes in aeration vessd
and respiration chamber; dotted line = “ultimate’ hybrid respirometer configuration with dissolved oxygen

electrodesin the lines between the vessals

The practicd development of the hybrid respirometer resulted however in the configuration shown in Fig. 3
where the dissolved oxygen electrodes are placed in the aeration vessel and the respiration chamber. This
development will be discussed further below. The hybrid respirometric principle with a dissolved oxygen
probe in the aeration vessd and a dissolved oxygen probe in a closed respiration chamber has aready
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been described by Clarke et al. (1978), Hissett et al. (1982) and Sollfrank and Gujer (1990). Both
Clarke et al. (1978) and Hissett et al. (1982) applied arather smple data interpretation based only on the
difference between the two measured So concentrations. Sollfrank and Gujer (1990) connected a
respiration chamber to the agration basin of an activated dudge pilot plant. They used the system to
measure Ip of the biomass and the oxygen trandfer coefficient in the aeration basin. However, in none of
these cases has a model-based interpretation of the data been carried out.

Table 1. Comparison of advantages and disadvantages of different respirometric principles

Respirometer type Advantages Disadvantages
Static gas— Hdic liquid |- Easy to operate - Danger for oxygen limitation
- Low ro measurement frequency
Flowing gas — datic|- Highro measurement frequency - K aedtimation needed
liquid
Static gas — flowing|- No K aneeded - Low ro messurement frequency
liquid
Hybrid respirometer - No K aneeded - Two dissolved oxygen probes

- High ro measurement frequency

1.2. Titrimetry

Besdes respirometry, titration experiments can aso yied information about biological nitrogen remova

processes in activated dudge (Ramadori et al., 1980; Bogaert et al., 1997; Gernaey et al., 1997a).
Indeed, the pH vaue of abiologica system responds to microbia reactions and the evolution of the pH of
a system often provides a good indication of some of the ongoing biologicd reactions. For activated dudge
wastewater treatment plants the processes that mostly nfluence the pH of the liquid phase are 1)

Nitrification which causes apH decrease due to proton production (Ramadori et al., 1980; Gernaey et al.,
1997a), 2) Denitrification which causes a pH increase due to proton consumption (Bogeert et al., 1997),
3) Degradation of organic matter which affects pH due to &) the uptake of the carbon source through the
cel wal of the bacteria, b) the release of CO, resulting from respiration processes in the liquid phase, €)
the uptake of ammonium for growth (San and Sephanopoulos, 1984; Iversen et al., 1994; Siano, 1995
among others), 4) Stripping of CO, due to aeration.

The pH effects observed in a liquid medium can be related to the biologica process rates and kinetics.
However, one difficulty encountered with the observation of pH changes is the variable buffer capacity of
the liquid medium due to the presence of severd acid-base buffer sysems with pH depending buffer
capacity (Stumm and Morgan, 1981). The pH variation of the liquid medium during biologicd reactionsis
thus difficult to convert into a precise number of protons that is released or consumed. The problems
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caused by the pH depending buffer capacity of the liquid medium can be avoided by controlling the pH of a
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, needed to keep the pH constant, provides the rate of proton formation
or consumption due to biologica reactions.

Model-based analysis of titration data can be used to estimate parameters of the reactions. This gpproach
has been used in fermentation (Iversen et al., 1994), and specifically for wastewater treatment, a model-
based andysis of titration data has aready successfully been gpplied to the nitrification process (Gernaey et
al., 1998).

The main god of this paper is to demongrate and vaidate the methodology of combined respirometric and
titrimetric experiments. The vadidation is performed with additions of Smple subgirates, as acetate and urea
as ammonium source, to an activated dudge sample. Both a basic spread- sheet calculation and a mode-
based data interpretation will be gpplied for the interpretation of the data. Kinetic parameters will be
estimated both on separate and combined data sets to investigate the parameter accuracy. First however,
the practical implementation of the “ultimate’ hybrid respirometer principle as proposed by Vanrolleghem
and Spanjers (1998) will be described, and the problems of its implementation highlighted. The more
practica implementation, used in the study, is subsequently described.

2. Respirometer development

Initidly it was attempted to redise the “ultimate” respirometer described by Vanrolleghem and Spanjers
(1998) where the two dissolved oxygen eectrodes are located in the inlet and outlet of the respiration
chamber (Fig. 3). This configuration has the important advantage that errors between different experiments
and within one experiment can be minimised easily instead of relying on pre- and post-caibrations. By
switching the flow direction and changing the flow rate at the same time the quaity of pump and eectrode
cdibrations (eg. dectrode response time and drifts) can be checked while the experiment is running.
However, some basic problems related to the change of flow rate and flow direction were experienced,
and as a consequence it was finaly chosen to gpply a smpler configuration. These problems are illustrated
below to support future attempts of building the “ultimate’ respirometer.

2.1. Problems related to flow rate change in the “ultimate”
respirometer

It became clear from tests with tap water that the flow rate was affecting the readings of the dissolved
oxygen eectrode (see Fig. 4). With the available perigtdtic pump (flow rate adjustable from O to 0.550

I/min) a liquid flow rate of about 2-10 cm/sec could be obtained over the membrane surface of the
dissolved oxygen electrodes. As can be seen in Fig. 4, the flow rate change had a clear effect on the &
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readings, with an increase of & concentration as the flow increased. An increase in flow rate can normaly
result in higher So readings because the liquid film & the surface of the dectrode is renewed more
frequently. Indeed, for some eectrodes stable S readings are only possible when the liquid flow rate over
the eectrode membrane is higher than 15 cm/sec (Willems and Ottoy, 1998) or even 30 — 40 cm/sec
(Bogaerts, 1998). It should be stressed that these tests were carried out with eectrodes with arather large
membrane surface (about 0.8 cnf) and with a cathode surface of about 0.2 cr?. A smple calculation
shows that a 20 times larger respiration chamber would be needed (a volume of 10 liters instead of 0.5
liters) in order to keep: (1) asafe liquid flow rate of minimum 40 crm/sec over the eectrode surface to avoid
a dependency between liquid flow rate and S5 readings, (2) the flexibility to increase the liquid flow rate
with a factor 5, and (3) a Smilar resdence time in the respiration chamber. An dternative could be to
reduce the diameter of the gap below the eectrode where the liquid is passing by (in the set-up the tube
diameter is about 0.5 cm) which however would increase the risk for clogging.

8.9
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0.185 |/min
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8.6 \,..0.093 I/min .
8.5
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8.3 } } } }
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Time (min)

Figure 4. Influence of liquid flow rate variations on dissolved oxygen probe readings
Otherwise, the increase of measured Sy concentrations with increasing flow rates (Fig. 4) could be
explained by a pressure increase in the set-up when liquid flow rates increase, thereby leading to higher
measured S vaues. Indeed, goplying Datons law and teking a flow rate of 0.046 I/min as a reference

point, a pressure increase of about 40 mbar in the set-up could explain the increase of S from 8.42 (flow
rate = 0.046 |/min) to 8.77 mg/l (flow rate = 0.370 |/min).

2.2. Problems related to flow direction change in the “ultimate”
respirometer

In other tap water experiments, where the flow rate was kept constant, it was observed that the $
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readings changed when the liquid flow direction was switched. The dissolved oxygen eectrodes
condstently measured a higher S concentration in the inlet flow to the respiration chamber compared to
the outlet flow (data not shown). A dightly higher liquid temperature in the respiration chamber (in
comparison with the aeration vessdl) could explain these observations. The temperature increase of the
liquid in the respiration chamber (liquid residence time 1.5 — 6 min) can be due to heat produced by the
dirrer of the respiration chamber. Although more important was probably the fact that only the aeration
vessel was cooled.

It is possble that the effects of flow rate changes illustrated in Fig. 4 could have been caused by
temperature differences as well, due to different resdence times in the respiration chamber. However, the
So data in Fig. 4 is obtained from the outlet of the aeration vessel. The temperature there, and therefore
aso the S readings, is normaly constant (confirmed by other data, not shown here) due to the cooling of
the aeration vessel. This indicates that the observed effects in Fig. 4 are only caused by the changein flow
rate, and not by temperature changes of the liquid in the aeration vessdl.

Another problem with the dissolved oxygen electrodes was a short ingantaneous disturbance of the
electrode readings upon flow direction changes before reaching astable vaue. This disturbance could be
explained by pressure differences on the membrane of the eectrode caused by the change of flow
direction. A pressure increase pushes more eectrolyte away between membrane and eectrode surface
(Bogaerts, 1998). This decrease in the contact surface (the mV generating surface of the electrode) givesa
decrease in the S readings.

2.3. Change of electrodes

Because of the above mentioned problems related to flow rate and direction changes, it was decided to
change to eectrodes with a hard surface membrane and a smaler cathode surface, thereby leading to a
lower dissolved oxygen consumption (see below in Materias and Methods section).

2.4. Change of set-up and confirmation of temperature problem.

The problems related to flow direction change, possibly caused by a temperature difference between the
aeration vessdl and respiration chamber, prevented that the “ultimate” respirometer concept was redlised.
E.g. theflexibility of checking for dissolved oxygen dectrode drifts would not make much sense under such
conditions. It was instead decided to build a smpler configuration with a dissolved oxygen eectrode in
each vessd, as dready illudtrated in Fig. 3. However, it should be noted that with this configuration the
flexibility of changing the flow rate and direction islog.

In this set-up the cdibration of the dissolved oxygen eectrodes is done in two steps while agrated tap
water is pumped through the set-up. Firgt, the electrode in the aeration vessd is calibrated, and secondly
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the electrode in the respiration vessd is calibrated to give identica readings as the eectrode in the aeration
vess. Inthisway it is sought to compensate for the temperature difference between the two vessels (about
0.6 °C) during the eectrode cdibration.

A last check of the set-up concerned the adjustment of the stirrer peed in both vessdlsto aleve that did
not influence the eectrode readings. It was indeed observed that atoo low gtirrer speed aso influences the
So readings of the dectrode in the respiration chamber. This can be explained again by atoo low liquid
exchange rate around the membrane surface (data not shown).

With this new set-up the temperature hypothes's was indeed further confirmed by a tap water experiment,
during which the flow rate was varied and the temperature of the liquid in the two vessels was recorded.
Note that the flow rate can no longer influence the & readings of the eectrodes in this experiment as was
described above, since the dectrodes are now placed in the aeration vessel and respiration chamber
repectively. The flow rate only influences the residence time in the respiration chamber. The measured S
concentrations of the tap water in the aeration vessd and respiration chamber should theoreticaly ke
identical regardless of the flow rate, and thereby the residence time, in the respiration chamber. This was
however not the case, asillugtrated in Fig. 5. The results of Fig. 5 should be interpreted as follows. Two
reference experiments were carried out with aflow rate of 0.185 I/min. In these experiments the dissolved
oxygen eectrodes were calibrated to the same vaues, thus the difference in So (DSo,re, With DSo = So 5 -
So.2) is zero for this flow rate. The temperature difference (0.6 °C) in the reference experiments is noted as
DT, but st to zero in Fig. 5. Two experiments were then carried out with half (0.0925 |/min) and double
(0.370 I/min) flow rate compared to the reference experiment. The DSp and DT of these experiments were
compared to the reference experiment asiillugtrated in Fig. 5. It was observed that both (DSo e - DSo) and
(DT« -DT) increased with decreasing flow rate but on the contrary decreased when the flow rate was
increased. It was indeed observed that it were primarily temperature changes in the respiration chamber
that caused the changes of (DT« -DT). Summarising, a a decreased flow rate, i.e. increase of resdence
time, the temperature of the respiration chamber increased with a decrease of &, as a consequence, in
accordance to the theoretical relation between temperature and dissolved oxygen concentration. The
opposite was observed for aflow rate increase. This was verified by caculations of & at flow 0.0925 and
0.370 I/min consdering the change of temperature. The errors between these predicted & vaues and the
measure ones were below 1%.

The temperature problem could probably be solved by cooling the whole set-up. However this was
technicdly difficult to redise. Based on the experience gained during the practical development of the
hybrid respirometer principle it can be concluded that to redise the “ultimate’ respirometer of
Vanrolleghem and Spanjers (1998) care has to be taken to: a) the qudity of the dissolved oxygen dectrode
(especidly the sengtivity to low flow velocity and pressure changes), b) a sufficiently high pump flow rate
(to avoid influence of pump flow rate on measured & values), €) the sirrer speed, d) accurate and
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constant temperature of the whole system, to achieve accurate and reliable So measurements. It is
important to stress that these rather basic factors are not only important for the hybrid respirometer, but
should be of generd concern and checked for dl types of respirometers. In Smpler respirometer
configurations, which a first sght may seem more robust, problems with the above mentioned eements
may remain unnoticed and result in erroneous ro data.
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Figure 5. Temperaure difference between the liquid in the respiration vessel and the aeration chamber,
and cd culated endogenous respiration rate as a function of liquid flow rate (O = DT, - DT; 4 = DS -

DSo)

3. Materials and Methods

3.1. Set-up

A schemétic overview of the different components of the set-up is shown in Fig. 6. The set-up consists of
an aeration vessd (V = 2 1) and arespiration chamber (V = 0,5 1). The respiration chamber is completely
closed and does not contain air. Magnetic stirrers with adjustable speed mix the contents of both vessas. A
perigtatic pump with adjustable speed (pump 1 in Fg. 6) is used to continuoudy pump the activated dudge
around in the set-up. A cooling system (Lauda WK 1400) is used to control the temperature in the agration
vessd. The aeration vessel as wel as the respiration chamber is equipped with a dissolved oxygen
electrode (Ingold/Mettler Toledo, Inpro 6400). The dissolved oxygen probes are connected to a
transmitter (Knick 73 O, for the aeration vessel and Knick Stratos 2401 Oxy for the respiration chamber).
The 420 mA signds from the transmitters are logged by a PC equipped wth the Labview software
package (Nationd Ingtruments) and a combined A/D 1/O card (Nationd Instruments, AT-MIO-16XE-
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50).

The pH controller is ingdled in the aeration vessd. The pH in the agration vessd is measured with a
Mettler Toledo HA 405-DXK-S8/120 Xerolyte pH eectrode connected to a Knick 73 pH transmitter.
The 420 mA sgnd is logged with the same Labview software. pH control was dso implemented in
Labview. The pH was controlled within a narrow pH setpoint + DpH region, as described by Gerneey et
al. (1997a). Only the base dosage system is shown in Fig. 6 to avoid the scheme to be overloaded. The
pH setpoint was typicaly chosen between 7.5 and 8.3, and a DpH vaue of 0.03 pH units was used. When
the pH was out of the pH setpoint = DpH region, dosage of acid (0.05 N) or base (0.05 N) was done by
opening an dectromagnetic pinch vave for a short period (typicaly 1.5 s = 1 pulse). Acid and base
solutions were continuoudy pumped around by a perigtdtic pump (pump 2 in Fig. 6) to keep a congtant
liquid pressure in the tubes and thus a constant dosage rate. When the valves are closed the acid and base
flows are recycled to the storage vessals. Opening a vave diverts the acid or base flow to the agration
vessd. Cdibration of the dosage system was done by collecting the volume of acid or base dosed during
50 subsequent pulses (average dosage = 3.32 £ 0.013 miI/50 pulses for 19 cdibrations). The cumulative
amount of acid and base dosed during an experiment was logged with the Labview software package.
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Figure 6. Overview of the components of the combined respirometric - titrimetric set-up that was used to
collect experimentd data
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3.2. Experimental work

Activated dudge was sampled at the combined municipa-industrid wastewater treatment plant of Zele
(operated by Aquafin NV, Aartsdaar, Belgium) and transported to the lab. At the start of an experiment
the set-up was filled with 2.5 liters of activated dudge. The activated dudge was aerated until the
endogenous respiration phase was reached. During the experiments smal substrate pulses (e.g. 10 ml) of
acetate (10 g COD/I), ammonium (1 g N/I) and urea (1 g N/I) stock solutions were dosed to the activated
dudge.

4. Basic and model-based data interpretation

Data derived from each experiment were interpreted using both a spreadsheet program (Excell) and a
model-based data interpretation method. The modelling work was done with the WEST™ software tool
(Hemmis NV, Kortrijk, Belgium).

4.1. Basic data interpretation

The dissolved oxygen and titration data were processed using a spreadsheet program. Thero » vaues were
caculated by making a mass baance over the respiration vessel using the available S data of the aeration
vessH (So;) and the respiration chamber (So2), as described in Eq. 6. The & measurements were
corrected for the electrode response time, according to Spanjers and Olsson (1992), and dSo J/dt was
samply caculated with a moving window regresson (over three data points). The BODg for each substrate
addition was obtained as the area under the ro » curve. The vaue of ro,eng Was subtracted from rg > inthis
last calculation step. The titration data was interpreted by extrapolating the different dopes of the titration
curves to obtain the amounts of base or acid needed to compensate the production or consumption during
substrate degradation, as described by Gernaey et al. (1997a). A more detalled explanation on this
method can aso be found in chapter 2. Note that the titrimetric data are collected for the total volume of
the set-up (vauesin meg) and converted to the unit meg/l viadivison by the tota reactor volume.

4.2. Model-based data interpretation

Respirometric data (the ro » values that were calculated in the basic data interpretation step) were modelled
by applying the modd sructure that is summarised in Table 2. The modd in Table 2 is based on ASM1
(Henze et al., 1987), with some modifications:

Nitrification was modelled as a two-step process. In the fird nitrification step ammonium (Syy) is
oxidised to nitrite (Syoz), Which is subsequently oxidised to nitrate (Syos) in the second nitrification

step.
Incorporation of Sy, into new biomass was neglected for the second nitrification step. It has been
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estimated that the error introduced by this assumption is less than 0.5%.

Biomass decay was included in the modd as endogenous respiration, and was assumed to be
congtant during the short duration of each experiment.

The active biomass was lumped into one fraction X, instead of subdividing it into a separate
fraction of nitrifiers (Xga = fza- X) and heterotrophs (X = fay- X) as proposed by Henze et al.
(1987). The main reason for this is that biomass fractionation is difficult to perform for activated
dudge, and on the other hand the man interest is usudly focused on the maximum subgtrate
remova rate of thetota dudge (eg. X: HUmaxr/Y 1 fOr the heterotrophs).

In this study, a detailled modd for the titrimetric data is only gpplied for the nitrification process (see
Table 2). In the model protons (Hp) replace the ASM1 S, « component, which means that the
sgns of the stoichiometric factors in the Hp column are the opposite of the Sgns that gppear in the
SaLk column in the ASM1 matrix (Henze et al., 1987). In the model Sy oxidation and uptake of
Swr for biomass growth during nitrification will produce Hp. A constant background Hp production
is indluded in the titrimetric modd to teke CO, dripping into account, as was introduced by
Gerneey et al. (1998). The effect of CO, dripping is assumed to be congtant during the short
duration of each experiment (Gernaegy et al., 1998). For heterotrophic growth, the standard
ASM1 converson term is included in the Hp column of Table 2 (uptake of Sy to be incorporated
into new biomass produces Hp). However, as stated above heterotrophic substrate (here acetate)
degradation is not modelled in this sudy. For more details on this topic the reader is referred to
Gernaey et al. 2000a and 2000b.

In the modd, the oxygen mass balances for the aeration vessdl and the respiration chamber were
described by Eq. 6 and 7. Furthermore, the modd includes terms to describe (i) the first order
dissolved oxygen probe dynamics (Spanjers and Olsson, 1992) and (ii) the biological start-up
phenomena, that are typicaly observed in batch experiments, before the oxygen uptake rate has
reached its maximum vaue. This sart-up phase, which typically lasts 0.5 — 2 min, was assumed to
be the time needed by a cdll to take up fresh substrate and oxidise it and can be described with a
ample firs order equation (Vanrolleghem et al., 1998). Whether 15, and 1o, are identica will
depend on the experimental design. This will be illustrated and explained below for a better
understanding of the experimentd results and their interpretation.

Besides substrate degradation and endogenous respiration (Table 2), subgtrate trangport was included in
the modd, smilar to the mass baances for oxygen (Eg. 6 and 7). As an example the mass balance over the
respiration chamber for the biodegradable substrate is given in Eq. 8.

116



dSs,
dt

axH XX « SS,Z (8)
Yy Ks+Ss,

In this paper the model-based interpretation is applied in three steps:

=S S

1. Model-based evauation of the behaviour of the respirometer

2. Modd-based interpretation and evauation of the experimentd data to vaidate the respirometric
method.

3. Modd based interpretation of the combined respirometric-titrimetric data including the caculation
of confidence intervas.
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5. Results

5.1. Model-based evaluation of the behaviour of the respirometer

At the gart of an experiment substrate is added in the aeration vessdl, and not to the respiration chamber as

sated above. Hence, the subdtrate concentration in the respiration chamber must build up from zero
through subgtrate supply from the agrated vessd via the liquid flow. Obvioudy, the oxygen upteke rate in
the two vessals (1o 1 and 1o » respectively) is only equa when the substrate concentration is identica in both

vessls,
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Figure 7. Results of smulations with the respirometer modd for an addition of readily biodegradable
substrate to the aeration vessdl at time zero. Ss; a time zero is 39.6 mg COD/I, Ks = 0.5 mg CODI/,
(Mhaxn- X) = 1.084 g/l.min. A: ro ; and ro » asafunction of time for aliquid flow rate of 0.185 I/min; B:
Ss,1 and Ss; asafunction of timefor aliquid flow rate of 0.185 I/min; C: ro ; and ro » asafunction of time
for aliquid flow rate of 0.046 I/min; D: Ss ; and Ss; asafunction of timefor aliquid flow rate of 0.046

[/min

Fig. 7 and 8 show smulation results for an addition of biodegradable substrate to the agration vessd at time
zero. In Fg. 7 the results are given for two smulations obtained with different liquid flow rates (0.185 I/min
and 0.046 I/min). In the high flow rate experiment the initia substrate concentration in the respiration vessd
(Ss2) is zero, and it takes alittle while before the substrate is properly mixed and the concentrationsin the
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two vessdls become identical (see Fig. 7B). Thus, initidly ro 1 and ro » are not identical. However, as can
be observed in Fig. 7A this difference is negligible a a flow rate of 0.185 I/min. In contrast, aflow rate of
0.046 I/min results in a Stuation where the substrate concentration never reaches the same value in the two
vesss (Fig. 7D). As a consequence the values of 1o 1 and ro > remain different during the whole experiment
(Fig 7C).

Whether 15 is equa to 1o > will aso depend on the value of the haf saturation concentration Ks for the
particular substrate under study. In the smulations given in Fig. 7A and 7B the Ks value was set low to 0.5
mg COD/I, and as noticed above ro 1 and ro , were smilar. However, a higher Ks value of 10 mg COD/
(Fig. 8A and B) resulted in an initid difference between ro ; and ro ;> even a the high flow rate. A flow rate
higher than 0.185 I/min would result in a smdler initid difference between 15, and ro » Wwhereas a lower
flow rate would incresse the difference again.
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Figure 8. Results of smulations with the respirometer modd for an addition of readily biodegradable
subgtrate to the aeration vessd at time zero. Ss; at time zero is 39.6 mg COD/I, Ks = 10.0 mg CODI,
(Mhaxn- X) = 1.084 g/l.min. A: ro 1 and ro » asafunction of time for aliquid flow rate of 0.185 I/min; B:

Ss1 and Ss; asafunction of timefor aliquid flow rate of 0.185 I/min

It is important to remember that ro vaues calculated with the basic method are based on the & mass
balance over the respiration vessd only (Eq. 6). The caculation thus yidds ro » values. This meansthat the
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BODy calculated based on the area under this 1o profile may underestimate the real value depending on
the experimental conditions and the biodegradation kinetics (eg. Ks), as shown with the smulation
examples. Besdes an underestimation of BODy there may also be a risk to underestimate myx+ (See Fig
7C), and to overestimate K s vaues (Fig 7C, tall of ro , profile).

It should be naticed that the initid phase in the ro ; profile, before ro 1 has reached a maximum, can only be
due to biologicad dart-up phenomena (Vanrolleghem et al.,1998). The initid phase of the ro > profile, on
the contrary, is due to a combination of biologica start-up and substrate mixing phenomena, as described
above. Thus, for a complete and accurate andyss of the respirometric data derived from the hybrid
respirometer a model-based data interpretation, as will be illustrated below, may be needed.

5.2. Basic interpretation of experimental data
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Figure 9. Response of the combined respirometric - titrimetric sensor following a 100 mg COD acetate
addition to the agration vessdl at t = 0. A: So and titrimetric data; B: ro » values calculated based on the S
data using a mass balance for S, over the respiration vessel. The smooth line represents the mode fit to the

lo,2 data

A typicd raw data set recorded from an acetate dosage is shown in Fig. 9A. At time zero 100 mg acetate
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COD was added in the aeration vessel of the respirometer. The corresponding 1o profile in Fg. 9B is
rather typical, with a steep decrease from maximum I to endogenous foeng 8 SOON &s the substrate is
completely degraded (Vanrolleghem et al., 1995). The pH controller aso shows a clear response (Fig.
9A). During acetate degradation dosage of acid is needed to keep the pH of the mixed liquor at the pH
setpoint (8.25 in this case). This is clearly rlated to the acetate degradation since acid dosage and 1o »
drop at the same moment (t = 22 min). From t = 22 min on acid dosage fell back to the background
dosage rate that was aso observed before acetate addition. The background acid dosage rate is due to
CO, dripping and is assumed to be congtant during the experiment (Gernaey et al., 1997a, 1998).
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Figure 10. BODy (ca culated based on the area under the ro  profiles) and total amount of acid dosed
during degradation as a function of the initia amount of acetate added

A linear relationship between the amount of substrate added and BODy is usually observed (Spanjers,
1993). The dope of this curve represents the oxygen demand per unit of COD or N, and dlows the
caculation of the biomass yidd (viaBODg = (1 — Yy): COD or BODg = (4.57 — Y ) Sun). The BOD4
values were cdculated as the area under the 1o, curve. A linear increase of BODy was indeed observed
when increasing amounts of acetate were added to the respirometer (Fig. 10). The maximum average yidd
for this data series is 0.74 with a standard deviation of 0.016. This yield is dightly higher but ill
comparable to the range of Yy values (0.24 - 0.72) mentioned in literature for aerobic acetate degradation
(Brands et al., 1996; Liebeskind et al., 1996; Xu and Hasselblad; 1996; Dircks et al., 1999).
Furthermore, a linear increase of the amount of acid (in meg) added during the degradation was observed
asafunction of theinitiad amount of acetate added (Fig. 10).

A data set collected from an addition of 11 mg urea NH4-N in the aeration vessd of the respirometer is
shown in Fig. 11A, and the corresponding b, profile is given in Fig. 11B. The 1y, profile has a tall
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indicating thet the second nitrification step (oxidation of Syo, t0 Syos) is dower compared to the first step.
To veify the respirometric method the linearity between cdculated BODy values and NH;-N
concentrations added is illustrated in Fig. 12. The dope (4.57-Y ) of this curveistypicaly expected to be
4.33 g O,/g NH,-N for nitrification (Henze et al., 1987). The dope of the curvein Fig. 12is4.44+0.16 g
0O./g NH,-N (95% confidence interva) which is dightly higher (2.5%) than expected, but acceptable
consdering that 4.33 lays within the confidence boundaries.
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Figure 11. Response of the combined respirometric - titrimetric sensor following an 11 mg N urea addition
to the aeration vessd at t = 0. A: So and titrimetric data; B: ro > vaues calculated based on the S, data
using amass baance for S over the respiration vessd. The smooth line represents the modd fit to thero »

data

During nitrification dosage of base is needed to compensate for the proton production in the first
nitrification step, as aready observed in earlier literature (Ramadori et al., 1980). For a series of NH,-N
additions to activated dudge, an average recovery of 1.01 with a standard deviation of 0.05 has been
obtained from titration data. Calculations were done assuming a production of 2 protons per NH;-N
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oxidised, according to the method described by Gernagy et al. (1997a). This confirms that the
stoichiometric conversion factor of 2 protons per mg NH;-N, in accordance with earlier observations
(Massone et al., 1995; Gernaey et al., 1997a).
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Figure 12. BODy (ca culated based on the area under the ro » profiles) as afunction of theinitid urea
concentration in the respirometer (expressed as mg N/I)

5.3. Model-based interpretation and evaluation of experimental data.

Examples of the modd fit on ro » data obtained for an acetate and an urea addition are given in Fig. 9B and
11B together with the respective ro, data. To illudrate the two-gep nitrification mode further, the
estimated evolution of the Sy concentration in both reactors and the build up of Sy, are shown in Fig. 13.

The theoreticdly identifiable parameter combinations of a respirometric model describing the degradation
of a gngle carbon substrate with Monod kinetics have been shown to be (1-Yu)/Yn: Mmaxi: Xsh, (1-
Yh)- Ksand (1-YR): Ss(0), assuming that only 1o e data are available, (Dochain et al., 1995), see Table
3. For the two-gep nitrification model assuming no growth, identifiable parameter combinations are
discussed in detail in chapter 4. Vauesfor the identifiable parameter combinations are shown in Table 4.

The values of the parameter combinations estimated on acetate and urea 1o, profiles are given in Table 3
and 4. In both cases the reproducibility of the estimates is good. Observed coefficient of variation (C.V.)
vaues are low for pme related parameter combinations. In the literature C.V. values of 15.0 % (Kong et
al., 1996) and 10.3 % (Gernagy et al., 1998) are mentioned from a smilar estimation procedure with
respirometric and titrimetric data respectively. The C.V. vaues cdculated for the Ks related parameter
combinations are higher compared to C.V. vaues of e related parameter combinations. This has been
observed before in estimation of kinetic parameters based on respirometric data (Kong et al., 1996),
titrimetric data (Gernaey et al., 1998) or substrate concentration data measured during a substrate
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depletion experiment (Robinson and Tiedje, 1982; Simkins and Alexander, 1985). The reason for the
generdly higher C.V. vdues for the Ks related parameter combinations compared to the i related
parameter combinations is probably that the confidence intervals on the estimated Ks vaues islarger than
the confidence intervals on Pmax (See chapter 5). Note also that the C.V. for the parameters of the second
nitrification step is higher than for the fird nitrification step. This is related to the lower amount of available
data points related to the second step (i.e. the tail in the © profile) and thereby a poorer practica
parameter identifigbility.
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Figure 13. Results of a smulation with the respirometer mode for an addition of ureato the aeration vessel
a time zero. Syy1 a time zero is5.30 mg N/, Ksaz = 0.43 mg N/I, (Mhaxa1r X) = 0.318 mg/l.min, Ksaz =
0.62 mg N/I, (Mhaxa2: X) = 0.090 mg/l.min, liquid flow rate = 0.18 I/min. A: Evolutionof ro; and ro, asa

function of time; B: Evolution of Syn 1, Svh.2 » Svoz,1 and Syoz 2 asafunction of time

It is dso important to compare the calculated BODy (basic interpretation of 1o » vaues) with estimated
BODs vdues. Edimaed BODy is defined a (1- Y,)55,(0) for acetate and as

((3:43- Yar) +(1.24- Y,,))*Sun1(0) for nitrification. Note that the estimated substrate concentration is

the initid subgtrate concentration in the aeration vessel at time zero and that the estimated BODy vaues
therefore have to be multiplied with Vi/(V1+V5) to enable a comparision with the calculated BODs. When
the cdculated BOD4 values were regressed againgt the estimated BODy the dopes were close to 1, both
in the case of urea and acetate and, furthermore, the corrdation coefficients were close to 1 (0.99). This
indicates that the experimental conditions applied in the experiments described in this study were such that
the BODy vaues caculated as the area under the 1o, profile, obtained from a mass baance over the
respiration vessel only, were sufficiently accurate.
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5.4. Model-based interpretation of combined respirometric-titrimetric
data

The two-step nitrification model was gpplied to describe and estimate parameters for an experiment with
addition of ammonium. Parameters were estimated on b, and Ho data separately as well as on the
combined ro, and Hp data set. The data and mode fit resulting from parameter estimation on the
combined data sat are illugtrated in Fig. 14. The resulting vaues of the parameters Myaa: and Ksaz
together with their 95% confidence intervd are given in Table 5. The derivation of the confidence intervd is
discussed in detall in chapter 5, and was dso applied by Weljers (1999). However, details on the
confidence caculations are beyond the scope of this chapter but are described and discussed in chapter 4
where this example is further developed. From Table 5 it becomes clear that the confidence intervals on
Mhaxa1 @Nd Ksa; are dightly improved when based on Hp data compared to parameter estimation based on
ro» data. More importantly, it appears that the confidence intervals improve significantly when ro » and Hp
data are combined for parameter estimations. The confidence on Myaxa1 and Ksa; improves 46% and 37%
respectively compared to estimation on only b, and compared to estimation on Hp the confidence
improvements are 24% and 35% on Myaa1 and Ksa; respectively.
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Figure 14. Modd fit to ro > and base addition data collected in an experiment with addition of 7.5 mg
NH4-N to the respiration vessdl at t = 0. Parameter combinations were estimated on the combined
respirometric-titrimetric data.
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Table 5. Results of parameter estimations on ro » and Hp data separately and on combined data for an
addition of NH,4-N to activated dudge. R.S.D. = relative standard deviation

Edtimated parameter ® Mmaxa1 Ksa1

Data source min* mg NH4-N/I
ro data 3.27E-06 0.299

Hp data 3.11E-06 0.253

lo + Hp data 3.26E-06 0.295

95 % confidence intervas Mmaxa1 Ksa1
(R.SD., %)

ro data 1.19 5.88

Hp data 0.84 5.66

ro. + Hp data 0.64 3.70

6. Discussion

In the results section an experimenta set-up with combined respirometric and titrimetric measurements was
vaidated with ample subdtrates (acetate, and urea as N source). For practicd implementations the
advantages of the proposed respirometer are the high © measuring frequency, and the posshility to
caculate 1o » based on a smple oxygen mass balance over the respiration chamber without the need for an
estimated K a value. However, in case the K a in the aeration vessd is known, a second information
source, Io, 1, IS available based on a mass balance for oxygen over the aeration vessd. It is investigated
further in chapter 4 how this second data source can contribute with respect to parameter identifiability.

The obvious disadvantage of the proposed respirometer is that it involves two dissolved oxygen eectrodes
with the risk that the measured S outputs drift away from each other. With the respirometric approach that
was goplied in this study, it is important to cdibrate and frequently compare the response of the two
dissolved oxygen dectrodes. It is clear that the reliability of the respirometer output mainly depends on the
quality of the dissolved oxygen electrodes used in the set-up. In the “ultimate’ hybrid respirometer concept
proposed by Vanrolleghem and Spanjers (1998) checks of the dissolved oxygen eectrode responses and
re-cdibrations could be carried out automaticaly during an experiment by changing the liquid flow rate and
its direction. However, the redisation of this respirometer could not be achieved due to practica problems,
as described above in the section about the development of the hybrid respirometer.

A second disadvantage of the set-up is that a mode-based data interpretation may be needed for a
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completely correct data interpretation. The necessity for a mode-based data interpretation depends on the
liquid flow rate applied in the set-up and the Kg of the biodegradation process, as was shown with
samulation examples (Fig. 7 and 8). However, in case one isonly interested in values of BODy asufficiently
high flow rate can be gpplied, and in thisway a modd- based analysis can be avoided.

The respirometric data benefit from the implementation of the titration method in the hybrid respirometer. It
automatically leads to pH control, and consequently, the possible effect of pH changes (e.g. due to proton
consumption or production during biologica reactions) on I data can be excluded. However, the most
important advantage of a combination of respirometric and titrimetric measurementsiis that two independent
measurements are obtained smultaneoudy for the same process. This results in higher information content,
and therefore, more accurate determination of wastewater composition and biodegradation kinetics. It was
indeed illugtrated in this study that the confidence intervas on the estimated parameters improve significantly
when combined respirometric and titrimetric data are applied (Table 5). It has dso been shown that Ya
became theoreticdly identifiable by combining the information available from the separate data sets without
exact knowledge of the initia substrate concentration (Devisscher, 1997). Mathematicd and experimenta
verificaion of the improved parameter identifiability with combined respirometric-titrimetric data sets will
be investigated in more detall in chapter 4 and 5.

A linear increase of the amount of acid (in meq) added during the acetate degradation was observed as a
function of the initid amount of acetate added (Fig. 10). Initidly it was believed that this could be explained
fully by the proton consumption during acetate uptake (Cramer and Knaff, 1991). However, the amount of

acid added was lower than one meq per mmol of acetate, which is the expected amount assuming that one
proton is consumed for each mmol of acetate taken up by the cdlls. Obvioudy, factors other than substrate
uptake affect the proton balance in the mixed liquor. Production of protons due to CO, formation and
uptake of NH; by the cdlls are processes that will adso influence the proton baance (Iversen et al., 1994).
The contribution of these processes needs to be investigated in more detall. It should be clear that the
ASM1 approach, taking only into account that Hp is produced (or S\« is consumed) during acetate
degradation due to incorporation of Sy into new biomass, cannot be used to modd the titrimetric data that
were obtained for acetate. The best illustration is that ASM1 would predict production of Hp during

carbon source degradation, while experimental data show Hp consumption since acid needed to be added
to keep the pH of the activated dudge congtant during acetate degradation (Fig. 9A). The available titration
data for acetate were modelled, and acetate degradation kinetics was extracted via a parameter estimation
procedure (Gernaey et al., 2000a, 2000b). In addition, a model-based interpretation of acetate titration
profiles was combined with dready existing models for interpretation of 1o data. Smilar to nitrification

(Devisscher, 1997; see dso chapter 4), the full information of a combined respirometric-titrimetric data set
alows to extract the heterotrophic biomass yield Yy immediately from the available data (provided ixg is
assumed to be known), i.e. without knowing the initid substrate concentration.
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Summarising, the combination of respirometric and titrimetric measurements certainly opens perspectives
towards a more informetive, reliable and accurate characterisation of wastewater and dudge kinetics.
Future work will focus on gpplying the proposed methodology in the study of complex substrates and
wastewaters. Yuan et al. (1999) presented an approach to combine information of titrimetric and
respirometric experiments to determine the nitrifiable nitrogen content of wastewater. However, it can be
foreseen that titrimetric data can be rather complex to interpret for a wastewater, and it may appear more
difficult to generdise results obtained with titrimetry compared to respirometry. During wastewater
degradation different processes, proton producing as well as proton consuming, may affect the pH,
contrary to the case where only nitrification occurs. The latter alows a more straightforward interpretation
(Massone et al., 1995; Gernaey et al., 1997a, 1998).
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Figure 15. Example of combined respirometric-titrimetric data obtained after addition of acetate (30 mg
COD/l) and ammonium (2 mg N/I) at t = 0. A: Respirometric data; B: Titrimetric data (Gerneey et al.,
1999)
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Indeed, the results of this paper aready illustrate that pH effects of nitrification and acetate uptake and
degradation are opposite. When these two substrates are mixed the proton effects of the two processes
may smply compensate for each other. An example of combined respirometric-titrimetric data collected
after addition of amixture of acetate and NH,-N to activated dudge is given in Fig. 15. It is clear from
both the & and 1o > curves (Fig. 15A) that the substrate degradation phase can be divided in two parts.
Firgt, both acetate and NH4,-N are oxidised smultaneoudy, and secondly only degradation of NH,-N
continues. From the titration data (Fig. 15B) it can indeed be seen that the pH effects of both processes
(acetate degradation and nitrification) dmost compensate for each other, and only a dight amount of acid
has to be added. However, as soon as acetate is degraded, base is added to compensate for the protons
produced during the nitrification process. Thus, the titrimetric information obtained from this experiment will
be more complex to interpret, especidly since the information content of the titration profile is low during
the phase of smultaneous acetate degradation and nitrification Finally, thereis a bend in the base curve a
the nitrification endpoint.

However, in general when one knows that acetate oxidation consumes protons, while ammonium oxidation
produces them, titrimetric data can immediately serve to identify the different shoulders in i profiles
without knowing the initid compodtion of the added substrate. Such titrimetric data thus give information
on the different processes, and combined with respirometry it becomes a powerful and very information
rich method for characterisation of biologica wastewater treatment processes.

7. Conclusions

A respirometric technique was applied that alows high frequency sampling of respiration rates by making
an oxygen mass balance over a non-aerated flow-through respiration chamber without the need for K a
edimation. The respirometer was combined with a titrimetric technique and via vaidation experiments it
was proven that the set-up produced reliable data sets.

Smulations showed that a modd-based data interpretation, which takes substrate transport in the
respirometer into account, is necessary to exclude that operating conditions (e.g. flow rate) or degradation
kinetics (e.g. high Ks) interfere during interpretation of the respiration rate data.

Consecutive acetate additions to activated dudge showed that titrimetric data can dso yield information
about carbon source degradation processes.

Applying a combined respirometric-titrimetric measurement approach resulted in improved confidence
intervals when the parameter values are obtained from the combined data set compared to estimations on
the separate respirometric or titrimetric data sets.
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Chapter 4
Improved theoretical identifiability of Monod
model parameters by combined respirometric —
titrimetric measurements. A generalisation of
results

A revised version of this chapter has been submitted for publication as:

Petersen B., Gernaey K., Devisscher M., Dochain D. and Vanrolleghem P.A. (2002) A smplified method
to assess dructurdly identifidble parameters in Monod-based activated dudge models. Water Research
(submitted).

A condensed version of this chapter was presented as:

Petersen B., Gerneey K. and Vanrolleghem P.A. (2000) Improved theoreticd identifiability of mode
parameters by combined respirometric-titrimetric measurements. A generdistion of results In:

Proceedings IMACS 3 Symposium on Mathematicd Modelling, February 2-4, 2000, ViemaUniversity
of Technology, Audtria. VVol.2, 639-642.
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Chapter 4

Improved theoretical identifiability of Monod
model parameters by combined respirometric —
titrimetric measurements. A generalisation of
results

Abstract — The firs step in estimation d parameters of models applied for data interpretation should
adways be an invedigaion of the identifigbility of the modd parameters. In this sudy the theoreticd
identifiability of the mode parameters of the two-gtep nitrification Monod model was studied. It was
assumed that respirometric (dissolved oxygen or oxygen uptake rates) measurements from two types of
respirometer and titrimetric (cumulative proton production) measurements were avalable. Two model
structures including presence and absence of ggnificant growth for description of long- and short-term
experiments respectively were consdered. The theoretica identifigbility was studied via the Taylor series
expandon and generating series methods. It was proven that the autotrophic yield becomes uniqudy
identifiable when combined respirometric and titrimetric data are consdered. In one of the respirometric
methods an input was considered, and it was illustrated that the generating series method resulted in smpler
equations with respect to the parameters that were easier to solve for the identifiable (or combinations of)
parameters. Most remarkable result of the study was however that the identifiability results could be
generdised by applying a set of ASM1 matrix based generdisation rules. It gppeared that the identifiable
parameter combinations could be predicted directly based on knowledge of the process model under study
(in ASM 1-like matrix representation), the measured variables and the biodegradable substrate considered.
This generdisation reduces the time-consuming task of deriving the theoreticaly identifiable modd
parameters sgnificantly and helps the user to obtain these directly without the necessity to go too deeply
into the mathematica background of theoreticd identifiability.

1. Introduction

In the characterisation of wastewater degradation and many other biologica degradation processes
Monod-type growth kinetics, as described in the Activated Sludge Model No.1 (ASM1) (Henze et al.,
1987) are most often used to describe the observations. In this study the focus will be on the theoretica
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Identifiability of the parametersin Monod based models.

A sudy of the theoretical identifiability of modd parameters prior to practicad modd gpplicetion, eg. in the
frame of parameter estimation or modd cdlibration, is very important in order to obtain reliable parameter
edimates. The key question of the theoretical and practica identifiability analyss can be formulated as
follows (Dochan et al., 1995): "Assume that a certain number of date varidbles are avallable for

measurements, on the basis of the modd structure (theoretica identifiability) or on the bads of the type and
qudity of avalable data (practicd identifiability), can we expect to obtain unique vaues for the modd

parameters?’. It is important to notice the digtinction between theoreticd and practica identifigbility in this
datement. In the study of theoreticd identifiability perfect noise-free data is assumed wheress in practice
the data may be noise corrupted. As aresult, parameters may be practically unidentifiable dthough they are
theoretically identifiable (Holmberg, 1982; Jeppsson, 1996).

For linear systems the theoretica identifiability is well understood and there are severa methods available
for testing the identifiability (see e.g. Bellman and Asrém (1970), and for an overview of different methods
Godfrey and DiStefano (1985)). On the contrary, the theoretica identifiability of non-lineer modelsis more
complex to assess, and only a few methods are currently available to test the identifigbility. In the case of
nontlinear model's the approach has more been to work out different necessary and/or sufficient conditions
for locd and/or global theoretical identifiability that may dlow for some conclusons (Walter, 1982). The
following lis summarises the avalable methods for non-linear models, including both theoretica and
application oriented references that have focused on Monod kinetic models.

1. Trandormation of the non-linear modd into a linear model (Walter, 1982; Godfrey and DiStefano,
1985; Ljung and Glad, 1994). Applications. Dochain et al., 1995; Bourrel et al., 1998; Sperandio and
Paul, 2000.

2. Seriesexpansons.

2.1. Taylor series expanson (Pohjanpao, 1978; Wadter, 1982; Godfrey and DiStefano, 1985;
Chappell et al., 1990; Walter and Pronzato, 1995). Applications: Holmberg, 1982; Dochain et
al. 1995; Jeppsson, 1996; Bourrel et al., 1998; Sperandio and Paul, 2000.

2.2. Generating series (Walter, 1982; Walter and Lecourtier, 1982; Walter and Pronzato, 1995). No
practical gpplications have been found.

3. Similarity transformation approach or locd sate isomorphism (Vada et al., 1989; Chappell et al.,
1990; Chappd | and Godfrey, 1992; Walter and Pronzato, 1995). Applicaions: Julien, 1997; Julien et
al., 1998.

4. Study of the observahility properties of non-linear system (Casti, 1985). Applications Bourrd et al.,
1998.
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In generd, for both linear and nontlinear models, it can be very difficult to predict which approach involves
the least efforts for a particular example (Chappell et al., 1990). In this study the series expansion methods
were chosen since these methods are relaively smple to apply. In the Taylor gpproach the series is
generated with respect to the time domain wheress the series is generated with respect to the input domain
in the generating series approach. In fact the generating series approach can be considered as an extension
of the Taylor series expansion method for the case where a class of inputs is considered (Raksanyi et al.,
1985). Thus, it appears that in the specific case of amodd with zero inputs, the generating series gpproach
becomes equivaent to the Taylor series expanson (Walter, 1982; Vgda et al., 1989). The principles
behind both series expansion methods will be briefly described below.

As stressed by Dochain et al. (1995) the theoretica identifigbility will only depend on the modd Structure
and on which variables are measured. In the study of heterotrophic subsirate degradation via the Monod
model carried out by Holmberg (1982), measurements of both substrate and biomass were assumed to be
available, and it was proven that al parameters were theoreticdly identifiable under such conditions.

However, in a amilar sudy assuming only biomass measurements it was not possible to identify all

parameters theoreticaly (Chappell and Godfrey, 1992). In both studies (Holmberg, 1982; Chappell and
Godfrey, 1992) it was assumed that growth took place. In the work by Dochain et al. (1995) growth was
neglected in the heterotrophic substrate degradation model, and oxygen uptake rate data was considered
as measurements. It gppeared that in this Stuation only certain parameter combinations were theoretically
identifiable. If, however, growth is assumed to take place the theoretical parameter identification improves
because the identifiable parameter combinations obtained assuming no growth (Dochain et al., 1995) can
be split up further (Sperandio and Paul, 2000). Bourrel et al. (1998) studied the theoretica identifiability of
the Monod kinetics for the denitrification process in a biofilm mode assuming steady State with respect to
growth, and it was shown that depending on the measured state variables (nitrate, nitrite, carbon substrate)
different parameter combinations were identifiable. In another study the identifiability of a reduced order
model, to be used to control nitrification and denitrification by gpplying measurements of oxygen and

nitrate, was investigated (Julien, 1997; Julien et al., 1998). Also in this study it appeared that some
parameters were identifiable uniquely whereas others were only identifiable in combination with other

parameters.

The objective of this sudy is to anayse the theoretica identifigbility of the two-step nitrification Monod
kinetics using outputs from wo types of respirometer (oxygen concentration data, S, or oxygen uptake
rate data, 1), output from a titrimetric method (cumulative proton production data, Hp) and combined
respirometric and titrimetric data. The generating series and the Taylor expanson method were gpplied to
investigate the theoreticd identifiability. Two Stuations will be conddered: firsd a mode structure that
excludes biomass growth, which smplifies the study significantly, and secondly a modd structure where
biomass growth is included in the modd. These two modd structures dlow the description of short- and
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long-term experiments respectively. Furthermore, the results of the identifiability study for the two-step
nitrification modd will be generdised based on an ASM1-like stoichiometric matrix. It will be proven with
examples that the identifiable parameter combinations can be predicted by gpplying smple generaisation
rules, based on only knowledge of the process under study, the measured variables and the subgtrate
considered.

The chapter is organised as follows. Firgt the definition of theoreticd identifiagbility is presented in section
two together with the principles of the two methods that are applied in this study, Taylor expanson and
generating series, are described in section two. The two-step nitrification process is presented in section
three together with the modd and the measurement principles of the two respirometers and the titrimetric
technique (mainly repetition from chepter 3). The theoreticad identifiability of the modds consdering
different outputs is studied in a section four. This section is subdivided according to the different studies
caried out: (1) Respirometric data (ro, applicable for both respirometers) or titrimetric data (Hp),
considering loth growth and no growth, (2) Combined ro and Hp data and, (3) Respirometric data from
both respirometers (So) and titrimetric data (Hp), considering both growth and no growth. The principle of
the Taylor expanson method and the generating series gpproach are illudrated in detal for the first
identifigbility studies where growth is not included. For the remaining studies the principles are lined up but
the equations are not written out fully due to the increasing complexity of the expressons. The power of the
generaing series approach over the Taylor series will be illustrated for the specific case of the second
respirometer. Findly the results of the identifiability studies are generdised in section five, and the results of
this generdisation are compared to literature results.

2. Theory

There is subgtantid literature on theoreticd identifiability (e.g. Pohjanpao, 1978; Walter, 1982; Godfrey

and DiStefano, 1985), and different definitions have been given in the literature, however al being variants

of the following considerations. Assuming that the generd model M (p) (Eq.1) is considered:

id
—X

{y(t, p) =g(x(t), p)

@

where x, U, y and p represent the state vector, the input vector, the output (measured variables) vector

U
and the (unknown) parameter vector respectively. Two models, M(p) and M(p), are considered which

have the same structure, e.g. the same parameterisation, same input u, which belongs to an admissible

U
input class U, and identical outputs y © y for any input u. If it is furthermore considered thet the vector p

to be identified belongs to some admissible parametric space P, the definitions for identifiability can be
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formulated as follows (Walter, 1982):

Definition 1

The parameter p is theoretically locally identifiable for the input class U, if and only if for dmost any
velue p T P there exists a neighbourhood V(p) suchthat:

U, i 0.
pl V(p)i P gy
ou yP pi=p )
y(p.° y(p.y), " t>0," ul U},
u

This meens that, if there exists another parameter vector p which belongs to aloca sub-domain, i.e. a

neighbourhood V(p) of the admissible parametric space P, and if the outputs y with both parameter

U
vectors p and p ae equd for al time t and al inputs u, then (each component of) both parameter
vectors are equa and thereby uniquely identifiable. On the contrary, if the parameter vectors are not equa

U
for al inputs, then the system is not identifisble. E.g. if there exists @t least one p * p such that the output

U
of M(p) can not be distinguished from the output of M (p) , this would question any further useof p.

Definition 2

The parameter p is theoretically globally identifiable for the input dlass U, if and only if for dmost any
vduep T P onehas:

U, TR

pI P i U

ou yP pi=p €)
Y(B.° y(p.H, "t>0" ul U]

Definition 2 is very smilar to the one above, except that the domain is now expanded to the whole
parametric space P to access the global identifighility.

Definition 3
Themodd M(p) is theoreticaly globally and/or locally identifisble if and only if al the parameters p are
globaly and/or locdly idertificble.

2.1. Taylor series expansion

The Taylor series expangon gpproach to study the theoretical identifigbility was origindly developed by
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Pohjanpalo (1978). The general model as defined in Eq.1 is consdered. The basis of the Taylor approach
is that the output vector and its derivatives with respect to time, typicaly developed around initid timet =
0, can be assumed to be known and unique. The successive Taylor derivetives, a (p), are defined as

described in Eq. 4, and the Taylor series approximation of the output y around timetisgivenin Eq. 5.

k
ak(p)—llmt®0dk(y(t p)) k=01,...¥ 4

2 d?y gk d*

dy
y(t,p) = )/(t)+t><—(t)+2 OI2() —X—y(t) k=0,1.. Q)

Thus, the Taylor derivatives, ak (p) , are functions of p and the method smply consists of solving aset of

agebraic eguations (consgting of the Taylor derivatives) with respect to the parameters or combinations
thereof. A sufficient condition for the model to be theoreticdly identifigble is that there exists a unique
solution for p (Pohjanpalo, 1978; Walter, 1982).

2.2. Generating series

The generaing series approach generdises in some sense the Laplace transform gpproach for identifiability
of linear models (Walter, 1982; Water and Lecourtier, 1982; Wadter and Pronzato, 1995). In the
generating series gpproach it is consdered that the model equations are written as Eq. 6.

m .
%z() °(x(t),p) + élui(t)t'(z(t),g), x(0) =Xo(p) ©

i
|

i

Ly(t.p) = g(x(t).p)

In this equation X, y and p represent the state vector with n states, the output (meesured variables)

vector and the (unknown) parameter vector respectively, while y represents the input withi =0, 1,...m.
Note that the modd is defined to be linear with respect to the inputs. The generating series is based on the
output function g(x(t),p) and its successive Lie derivatives, typicaly evaluated at t = 0 (Eq. 7).

n
Lyoep)| = 81 P o-ap) =5 () U

k=1 k t=0

InEq. 7 f " isthe k'th component of f_i ,eg.in f*2: (1) refersto the function of the first input and (2) to
the second state. If s(p) denotes the vector of al the coefficients of the series of successive derivatives, a
sufficient condition for the model to be theoretically identifiable is thet there exists a unique solution for p
from s(p), smilar to the Taylor series expanson method (Walter, 1982; Walter and Lecourtier, 1982;
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Walter and Pronzato, 1995).

2.3. Practical application of the series expansions methods
The practicd procedure for application of the two methods can be described by the following steps:
1. Computation of the successve derivatives of the output function.

2. Choice of the parameter set p to be identified.

3. BEvduation of the successve derivatives by inserting dready known quantities and derivatives of
lower orders.

4. Express the successve derivatives as function of the parameter combinations that were chosen in
step 2.

5. Solve the set of equations resulting from step 4 with respect to p..

6. If aunique solution can be found from step 5 the parameter set selected in step 2 is theoreticaly
identifigble.

Typicaly, the Taylor or generating series are developed around t = 0. However, systems that are singular

(i.e. not solvable) around zero can not be termed unidentifiable by the argument that a unique solution for p

is lacking around t = O, since later observations a t > 0 may provide additiona information on p

(Pohjanpalo, 1978; Wdter, 1982). In addition, it should be stressed that it is the user that defines the
parameters or parameter combinations p that are to be identified in step 2. Thus, the procedure becomes

iterative, Snce S0 far there are no generd rules for sdecting the “right” combinations (Dochain et al.,
1995).

Another disadvantage is that the upper bound on the number of equations that may be required is
unknown. One usudly gtarts with a limited number of coefficients and adds more if necessary. There is,
however, no guarantee that new information could not have been obtained by including derivetives from an
even higher order (Godfrey and DiStefano, 1985; Vada et al., 1989; Chappell et al., 1990). Thislack of
an upper bound means that this condition is only sufficient, but not necessary, for identifiability (Walter and
Lecourtier, 1982; Vada et al., 1989). Moreover, the structure of the resulting equations is mogt often far
from smple, even for nodels of moderate complexity. Although symbolic manipulation software packages
have proven very useful, this problem can not dways be resolved making it difficult to establish the
identifiability properties (Reksanyi et al., 1985).

For a modd with zero nput the generating series approach is equivaent to the Taylor series expansion
method, as mentioned above. However, for models that include inputs, the generating series gpproach
usudly results in smpler equation structures than those of the Taylor series approach (Reksanyi et al.,

141



1985; Wdter and Prozato, 1995), dthough this was questioned by Godfrey and DiStefano (1985). In
generd, it can be difficult beforehand to judge which gpproach is the most suitable one for a particular
model (Chappdl et al., 1990).

3. Case study: Two-step nitrification

Nitrification takes place in two steps (1) oxidation of ammonium (NH,") to nitrite (NO,) and (2) oxidation
of nitrite (NO,) to nitrate (NO5). This process is illugtrated in a smple form in Eq. 8 without considering
that asmal part of NH," isincorporated into the biomass during growth.

i NH; +1%0, « NO; +2H" +H,0

. . (8)
FNO, +%0, « NO;

Note that both nitrification steps can be characterised by measurements of oxygen uptake whereasit is only
during the first step that protons are produced. This makes it possible to characterise the first step by its
proton production. Measurements of oxygen uptake rate (ro) can be carried out via respirometry, and
proton production (Hp) can be quantified via a titrimetric technique (Gernagy et al., 1998). In this study
two dightly different respirometers were consdered. Detaled information on the difference between the
two respirometric principles can be found in chapter 3.

The first respirometer congsts of a continuoudy aerated batch reactor and is illustrated in Fig. 1 together
with atypical data set. For this type of respirometer the mass baance for dissolved oxygen (So) conssts of
two parts. aterm for the oxygen transfer due to aeration and aterm for the oxygen uptake rate, ro (EQ. 9).

as, _

o K a(Ss - So)- fo ©)

The 1o in Eqg. 9 consigts of two processes. (1) the immediate uptake of oxygen due to the consumption of a
readily biodegradable substrate, i.e. the exogenous oxygen uptake rate b, and (2) the endogenous
oxygen uptake rate beng. The endogenous oxygen uptake is aso observed in absence of a readily
biodegradable substrate. It is assumed that this rate is associated with e.g. oxidation of biodegradable
matter produced interndly during lysis of dead biomass etc. When no readily biodegradable substrate is
present o IS zero, and in that case the oxygen concentration in the respirometer reaches a steady-state
concentration (Soeq) representing the equilibrium between oxygen transfer and endogenous respiration.
With this knowledge Eq. 9 can be transformed into Eq. 10 (Vanrolleghem, 1994), under the assumption

that K a, S and ro end ae constant during the observed time period.

ds
?O =K La(SO,eq - SO) - rO,ex (10)
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Figure 1. A: Schematic representation of respirometer 1. B: Typica S and ro e data set obtained
following the addition of Sy to the activated dudge in respirometer 1 att =0

In this respirometer the value of e Can be caculated from the measured & data when the vaues of
dSo/dt, Soeq and K a are known. The factor dSo/dt is the dope of the S curve, and istypically obtained
by a moving window regresson on the & data. S Can be obtained from the respirogram as the &
concentration measured during the endogenous respiration phase. For the oxygen transfer coefficient K a
severd methods can be used to obtain its value. However, the estimation of a reliable K avaue is not
without problems (ASCE, 1996) which is the disadvantage of applying this type of respirometer.

The second respirometer, cdled the hybrid respirometer, is more advanced. An illudration of its
configuration and atypica data set (So1, So» data and calculated 1o, vaues) are givenin Fig. 2A and 2B
(see dso chapter 3 for a more detailed explanation). The respirometer consists of an open continuoudy
aerated vessel and, connected to it, a closed nonaerated respiration chamber. It is equipped with two
dissolved oxygen probes. Mixed liquor is continuoudy pumped between the aeration vessd and the
respiration chamber, and vice versa. The & mass balances are given in Eqg. 11 and 12, where 1 refersto
the aeration vessel and 2 to the respiration chamber.

d .
:f’l =3 (S5 Sou) +K (S - So1)- oy -

1

d .
% ) ?/_I; (So1-S02)- To2 2
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Figure 2. A: Schematic representation of respirometer 2. B: Typicd S data set obtained following the
addition of Sy to the activated dudge in the aeration vessdl of respirometer 2 at t = 0. C: Hp and ro , data
resulting from the same experiment

The main advantage of this respirometer is that ro can be calculated from a Smple S mass balance over
the closed respiration vessel (Eq. 12), thereby avoiding the need to estimate K a vaues. In the hybrid
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respirometer substrate is added as a pulse in the aeration vessdl a the tart of an experiment (t = 0), and
not to the respiration chamber. Thus, the substrate concentration in the respiration chamber builds up from
zero through the substrate flow from the aerated vessd. Therg in the two vessdls (1o, 1 and ro » respectively)
is obvioudy only equal when the substrate concentrations in both vessds are identica. The subdtrate
trangport isillugrated in Fg. 3, where smulated profiles of ammonium (Syy) are given for the experimentd
dataof Fig. 2. Infact, at time zero, ro > isequa to ro eng (See chapter 3).

4

3.5 1

3

Snhs Snoz (Mg N/)
= N
I3 ) o

[any
1

o
o

0 T T T T T T
0 20 40 60 80 100 120 140
Time (min)

Figure 3. Smulated Sy, and Syo, profilesin aeration vessal (Syn 1, Svoz,1) and respiration chamber (Syk 2,
Snoz,2) for the experimenta data of Fig. 2 (no Syo, added at t = 0)

An illugraion of a typicad Hp data st is given in FHg. 2C. Hp data are collected in pardld with
repirometric data during an experiment with an addition of ammonium at t = 0. As mentioned above, only
the firgt nitrification step has an effect on the pH. Thisis dlearly illustrated in Fig. 2C, where the cumulative
proton production stops when the degradation of Sy is finished. The respirometric and titrimetric data
were modeled by gpplying the mode structure that is summarised in Table 1. The modd in Table 1 is
based on ASM1 (Henze et al., 1987), with some modificaions:

Nitrification was modelled as a two-step process. In the firg nitrification step Sy is oxidised to nitrite
(Snoz), Which is subsequently oxidised to nitrate (Syos) in the second nitrification step, as described
above.

For the second nitrification step nitrogen taken from Syo, IS incorporated into new biomass.

Biomass decay was included in the modd as endogenous respiration.
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In this study, a detailed mode for the titrimetric data is only applied for the nitrification process (see
Table 1). In the mode protons (Hp) replace the ASM1 S, « component, which means that the signs of
the stoichiometric factors in the Hp column are the opposite of the signs that appear in the Sy .« column
in the ASM1 matrix (Henze et al., 1987). In the model Sy oxidation and uptake of Sy, for biomass
growth during nitrification will produce Hp. A congtant background Hp production is aso included in
the titrimetric model to take CO, stripping into account, Smilar to Gernaey et al. (1998). This effect of
CO, dripping is assumed to be congtant during the short duration of each experiment (Gernaey et al.,
1998).

For heterotrophic growth, the standard ASM 1 conversion term for Sy isincluded in the Hp column
of Table 1 (uptake of Sy to be incorporated in new biomass produces Hp).

4. Results

All symbolic manipulations were carried out with the MAPLE V software package (Waterloo Maple
Software).

4.1. Measurements of rqe Or Hp — No net growth model

In the modd used in the first study growth and decay are not included, i.e. column 1 and row 4 in Table 1
are excluded which means that X is considered as a constant. Moreover, incorporation of Syy for biomass
growth is not consdered (ixs = 0). It will appear that these assumptions smplify the study significantly.
However, it should be noted that the mass balances of organic substrate and ammonium grictly spesking
are not correct gnce it is only assumed that the substrate degradation induces oxygen consumption and
proton production or consumption. The assumptions are, however, reasonable, and no significant errors
will be induced in the case of short-term experiments where sgnificant growth can be assumed not to take
place.

4.1.1. Respirometric data (roex)

In the work of Dochain et al. (1995) the theoreticd identifiability of the model for heterotrophic growth on
a readily biodegradable carbon substrate, Ss, (process 1 in Table 1) was studied. The expression for ro e
according to Table Lisgivenin Eq. 13.

r'r;%axH XXV Ss(t)
Y,  Kg+Ss(t)

Foex () = (- Yiy) * (13)

Only S was conddered to vary as function of time in the gpplication of the Taylor series expanson since

biomass growth was not considered in the modd. It was concluded that the following three parameter
combinations were identifiable (Eq. 14 — 16) (Dochain et al., 1995).
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1' YH

oy = Y. MMM XX (14)
d, =(1- Yy) Kg (15)
& =(1- Yy)Ss(0) (16)

For the two-gep nitrification condgdering no net biomass growth (process 2 - 3in Table 1, but with ixg =
0) the expression for ro e isgivenin Eq. 17.

foe = (343- Yy) JMhaxat XX 9 Sy (t) +(L14- Y,,) Mhaxa2 XX Syop(t)
e . .
g Y a1 Ksa1 +Syu(t) Ya2 Ksaz + Syoa(t)

(17)

It became however too complex for Maple V to simultaneoudy solve for identifidble parameter
combinations for the two nitrification steps. The theoretica identifiability was therefore consdered in atwo
stage approach, i.e. the first and second nitrification step were dedlt with separately, smilar to the sudy of
a double Monod modd with two readily biodegradable carbon substrates by Dochain et al. (1995).
However, there are two maor differences between the two-step nitrification process and the double
Monod example of Dochain et al. (1995): (1) At t = O the concentration of the substrate for the second
nitrification step, Swop, IS zero. Hence, only information on the kinetics of the firgt nitrification sep is
avalable a t = 0. (2) The two nitrification steps are closdly linked in the way that Syo IS produced from
thefirst step, i.e. aslong as Sy is il present there will be atime varying input of Syoz.

The study of the theoretical identifiability was therefore gpproached as follows. Firgt, t = 0 is consdered
and the identifidbility of te first step can be analysed. Secondly, it is assumed that Sy is completely
eliminated from the mixed liquor a a certan time indant § > 0, i.e. S = 0 and S0z IS o longer
produced. However degradation of accumulated Syo, still takes place and, consequently the identifiability
of the second nitrification step can be studied. Thus, this is an example where later observations (t > 0) can
give further information on the st of possible identifiable parameters, as discussed earlier (Pohjanpao,
1978; Walter, 1982). As a side note, to be practically identifiable, a necessary condition for this approach
will obvioudy be that the second nitrification step is dower than the first step resulting in a build-up of Syoz
thet is “observable’ as a shoulder in the ro e profile. This situation is illustrated in Fig. 2 and 3. From the
simulated Syo, concentrations in Fig. 3 one can dearly see the build-up of Sy0.. Degradation of Sy is
finished a t = 60 min while S0, degradation continues. In case the second nitrification Sep is faster than
the firgt step, then the amount of S0, available upon the complete degradation of Sy will be too low to
result in avisble ro & response, leading to impossible practica identification of the second step parameters.

Findly, one may have the Stuaion where sufficient Syo, is added initidly together with Sy, to cause a
second shoulder in the roe profile. In this case the roe profile can be subdivided in two parts
corresponding to the degradation of Sy and Syoz (see Fig. 4). In this Stuation the theoreticd identifiability
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study could be approached as follows. Firdt, the identifiability of the second step is carried out assuming
that Syn is completely degraded at apoint t; > 0 (eg. a t =65 minin Fig. 4). Therg  Of the second step,
which can be assumed congtant in the first period where both nitrification steps occur in pardle, can then
be subtracted from the tota ro e, alowing the identifigbility of the first step to be studied.

0.4

A 0.35 1

o
w

)

o
)
a

Degradation of Sy finished

l Degradation of Syoz finished

|

0.1 1 o2
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Time (min)

Sy Snoz (Mg N/
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[y
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o
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Figure 4. A: ro » dataresulting from an experiment with addition of a mixture of Sy and Syoz at=01in
the aeration vessdl of respirometer 2. B: Smulated Sy and Syo profilesin aeration vessd (Sun,1, Snoz)

and respiration chamber (Sun 2, Snoz.2)

In the following the firgt dtuation (Syo2(0) = 0) is considered. Thus, first t = 0 is consdered and the

identifiability andysisis based on the first part of Eqg. 17. In the following the exogenous oxygen uptake rate

concerning only the firg nitrification step is denoted rg‘}ax . The Taylor series expansion was applied, and

Eq. 18 - 20 list thefirst three successive derivatives of rl, with respect to timeat t = 0.
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Mhaxar XX X343- Ya1) . Suu(0)

rQex (0) = (18)

o Ya1 Kt +Syn(0)

droe (0) . Myaxar” X X(3.43- Y p1) o Kea1 Sy (0) (19)
at 7 (Ksag +Syn (0))°

d*rd e (0) _ Mhaxas” XX° X(343- Y1) K1 XSy (0) XK gy - 25Gy,4(0)) (20)
dt? Y (Kgag +Synn(0)°

The parameter combingations that were consdered as potentidly identifiable in the Sudy are givenin Eq. 21
-23.

343-Y
b, = Y—Al XMhaxa1 XX (21)
AL
b, =(3.43- Y1) XKang (22)
by = (343- Y 51) Sy (0) (23)

It is now sought to express the derivatives (Eqg. 18 - 20) as afunction of the parameter combinations (Eq.
21 — 23) as generdly expressed in Eq. 24, wherei is equd to the order of the derivative. The expressions
for the actua case are givenin Eq. 25 - 27:

d'r

vi=—i© (24)

VO = % (25)
b, + b,

v, =- by xb, xb; (26)

(b, +1by,)°
: (by + b3)°
The equations 25 - 27 arefindly solved for the parameter combinations, resulting in Eg. 28 — 30.
b, = Vo (Vo XV, - 3V5) 29)

VO ><V2 - Vf
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- 4vE 3

b, = (29)
(Vo v, - 3Vf)(Vo xVy - Vf)
- v«
by =— 0 (30)
VO XVZ - 3Vl

Conclusively, this study shows that the parameter combinations for the first nitrification step given by Eq.
21 - 23 are indeed theoreticdly identifiable, consdering b« Measurements and no net biomass growth.
The results are smilar to the parameter combinations obtained by Dochain et al. (1995), only replacing the
factor (1-Yy) in Eq. 14— 16 by (3.43-Y A1) in Eq. 21— 23.

The theoreticd identifigbility of the second nitrification step assuming t > 0 follows very much the same
patterns as illugtrated above, and results in the identifiable parameter combinations listed in Eq. 31 —33. In
this case Eq. 33 is not redly relevant, since Suo2(0) = 0. However, in the case where Si02(0) * O the
identifigbility study yidlds identica results, and it may be rdevant to identify a combination including
Sno2(0).

1.14-Y
b, = Y—Az XMhaxaz XX (31)
A2
bs =114 - Ya5) XSy02(0) (33)

4.1.2. Titrimetric data — Hp

The modd that describes the proton production rate for the firg nitrification step is given in column 7 in
Table 1 (no net growth and therefore ixg=0 is till congdered). The structure of thismode isin fact rather
smilar to the modd for respirometric data described above, only isthe output now the concentration of Hp
(meg/l) instead of K. It is thus expected that the structure of the identifiable parameter combinations
becomes samilar to the ones derived in the previous example. The generaing series principle will be
illustrated for this study.

The equation st for the generating series approach, according to the generd formula of Eq. 6, is given in

Eqg. 34 consdering the states Sy and Hp respectively. Note that there are no inputs considered in this
case.
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g Mhaxar XX Snn () 0
fozamgzg Ya1 Ksaz +Syn (1) * flzagg
- gf 022 62 Muar XX Swu() 7 gog

4 Ya KSA1+SNH(t)r+J

(34)

©
I

€L
o

Theinitid vauefor the output Hp is zero and the initid vaue of Sy (at t = 0) is Sy(0).

The firgt Lie derivative operator can now be written as generaly stated in Eqg. 35. In this equation x; refers
to Sy and % to Hp (see ds0 Eq. 36). Thefirg Lie derivative operator is written out completely in Eq. 36
for thisexample.

L, =f0hel g0z, 1 (35)
0 X, X,

L :g'_ Mhaxat XX . Syu(0) U1 +§2 Thaar X Suw© U 1

(36)
0 & Ya1 KSA1+SNH(0)H ISnH g Y a1 KSA1+SNH(O)H fHp

The Lie derivative of the output gin its genera form isgiven in Eg. 37 and the corresponding expression for
thisexamplein Eq. 38 - 39.

_gor, T 02, T
L¢,9(0) =f x: (9(0) +f =, (9(0) (37)

€ Mauxar XX Syu(0) U THp €2 ma XX Syu(0) U fHp
g + gx (38)
Yar  Kaar *Syu(Q) g TSyH @ Ya  Kag *Syw(@g Hp

- 2 XX Syy (0
0 L;90== Mhaxa1 ne (0) (39)
14 Ya  Kay #Su(0)

The successive Lie derivatives of the output g follow the generd formula (Eq. 40) and for this specific
example the expressions for the second and third derivative are given in Eq. 41 and 42.

LmHﬂmﬂm;LM&@V”%j4uﬁ@) (40)
Xy X,
.2
2 S0)xK M, ap XX 0
L. L 0)=-— NH Al ax T 41
L VITINES W L AP )
3
2 S (0) K g1 (2761 (0) - Kny) FMhigps %X O
Le Le L 0)=- — NH SAl NH Al + 42
fol ool = g e + S O)° Yu “

The parameter combinations that were evauated for theoreticd identifiability are listed in Eq. 43 - 45.

152



d1 — i rm1aXAl XX (43)

14 Y,
2

d, =280 44

2 12 nr (0) (44)

dy = 2K,y (45)
14

Smilar to the Taylor series expanson the derivatives (Eq. 39, 41 and 42) are now expressed as function of
the parameter combinations (Eq. 43 — 45), resulting in Eq. 46 — 48. Equations 46 — 48 are again solved for
the parameter combinations, and solutions are given in Eq. 49 — 51.

1o =% (46)
d, +d;
d? »d
oy =- 0% (47)
(d, +ds)
d;’ »d, xd; X(2d; - d,)
2= 5 (48)
d, +ds)
. u X3u? - uyxu
U d1 — o )(2 1 0 2) (49)
Uy - Up XU,
- qu2
d, = 20 - 2 (50)
(Ug U, - 3up)(ug>u, - ug)
- 2u2
dy =l (5)
3u; - Up XU,

Thus, the parameter combinations given in Eq. 43 — 45 are theoreticaly identifiable. As could be expected,
the structure of these parameter combinations and its solutions (Eq. 49 — 51) are Smilar to the ones derived
in the previous example consdering ro e data, except for the stoichiometric factors.

The results of the theoreticd identifigbility studies of the two-gtep nitrification model consdering a mode
sructure with no growth and separate measurements of 1o Or Hp are summarised in Table 2.
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Table 2. Schematic overview of the theoretically identifiable parameter combinations for nitrification step 1
and 2, depending on ro and Hp measurements, and for amode structure excluding biomass growth

|Proce$ () Nitrification step 1 Nitrification step 2
|M easurement (i) ® loex Hp foex
Mode structure
343-Y 1.14-Y
No grOWth AL rT.\'naxAlx E—n?naxAlx Y Az axAZX
Yar 14 Y A2
(343- Y 5)K g 2 (1.14- Y p2)Ksnz
a4 YAl
(3.43- Ya1)Syn (0) 14 (114 - Y 2)Sno2 (0)
2
—Su (0
14 NH ( )

4.2. Measurements of rge Or Hp — Growth model

In the theoreticd identifiability studies presented in this subsection net growth will be explicitly taken into
account. It will be assumed that ro eng (i.€. b3 (t)) and the background proton production, which in the case
of growth will be time varying, are known and that ro &« Or Hp data are available.

4.2.1. Respirometric data (roex)

The same gpproach is gpplied as for the modd that did not consder biomass growth, however, with the
difference that X is now dso a function of time with a known initid biomass concentration X(0). This
complicates the expresson of the successve denivatives sgnificantly and below only the firg two
derivativesfor thefirg nitrification step areillugtrated (Eq. 52 — 53).

Mhaxat XX(0) X(343- Yyuy)  Syn(0)

N1 _
oex(0) = Y a1 Ksa1 +Syn(0) =
drd’s, (0) ~
dt
) rmnaxAlz XX (0) Sy (0) X4(3.43- Ya1) "(X (0) Kga1 (L +ixg XY a1) = Sup (0) XY aq XSy (0) + KSM))
Y & (K sar +Syu(0)°
(53)

It appeared that it was possible to express the parameter combinations given in Eq. 54 - 57 asafunction of
derivatives evauated a t = 0. Hence, these parameter combinations are theoreticdly identifiable. When
growth is congdered explicitly it appeared possble to separate Mhaa: and X(0) in the identifigble
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parameter combinations. Further, an extra term including the parameter kg appears in the parameter
combinations for Sy(0) and Kgas.

b2 = M1 (54)
A43-Y
bg = 33_Al xX (0) (55)
Al
343-Y
by =—— A Ko, (56)
T+iyg XYy
=— A= 8 0 5
o =7y SO (57

For the second nitrification step the theoreticaly identifiable parameter combinations are smilar to the ones
of the firg nitrification step (see Table 3).

4.2.2. Titrimetric data — Hp

The generaing series gpproach was again applied, but now growth was included in the mode which dters
the equation set for the generating series (Eqg. 58) compared to the sudy with no growth (see Eq. 34),
snce now an equation for the state X has to be included.

Snu (1)
Ksaz1 +Syn (1) :

¢ :
;: C- n;lnaxA]_ XX(t) % SNH (t) >(1+ i B XYA]_) +i B b x)((t)_ g= Hp (58)
03z ¢ Yar Keaz + Syn (1) +
2 32 +ixg XY a1 Mhaxar XX (1) w  Snw (1)

14 Y a1 Ksaz +Syu(t)

- by XX (1)

I O

e
CMhaxar XX (1) %
0y ¢

The first two Lie derivatives with respect to the output Hp are listed in Eq. 59 — 60 for illustration purposes
only.

(2+ixg XY p1) MhaxA1 XX (0) y Snu (0)

(59)
14 Y a1 Ksa1 +Syn (0)

L¢,9(0) =
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I‘fol‘f 09(0) =
_(2Hixg XY ) Mhaxar” X (0) S (0) XX (0) K sp 1 {1+ i xg XY a1) = Syt (0 %Y a1 XSy (0) + Ka))
147 21 XK a1 + Sy (0))°

(60)

The corresponding identifiable parameter combinations are rather smilar to Eq. 54 — 57, and are listed in
Eq. 61 - 64. Again, ixg gppearsin the parameter combinations since Sy, incorporation for biomass growth
isnow explicitly conddered for the firgt nitrification step.

d; = Mhaar (61)
2+iyn XY

= SXE ALy () (62)
14 %Y 5
2+iyg XY

6~ *8 Al Koz (63)

141 +iyg Y1)

2+iyn XY

= 2T X TALS L (0) (6)

T4+ Y )
Table 3 summarises the results of the theoretica identifigbility studies of the two-gep nitrification model
consdering amode structure with biomass growth and separate measurements of ro e or Hp.

Table 3. Schematic overview of the theoreticdly identifiable parameter combinations for nitrification sep 1
and 2, depending on ro and Hp measurements and for amodel structure excluding biomass growth.

Process (j) Nitrification step 1 Nitrification step 2
Measurement (i) ® ro Hp lo
Modd structure
Growth Mhaxa1 Mhaxa1 Mhaxa 2
- + i _
343- Y X (0) 2+ixgYa1 X (0) 114- Y, X (0)
AL 142 p Yaz
3.43- Y, K 2+iyxgYa1 K 1.14- Yp,
TriggYa O | 18@+ikeYa) T 1tiggYa, OV
2+igY
3.43- Y, T8 AL g (0)]1.14- V,,
—— A5 (0 —— Sno2(0
TrigY nH (0) | 14(1+iyg Y 1) T+ Y noz2(0)
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4.3. Combined measurements of rqe and Hp

In this section it is assumed that Ihe and Hp are measured smultaneoudy in the same system. The
measurements of ro e and Hp are assumed to be independent. Consequently, the information on identifiable
parameter combinations (derived in the previous sections) based on 1o« and Hp data separately, can be
combined in the search for possbly new and improved parameter identification. It should be remembered
that improved identifiability can not be expected for the parameters of the second nitrification step (Eq. 8)
gnce the cumulative proton production only yieds information on the fird nitrification step. Again, the
gtuation with no initid addition of Syo; is consdered (Syo2(0)=0), i.e. a t = 0 o & containsinformation on
the fird nitrification step only.

The theoreticdly identifiable parameter combinations obtained under the assumption that biomass growth
does not take place are given in Eq. 65 — 68. The first three combinations are identica to the ones derived
for 1oex Measurements (Eq. 21 — 23). The new parameter combination a; (EQ. 68) is proposed and, if
identifiable, would dlow an identification of Ya;. Inserting Ya; in Eq. 65 — 67 would subsequently result in
unique identification of M a1 XX, Ksaz and Sy (0).

343-Y
b, :Y—Al XThaxa1 XX (65)
Al
b, =(343- Y,;) Ky (66)
b = (343 Y 5y) %Syu (0 (67)
8, = X343 ) (68)

The successve derivatives as functions of the parameter combinations are listed in Eq. 69 - 72, where vp —
Vv, are the three first derivatives based on ro e measurements (identica to Eq. 25 — 27) whereas 7, is based
on the firg derivative of Hp.

b, xb,
=_1 =3 69
Vo b, + b, (69)
b?xb, xb
A (70)
(b, +bj)
3 -
v, =- by’ xb, xb, "(st b,) (71)
(b, +bs)
bl Xb2 (72)

ZO = - £
a, (b, +b,)
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It was found that the equation set w, v, W and % (Eq. 69 — 72) could be solved with respect to the
parameters by, by, bz and a;, proving that the parameter combinations listed in Eq. 65 — 68 are
theoreticaly identifiable. The solutions that were found for by, by, bs and a; ae givenin Eq. 73 - 76.
Equations 73 — 75 are in fact identicd to Eq. 28 — 30.

2
Vo X3Vi - Vo XV,)

by =—— (73)
Vi - Vo XV,
2v2 xv
b, = - % (74)
- 4v3 %3

b, = 20 - 2 (79)
(Vo XV, - 3vy) (Vo XV, - VY)

a, =2 (76)
Zy

It is noteworthy that it was not possible to identify the parameters based on the first two successve
derivatives with respect to e« and Hp data respectively, indicating thet information from higher order
derivatives was needed. The andysis was d <o tried using the firdt three derivatives of the Hp measurements
and the first derivative of 1o . Thisequation set could aso be solved for the parameter combinations given
in EQ. 65 - 68.

Important to noticeisthat in fact a ; (Eq. 76), the parameter combination which will dlow to identify Yag, is
nothing else but the ratio between the stoichiometric factors rdating ro e« and the first derivative of Hp to

df% (see Table 2).

The identifiability sudy considering growth followed the same pattern. However, the equations became
more complicated and they are therefore not written out fully. The parameter combinations that were found
to be identifiable are listed in Eq. 77 - 81. Again, the parameter a , that contains the information on Ya, is

defined by the ratio between the stoichiometric factors rdating ro x and the firgt derivative of Hp to di{;‘“
(see Table 3).

b; =M1 (77)

43-Y
bg = 33—A1xx (0) (78)
Al

158



_343- Y,

by = xK 79
T (79)
3.43' YAl
=— 22 5,4 (0 80
241y XY
a, = IxB XV A1 81)

Summarising, by consdering growth and combined measurements of 1o« and Hp the parameters pnaxat,
X(0), Ksa1, Svn(0) and Y a1 become theoretically identifiable under the assumption that ixg is known.

Fndly, the unique identification of Ya; will ds0 result in a unique identification of Y, based on the
following smple reasoning. The integrd of ro e, Which is aknown quantity, is defined as (Eq. 82):

t

Joex 0t = (343~ Y1) Sy (0) +(1.24- Y ,) XSy, (0) (82)

0
As aresult of Ya; and thereby aso Sy(0) being wniquely identifiable, Yaz is the only unknown in Eq. 82
and becomes identifiable as well. Note that in the case where Sio, is added initidly (Syo2(0)! 0) an
identification of Y, will only be possbleif Syo2(0) is known.

4.4. Measurements of Sy and Hp

From a practical point of view it is an advantage to consder measurements of oxygen concentrations, S,
for parameter estimation as an dternative to 1o Measurements. Indeed, S is the direct output from the
dissolved oxygen eectrode(s) in the respirometer and thus the differentiation step, which is needed to
convert S data into o e data, but at the same time aso increases the noise on the data, could be avoided.
In the following the theoreticd parameter identifiability based on S measurements will be considered for
both types of respirometer. The parameter identifiability should not depend on whether one focuses on S
or its derivative, ro, as output. However the fact that afew extra parameters related to oxygen transfer and
biomass decay will need to be considered smultaneoudy, compared to the Stuations illustrated above, may
complicate the matter dightly. For smplicity, only the identifiability of the first nitrification step will be
conddered in the following. However, the identifiability of the biodegradation kinetic parameters of the
second nitrification step can aso be carried out according to the procedure described above.

4.4.1. Respirometer 1 — Sp and Hp measurements

For the first respirometric technique the equation set for the generating series gpproach excluding growth is
given in EQ. 83. The successve derivatives with respect to time for the Taylor series approach will follow
the patterns initiated in Eq. 84 — 86, where the derivatives of 1o« are Smilar to the ones that were derived
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above (Eg. 18 — 20).

& Sau () 0
CMhaxa1 XX % -
015 C Ksag + Sy (1) + 206
0 =Go2sog. Mo X, Sw () 5,112 405,9=(0)
Qf a. © Y a1 K1 + Syu (1) N o -
B G axSon - So(1) - (- v X, S T 5P
é . Ya1 Kea1 +Syu() g
(83)
dS4 (0
00 -k axS e - SO - L &)
d*So(0) dSy(0)  droex ()
=-K X - !
t? L&y t &)
3 2 erNl 0
00 _ ¢ IS0 FrELO) o
at at at

The complexity of the equations increases significantly and the equations are therefore not written out fully.
It was sought to identify the parameter combinations given in Eq. 87 — 91, with Eq. 87 — 89 containing the
kinetic information identicd to the earlier applied Eq. 21 — 23.

by = 2 YA X (&7
N

b, =(343- Y, ;) Ky (88)

by = (343- Y,) %Sy, (0) (89)

b;=K,a (90)

b= So,eq (9D

Five successive derivatives were needed to solve for the parameter sets given above. However, MAPLE
V was not able to achieve this and a dightly different gpproach was applied to show that identification of
the parameter combinations given in Eq. 87 - 91 is possible. This approach conssted of including a second
time indant in the identifigbility study. This point, t, is defined as the point in time where dl subdrate is
degraded (i.e. loex = 0 &t point t;), but S is il unequa t0 S eq. It IS reasonable to assume that such a
point & exists since complete re-aeration to the equilibrium oxygen concentration S is only possible
when subgtrate degradation is terminated, resulting in the mass baance given in Eq. 92.
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Eol) - K xS - Solt) (@)

By including this equation in the identifiability study, it becomes possble to identify the parameter
combinations given in Eq. 87 — 91. Thisis again an example that later observations & t > 0 may give
additiona information needed to identify some parameters.

If, on the other hand, growth is assumed to take place, the equilibrium concentration of oxygen Sp,eq Will
change with time and one will have to consider the unreduced form of Eq. 9 for the oxygen mass baance
(Eq. 93)

dS(;)t(t) =K La(S% - SO (t)) - rO,end(t) - I’O,ex (t) (93)

It will be necessary to assume that ether the oxygen trandfer coefficient K a or the saturation concentration
S is known in order to identify the kinetic parameters related to . For example, the K a can be
determined via separate tests (ASCE, 1996). The endogenous respiration roenq IS defined by
loend = 0XX(t) . If X(0) is assumed to be known, the decay rate b will be identifiable at the time instant

where the subgtrate is not added yet. Thus, based on these assumptions the parameter combinations given
in Eq. 94 - 97 (identica to Eq. 54 - 57) become identifigble.

b7 = Mhaxar (94)
bg = M xX (95)
Ya1
(343- Y1)

=" Al K 96

° A+iyg X p1) S 40)

343-Y
by, = M XSy (0) (97)

A+iyg xXYaq)

Findly, it was proven (results not shown) thet the yield of the firgt nitrification step, Y a1, becomes uniquely
identifiable by combining S and Hp measurements. To achieve this result a smilar gpproach was applied
as described for the combination of ro and Hp measurements including successive derivatives of S and the
fird derivative of Hp.

4.4.2. Respirometer 2 — Sp and Hp measurements

For the second respirometer the complexity of the mass baance equations is increasing further, because
two oxygen measurements are included together with transport terms as described earlier in Eq. 9 and 10.
If Qi is congdered to be a known input, the resulting complete equation set for the generating series
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approach (including biomass growth) is given in Eq. 98.

2 Suna(t) o
XX ; (1) ' 0
g%axm i K1 + Synalt) =
¢ +
t) .
G XX - (1) X S, 2 :
a9019 gmnaxAl 2(t) Kong + Sua(0) :
of Ozj G Mhaxar Xe(t) . Snuall) 1+ +
G o3 © Y Ko +S T X1+iyg) -
fo:gf T_¢ Al sa1 +Syna(t) -
047 € S (t +’
cf s & Mhaxar X2 (1) a2 () X(1+iyg) i
ngS; ¢ Ya1 Ksaz +Syn2(t) +
. G +
- S t .
8f 06@ QKLa%SOO _ SO,l) _ (343_ YAl) yrmﬁaxA1xX1(t) « NH,1() _ b»(l(t)_
g Ya1 Ksaz +Syna(t) N
Sy (t .
g_ (343_ YA]_) yrrrlnaxAl XXZ(t) « NH,Z( ) _ bXXZ(t) N
e Ya1 K1 +Sym,2 (1) @
1 I
E;%(xz(t)- X)) 2
1 -
¢1 -
a0 c— (X1 (1) - X (1) -
¢ T ¢V +
G2+ ¢ +
¢ 1s% G (Suna(®) - Spna(D) *
o & 137_ Vs NH,2 nHa() 8010 o
Gr1at "G q + 9—§502;
g - gV_Z(SNH,l(t) - Sz (1) ’
f. .
¢ T ¢4
&5 &y (So2(0- Sos(0)
1

1
V—Z(So,l(t)' So,2 (1))

Thetwo firg Lie derivatives (L) with respect to the two outputs are given in equations 99 and 100.
Lt 01(0) =K aXS3 - So1) - Moea - Toend (99)
Lo °92(0) = - Fgeng = - bxX1(0) = - bxX;,(0) (100)

It should be remembered that the substrate concentration in the respiration chamber at t = 0, Sy »(0), is
zero, resulting in Eqg. 100, because subdrate is only added in the aegration vessd at t = O for this
respirometer. Thus, it is clear that based on Eq. 100, 1o eng IS identified Snce the biomass concentrations
X1(0) and X%(0) are assumed to be equd. As a consequence, the successive Lie derivatives (Lyp) with
respect to the first output &1 (EQ. 99) are Smilar to the derivatives considered for the first respirometer
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(Eq. 84 — 86) and are leading to the same identifiable parameter sets. Alterndively, one could have
considered equations of the type Ly based on the input functions in Eq. 98. However, in this case this
choice does not give any further information on the kinetic parameters but only yieds information on the
volumes, information that is considered known areadly.

It should be obvious that the Taylor series approach is much more complex in this case since the transport
terms have to be differentiated with respect to time as well, as illustrated by Eqg. 101 and 102 giving the
second order derivatives for the Taylor approach.

0°S0.(0) _ Qun 2502(0  9S0005 | US6u(0) d55a®)
at? Vv, dit a5 - dt dt

(101)

dZSO’Z(O) _ Qi &8S,4(0) i dSo,z(O)Q_ droN,(laxz(o)

102
Vv, % d dt 5 dt (102)

It appeared indeed that the equations based on the Taylor approach reached such a complexity that the
problem was not solvable in MAPLE V. Hence, in this particular example gpplying the Lie derivatives has
abig advantage compared to the Taylor series gpproximation.

5. Generalisation of theoretically identifiable parameter
combinations

A summary of the theoreticdly identifiable parameter combinations resulting from this sudy is liged in
Table 4. The invedtigation of the theoretica identifiability via the series expandgon methods is an iterdive
procedure, as mentioned in the introduction and further illustrated in the different examples, since the
parameter combinations initidly have to be “guessed” by the user. No rules seem to exist yet for selection
of possible identifiable parameter combinations.

In the evaduation of the results obtained in this study however, it gppears possble to generdise the
parameter identifiability results liged in Table 4 based on the ASM 1-like stoichiometric matrix (Table 1).
Indeed, the identifiable parameter combinations can be predicted based on knowledge of the process
under study, the measured component and the substrate component that is degraded. The rules of this
generdisation areillugtrated in Table 5. With reference to Table 1, n denotes the stoichiometric coefficient,
j the process, i the measured component, while the substrate under study is denoted k. Considering that
some components are consumed (e.g. &, Ss) whereas others are produced (e.g. X, Hp), the absolute
vaues of the stoichiometric coefficients n should be taken. In case two components are measured for the
same process, the parameter combinations for a sngle measurement listed in Table 5 il hold, but with the
additiona identifiable parameter combination N j/Nicz,, Where (1) and (2) indicate the two messured
components respectively. The generdisation of Table 5 was confirmed with the identifiable parameter
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combinations listed in Table 4, but dso with examples from literature as will beillustrated below.

Table 4. Schemdtic overview of the theoreticdly identifiable parameter combinations for nitrification step 1
and 2, depending on the available measurement(s) and the mode structure

Process (j) Nitrification step 1 Nitrification step 2
Measurement (i) ® So Or o Hp So+Hpor So Or ro
Modd structure ro+Hp
No growth 3.43- Yy, 2 Ma X 3.43- Y, 114-Y,,
- A X — _hax X|———= X
Y. Mhax A1 1Y, Y. Mhax A1 Y., ax A2
EK (1.14- Ya)Kan
(343- Y )Ka 14 S (343- Ya)Ksar |(1.14 - Y,,)Sy2 (0)
B43- Ya)Sw©O| 25 g |B43- Ya)Sw()
14" 14
Growth MhaxAL Mhax A1 Mhax AL Mhaxa 2
343-Y 2+iyrY 343-Y 1.14- Y
Al X (0) Ixg Y A1 X (0) Al X (0) A2 X (0)
Ya1 14XYA1 Ya1 Yaz2
1+iyxg XY pr A 14 +i x8Y A1) S 1+iygYas S 1+ xg XY a2 e
343-Y 2+iyeY 343-Y 1.14- Y
—— A S (OS5 (O | ——2L S 4 (0) [——2% Su02 (0)
1+iyg XY 5y 14(1+iyg Y a1) 1+iygY a1 1I+iyg X,
2+iygY
14(3.43- Y,,)
Example 1:

The firdt nitrification step is considered (see Table 1), Syn is added, Hp is measured and biomass growth is
assumed to take place. Thus, in this case we have, i=7, j=2 and k=4 (see Table 1). According to Table 5

the identifiable parameter combinations are asfollows:

1. my i i.e. the maximum specific growth rate related to process 2 which is Mypaxas-

2. hij|%(© U | %(0) O gﬂ

3. m«j U
|

+iyg XY a1

= X(0).
7 YAlﬂ %O 14XYA1 ©
o, o 2% Y K, = 2¥ixg %
|n4,2| 14XYp  Ltixg Xy 14X1+ixg XY p1)

164

Al-




2+iyg XY 5y
14x(1+i XB xYAl)

o Pl 0 P00

Snn(0)-
" 2|

These parameter combinations are completely in accordance with the ones derived in this study for the
case where Hp is measured and biomass growth is considered in the model (see Table 4).

Table 5. Parameter combinations for Monod degradation kinetics based on ASM1-like matrix notation.
Seetext for a detailed explanation of the generdisation rules

Solfo Or Hp measurements So/fo and Hp measurements
Modd structures

No growth Growth No growth Growth
h,j|x%ax,j XX Mhax h,j|"mnax,j XX Mhax
Pl | PO | Rl | PO

h"|wsK(0) h—’||>4<1 h’|>SK(0) Pl

a i N
Do Pl 0
nk,j| nk,j|

N ricw.i|
|”i<2),j| i),

Example 2:

The firgt nitrification step is again consdered (see Table 1), S is added, Hp and S are measured and
growth is not consdered (i.e. ks = 0). Thus, i(1)=3, i(2)=7, j]=2 and k=4. The parameter combinations
become:

1. h,j|"%ax,j *X . Now both i(1) and i(2) can be considered to write up a series of theoreticaly
identifiable parameter combinations. In this example i(1)=3 will be chosen b 1z, XMg, XX U

343-Y
Y—Al XMhaxa1 XX
Al

2, m«j 0 h3’2|><K2 0 B8 Tu
ol el Yau

5
XY pp K gng =(343- Ypp) Keng
/]
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Pl

- h3,2| ~ 343- Yy, 0
3 —5 0 U —x5,(0 U XY o1 28\ (0) = (3.43- Y,y) XSy (0)
|nk,j| S |n4’2| 4 giYAl Alﬂ NH A1) PONH
. |ni(1),j| 0 h3,2| 0 343- Y, y14"YA1:E(3_43_ Ya)
|ni(2),j| |n7,2| Ya1 2

These results are in accordance with the results of the Maple V' developments that were obtained earlier
(Table 4). Identical results would have been obtained in case i(2)=7 was chosen for the derivation.

Example 3:
If we now look beyond the identifiability studies carried out in this study, then an obvious example to check

* Ss(0)

is the sSituation where both Ioec and Ss are measured. Since (§o e dt = Y. one would expect that
0 - TH

the biomass yield Yy becomes identifiable from such a measurement set-up. The integrd of 1o indicates
how much oxygen is consumed and can be regarded as oxygen measurement. Furthermore, heterotrophic
growth is considered and & is the subgtrate, i.e. i(1)=2, i(2)=3, j=1, k=2. The yield should now appear
from the following combination:

|ni(1),j| 0 |n2,1| ~ 1Yy 1

. 0 = :
N eal T Ye 1oYW 15V

Thisis proving, as expected, that the yield becomes identifiable if both S; and Ss are measured.

Example 4:

If we return to literature, Holmberg (1982) proved that al the parameters Mmyaxn, Ks, Ss(0), X(0) and Yy
were identifiable in the case where § and X measurements were available and biomass growth was
congdered. Hence, heterotrophic growth is considered, Ss is substrate and Ss and X are measured. In this
example i(1)=1, i(2)=2, j=1 and k=2 and, according to the generdisation, the identifiable parameter set
should be:

1 rrrhaxj 0 rm1axH'
2, h,j|xX(0). As in example 2 both i(1) and i(2) can be considered, here i(1)=1 will be chosen U

h1,1| XX(0) = X(0)

il Pl @ 108, 1
3 mejU m«lu LK =y K
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|ni(1),j| 0 |n1,1| ~

|ni @), | |n2,1| 1

Thus, since the biomass yield Yy becomes identifiable from step 5 al the parameters Muaw, Ks, Ss(0),
X(0) and Yy become identifigble by gpplying the generdisation rules, smilar to the results obtained by
Holmberg (1982).

Example 5:

In the work of Sperandio and Paul (2000), the theoretica identifiability was aso studied for heterotrophic
growth but here assuming only messurements of roe. The identified parameters were Mg,
1' YH

xX(0), (1- Yy)*Kgand (1- Y,)>xS5(0), whichisin fact equivaent to the ones obtained in this
H

sudy for growth during the nitrification process. The parameter combinations derived by Sperandio and
Paul (2000) could aso be obtained directly based on the generdisation rules outlined above with i=3, j=1
and k=2.

1 nﬁ]ax,j 0 rTr}naxH

2. hi;X©0) O hyyx(0) U 1 Yy xX (0)

3. |L1;J|XKJ 0 %)Kl U 1-Y:H Xy K =(1- Yy ) Kg
k. 2.1

4. 08(0) U P |>G1(0) 0 XY 365(0) = (1- Y ) XSs(0)

|”k,j | 21|

6. Discussion

The theoreticd identifiability of a two-gep nitrification modd was studied assuming that respirometric and
titrimetric measurements were avalable. The choice for a two-gtep nitrification mode to describe
nitrification in activated dudge was motivated by the observation that a two-step nitrification mode is often
required in practice to describe experimental data adequately. The two-gtep nitrification mode is a more
detailed verson of the one-gtep nitrification modd that isincluded in ASM1 (Henze et al., 1987).

The Taylor and generating series gpproach were both applied to assess the theoreticd identifiability of the
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mode parameters. In the last example of the hybrid respirometer (respirometer 2) it wasiillustrated that the
generding series method may be more powerful than the Taylor method in cases where inputs are

consdered. The complexity of the equations decreased when applying the generating series gpproach since
the input functions did not contain information on the kinetic parameters for the example that was studied,
and could therefore be left out of the study, contrary to the Taylor method. When the inputs contain

information on the parameters of interest, the generating series method dlows to look at the different inputs
separately (by taking derivatives to each input separately and combining them afterwards) wheresas for the
Taylor method the whole output function is derived with respect to time. The generating series method
resultsin more, but Smpler equations with respect to the parameters. On the contrary, in case no inputs are
defined in the mode the Taylor expangon method and the generating series give identica results, in
agreement with Walter (1982). Thus, in that case the Taylor method is to be preferred since the derivation
of the Taylor coefficients appears eader to apply than the Lie derivation.

For the two-gep nitrification mode the theoretica identifigbility study was carried out for (i) a modd
sructure that did not include net biomass growth and (ii) a model structure where biomass growth was
explicitly taken into account. With respect to parameter identifiability, the difference between the two
modd structures was that the no-growth parameter combination including X (0), Y and mna can be split up
further into my. on the one hand, and a parameter combination including X(0) and Y on the other hand.

Brouwer et al. (1998) dso estimated nitrification kinetic parameters for a two-step nitrification modd. In
that study the assumed theoreticdly identifiable parameter combinations were defined to be the ones
related to no growth adthough growth was considered in the model gpplied for parameter estimation. The
same goes for the study of a one-step nitrification mode by Vanrolleghem and Verdraete (1993), and dso
for the parameter etimations presented by Spanjers and Vanrolleghem (1995). From atheoretica point of
view, a wrong gpproach was taken by including growth in the modd (eg. ks appears in the model)
whereas the assumed theoreticaly identifiable parameter combinations were based on a no-growth modedl
sructure (ixg did not appear in the identifiable combinations dthough it should have). However, the
experiments consdered in these sudies were dl of short-term character where Sgnificant growth is unlikely
to take place. Thus, the practica identifiability, based on amodd incorporating growth, of the theoreticaly
identified parameter combinations resulting from a no-growth modd structure would not have suffered
much. The possible error in these sudiesisin fact related to the factor (1+ixgY a1).

Indeed, to be able to practicdly identify the theoreticdly identifidble parameters assuming growth, the
available data must show a sgnificant increase of the amount of biomass, eg. visble in an increase of 1o«
during a long-term experiment. If the data do not reflect such sgnificant biomass growth, the separation of
the parameters mhnac and X(0) will not work in practice, causng high correation between these two
estimates. A good example for a respirometric experiment that does show significant biomass growth is
presented in the work of Kappeler and Gujer (1992) and is aso applied by Spérandio and Paul (2000).
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An important result of this sudy is that the autotrophic yield, Ya: (and Ya, as well in case Syo2(0) is
known) becomes uniquely identifiadble by combining respirometric and titrimetric data when studying
nitrification. This is an important finding since the yield is an essentid parameter in substrate degradation
models. Indeed, the yield determines the distribution of consumed substrate between biomass growth and
energy production. It isin fact not surprising that an unique identification of the biomass yidd requires two
kinds of measurements, since the yield coefficient relates two measures, that can link how much biomassis
produced per unit of substrate degraded. Holmberg (1982), who identified the yield coefficient uniquely by
assuming combined measurements of biomass and substrate aready proved this. In the present case with
combined respirometric and titrimetric measurements, both measurements reflect how much biomass is
produced per unit of substrate degraded. The biomass yidd becomes identifiable for the combined
measurements because an additiona parameter combination becomes identifiable compared to a Situation
where only a Sngle measurement is available. This additiond parameter combination gppears to be nothing
else than the ratio of the two stoichiometric factors that relate the respective measured variables to
subgtrate degradation.

Findly and most subgtantidly, it was proven and illustrated thet it is possible to generdise the theoreticdl
parameter identifiability based on an ASM1-like stoichiometric matrix. As stressed above one of the
bottlenecks of the application of the series expanson methods is that the user initidly hasto “guess’ which
parameter combinations may be identifiable. If the problem is not solvable under these assumptions, other
parameter combinations have to be assumed and tried out resulting in an iterative procedure. Thus, the
generdisation rules are a very powerful tool to assess the theoretica identifiable parameter combinations
directly, only based on knowledge of the process under study, the measured component(s) and the
substrate component(s) that is degraded. Thereby the rather time-consuming task of assessng the
theoretica identifiability of parameters of models, described by the Monod growth kinetics in ASM1-like
matrix presentations, has been reduced sgnificantly.

7. Conclusions

An esentid first sep in parameter estimation of models that are gpplied for data description is the
asessment of the theoreticd identifigbility of the mode parameters. In this study the theoreticd
identifigbility of the two-step nitrification modd was sudied, via the Taylor series expanson and generaing
series methods, consdering data resulting from two different types of respirometer and a titrimetric
measurement. Initialy, the parameter identifiability of the Monod kinetic parameters was studied based on
measurements of oxygen uptake rates and cumulative proton consumption. It appeared that the parameter
identifiability improves when combined respirometric and titrimetric data are avalable. It was proven that
the autotrophic yidd becomes uniquely identifigble in this Stuation. When oxygen concentration data are
applied ingtead of oxygen uptake rates, it was further proven that the volumetric oxygen transfer coefficient
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K awas theoreticdly identifiable together with the Monod kinetic parameters.

In the theoreticd identifigbility study including the hybrid respirometer (respirometer 2), where an input was
consdered, it was illustrated that the generating series method was more powerful than the Taylor series
expangon, snce it resulted in Smpler equations with respect to the parameters. On the contrary, in case no
inputs were defined the Taylor expansion method and the generating series gave identica results.

The most important result of the study was however that the results of the theoretica identifiability study
could be generdised. Basad on dmple generdisation rules the theoreticdly identifiable parameter
combinations can be assessed directly from an ASM1-like matrix representing the model under study,
thereby reducing the time needed for a theoretical identifiability sudy sgnificantly. Thus, the theoretica
identifiable parameters can be obtained directly without even congdering the mathematical aspects of
theoretica identifiability.
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Chapter 5

Practical identifiability of model parameters by
combined respirometric-titrimetric
measurements

This chapter was published as:

Petersen B., Gernaey K. and Vanrolleghem PA. (2001) Practicd identifigbility of model
parameters by combined respirometric - titrimetric measurements. Water Science and Technology, 43(7),
347-356.
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Chapter 5

Practical identifiability of model parameters by
combined respirometric-titrimetric
measurements

Abstract - A dudy on theoretica identifigbility of parameters for a two-gtep nitrification mode showed
that a unique estimation of the yied Y,; is possble with combined respirometric-titrimetric data, contrary
to the case where only one type of measurement is available (chapter 4). Here, the practicd identifiability of
mode parameters has been evauated. The dudy was caried out via evauation of the output sengtivity
functions and the corresponding Fisher Information Matrix (FIM). It appeared that the FIM is not
aufficiently powerful to predict the practicd identifiability of this case with combined measurements as
parameters can indeed be identified despite the fact that the FIM became singular. In the second part of the
chapter the accuracy of parameter estimates based on respirometric and titrimetric data and combination
thereof was investigated. It appeared that estimation on titrimetric data (Hp) is very accurate and a fast
convergence of the objective function towards a minimum is obtained. The same holds for estimation on
oxygen uptake rate data (ro), however with a lower accuracy. Parameter estimation based on oxygen
concentration data (So) is more complex but results in a higher accuracy. Thus, when the highest accuracy
is needed it is recommended to estimate parameters initiadly on Hp and/or ro data, and to subsequently use
these parameters asinitial vaues for find, and more accurate estimation on S data

1. Introduction

The theoreticd identifiability of modd parametersis based on the modd sructure and the available outputs,
and gives an indicaion of the maximum amount of information that can be obtained from a given
(theoretical) experiment (see chapter 4). The practicd identifiability on the contrary not only depends on
the mode structure, but is aso related to the experimenta conditions together with the qudity and quantity
of the measurements. For a given practical case or experiment one can obtain a direct answer on the
parameter identifigbility by studying the practica parameter identifiability. It should be stressed that the
practical parameter identifiability often does not correspond with the theoreticaly derived one due to poor
data quality (Holmberg, 1982).

The theoreticd identifigbility of the parameters of a two-step nitrification modd based on Monod kinetics
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has been studied via the series expanson methods: Taylor and generating series expansions (see chapter
4). The two-gep nitrification model consists of the following steps: (1) oxidation of ammonium (NH,") to
nitrite (NO,), and (2) oxidation of nitrite (NO,) to nitrate (NO3). This process is illugrated in a Smple
form in Eq. 1, without considering that a small part of NH," may be incorporated into the biomass during
growth. Note that both nitrification steps can be characterised by measurements of oxygen uptake whereas
only the first step can be characterised by its proton production.

i NH; +1%0, « NO, +2H* +H,0
|

[ i «y
§NO, +140, « NO;

The theoreticd identifiability study was undertaken for two different modd structures, assuming absence
and presence of biomass growth respectively. It was consdered that only respirometric data
(measurements of dissolved oxygen, So, or oxygen uptake rate, ro), only titrimetric data (cumulative proton
production, Hp) or a combination of both were available. Table 1 summarises the results of the theoretical
identifigbility study for a modd dructure that assumed no biomass growth, typicdly applicable for
description of short-term experiments.

Table 1. Schemdtic overview of the theoreticaly identifiable parameter combinations for nitrification step 1
and 2, depending on the available measurement(s), and assuming that no biomass growth takes place

(chapter 4)
Process Nitrification step 1 Nitrification step 2
Measurement ® So Or ro Hp So+ Hpor Soorro
Mode structure ro+Hp
No growth 343-Y X |343-Y 114-Y
ogr Al M, e arX 3 Mhaxa1 Al X 5 AZm X
Y a1 14 Y Y a1 A2
(343- Y 5)Keng 2 (343- Y )Kayg | @14- Yao)Ken,
a4 VAL
(343- Y,)Su©) | 1 (343- Y 31)Su (0) | 14 Y 25)Sy2 (O)
2
—SyH (0
12w 0 %(3.43- Yad)

An important result of the theoretical identifiability study was that the autotrophic yied for the first
nitrification step, Y a1, becomes uniquely identifiable when a combination of respirometric and titrimetric
measurements is available. This can be concluded from the “So + Hp or 1o + Hp” column in Table 1,
where the 4. expresson results in a unique identification of Ya;. The autotrophic yied coefficient Ya; is
only identifiable in a combination with other parameters in case only one kind of measurement is available,
as can be seen inthe “ S, or 1" and the “Hp” column in Table 1. It isin fact not surprisng that a unique
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identification of Yai requires two kinds of messurements, since the yield coefficient links the amount of
produced biomass to the number of degraded substrate units.

The methods by which the theoretical identifigbility can be sudied (eg. the series expansons) may
however not be that straightforward to apply, and may result in sets of non-linear equations that are far
from smple, even for models of moderate complexity (Raksanyi et al., 1985). Thiswas aso redlised in the
sudy presented in chapter 4. Consequently, the theoreticd identifigbility anayss may not be very
“precticd” as a preliminary sep towards parameter estimation. Alternatively, the practical parameter
identifiability can be evauated directly based on the sengtivity functions (Holmberg and Ranta, 1982;
Marglli-Libeli, 1989) and the corresponding Fisher Information Matrix (FIM), which is a known measure
for practical identifiability (Spriet and Vansteenkiste, 1982; Munack, 1991).

In this chapter, the theoretical identifiability results obtained with the series expansion methods in chapter 4
are evduaed for a goecific case dudy through interpretation of the sengtivity functions and the
corresponding FIM. This evduation was caried out as a preliminary step to apply the results of the
theoreticd identifiability study in the context of optima experimenta design for combined respirometric and
titrimetric experiments (see chapter 7). Furthermore, the accuracy of parameter estimates based on
respirometric or titrimetric data and combined measurements was investigated.

2. Theoretical background

Consider the general model M (p) (Eq. 2) :

1d ]
M(E):}dtl(t) fx(@®.u(®).t.p).  x(0)=xo(p)

{y(t,p) =g(x(t),p)

)

Perameter estimation typically aims for a minimisation of a weighted sum J(p) of squared errors between
model outputs y(t;, p) and measured outputs Ym (t;) with the weights % and N the number of

measurements (Eq. 3). The minimisation is obtained by optimal choice of the parameter vector p.

30 =3 Wt Yot Q) - yut) 3
i=1

For agiven p the effect of a small deviation of the parameters, p, on the model fit, described by J(p) ,

can be evauated by introducing a linearisation of the mode with respect to the parameters dong the
trgectory (EQ. 4).

Ep+ 1)=& ((t.p+10)- v At p* 1) - (1) ()
i=1
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where:

y(t;,p+1p) »y(t.,p)+e¥u Tp» y(t;,p) + Y, (t.p)Tp (5)

e Tp g

InEq. 5 Y, (t;,p) denotes the output sensitivity functions with respect to the parameters. Thus, the output

sengtivity functions are defined by Eq. 6. They can be obtained andyticaly by differentiating Eq. 2 with
respect to p resulting in Eq. 7 (Posten and Munack, 1989; Munack, 1991). Simultaneous integration of EQ.
2 and Eq. 7 reaults then in the output sengtivity functions. The sengtivity functions of the states can be
derived smilarly.

ﬂy(ti P)

Yo(tip) = (6)

p ﬂ)_/ _M 7
()*{ID %{X_E X,(0) o (7)

For a nontlinear modd, such as the Monod mode, the sengtivity functions are dependent on the mode
parameters. This is in fact a generd characteristic of non-linear models and can be used to define non
linearity (Robinson, 1985).

In practice one may gpproximate the sengtivity functions numericaly via Eq. 8, an approximate form of Eq,
6.

AR

(8)

:|—_-.
1T I

Returning to Eq. 4 - 5, the expected vaue of the objective function J(p) can be reformulated (Eg. 9).

E[3(p+1p)] = Ap) + 1p" gav D) Q.Ypa.,pmp ©

Consequently, to obtain a religble minimum for J(p) the difference between J(p) and J(p+1p) should
be maximised, i.e. aminimum is sought where J(p) is sensitive towards changesin p . The religbility of the
minimum can thus be increased by maximising the term between brackets in Eq. 9.

If the weighting metrix % in Eq. 9 is chosen as the inverse measurement error covariance matrix, assuming

that the measurement noise is white (i.e. independent and normdly distributed with zero mean), and
uncorrelated (i.e. the measurement error covariance matrix is a diagona matrix), the term between brackets
in Eq. 9 is defined as the Fisher Information Matrix (FIM). This choice of Qi means that the more a
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measurement is noise corrupted the less it will count in the FIM. The FIM is given in Eq. 10 (Munack,
1991).

N
FIM =3 Y,(t.p)"Q;Y,(ti.p) (10)
i=1

Moreover, the FIM isthe inverse of the parameter estimation error covariance matrix, COV, and provides
the Cramer-Rao lower bound on the parameter estimation errors, Eq. 11 (Ljung, 1999; Walter and
Pronzato, 1999).

COV(p)® FIM Y(p) (11)

Thus, the FIM can be regarded as a summary of the output sengtivity functions and the measurement
accuracy, thereéby summarisng the information concerning the modd parameters gained from an
experiment. The rank of the FIM gives an indication of the theoretical parameter identifiability because the
FIM is an gpproximation of the Hessan matrix of J (Soderstrom and Stoica, 1989). Loca parameter
identifiability requires that the rank of the FIM isfull. This can for example be checked by computation of
the determinant. If the Det(FIM)* O the parameters are locally identifiable (Spriet and Vansteenkiste, 1982,
Soderstrom and Stoica, 1989). In case Det(FIM)=0 (FIM is singular) some of the sengitivity functions are
proportiond, i.e. they are multiples of one another. According to the FIM it will be impossble in that
Stuation to obtain unique estimates of the parameters from the data. Unique parameter estimates may be
obtained when the sengtivity equations are dmost proportiond, but they will be highly corrdated. This
Stuation israther undesirable since it implies that severa combinations of parameters may describe the data
amost equaly well (Robinson and Tiedje, 1983). Severd scdar functions of FIM can be defined as a
measure of the “qudity’ of the estimated parameters, e.g. the determinant, condition number and trace.
They play a key role in the theory of optima experimenta design. Application of FIM in that respect is
however outsde the scope of this chapter but has been dedlt with in ather studies (e.g. Munack, 1991,
Vanrolleghem et al., 1995; Versyck et al., 1997), see dso chapter 7. Here, however, another useis made
of the cdculated FIM. Its inverse will be gpplied in the derivation of confidence intervas. Indeed, the

U
standard deviation of the i'th estimated parameter p; can be obtained from the square root s; of thei’'th

diagond eement of theinverse FIM. An gpproximate confidence intervd &t level a isthen given by Eq. 12,
where t indicates the t-didribution, which converges to the norma digtribution when the number of
measurements N is high.

gu u u
goi - tam-pSirPitlan-pSi H (12)
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3. Case study

In the case under study data was obtained with a hybrid respirometer that was combined with a titrimetric
measurement technique (see chapter 3). The set-up is illustrated in Fig. 1. It conssts of an open
continuoudy aerated vessel and, connected to it, a closed non-aerated respiration chamber. It is equipped
with two eectrodes for measurement of dissolved oxygen. Mixed liquor is continuoudy pumped between
the aeration vessd and the respiration chamber. The oxygen (So) mass balances for the aeration vessel and
the respiration chamber are given in Eq. 13 and 14 respectively. In these equations, the suffixes 1 and 2
refer to the aeration vessel and the respiration chamber respectively.

d .
201 - Qi (g 5 )+K, &S - Sou)- fos (13
dSOZ Qin
— —f =< - S - T 14
dt V2 (So,l 0,2) 0,2 ( )
24V -'_N:) __________________________________
Labview Threeway Yg-----{----{ gz F-----------n-n

program pinch valves Tnc No

NC
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(multiple
N stream)
Acid, _
Base Acd
r-m = Air, 1 bar

PC
0-10V sgnals:
_I pH/DO aer/DO resp
@)

I nput/out u:ard Do
P P Relays d =
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—1 |—| — vessel
24V current oo , O O
Source Magn. stirrer Co;)tllng Magn. stirrer

. system

dl|

Figure 1. Experimenta set-up used to collect combined respirometric-titrimetric data

The main advantage of this respirometer is that the oxygen uptake rate 1o » can be cdculated by asmple
So mass balance over the closed respiration vessdl (Eq. 14), thereby avoiding the need to estimate K, a
values (see chapter 3). In the hybrid respirometer substrate is added in the aeration vessd at the start of an
experiment (time zero), and not to the closed respiration chamber. Thus, the substrate concentration in the
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respiration chamber builds up from zero through the substrate flow from the agrated vessdl. Therg vauesin
both vessdls (101 and ro > respectively) are obvioudy only equa when the substrate concentrations in both
vesss are identical. The rp vaue in Eq. 13 and 14 congsts of two processes: (1) the immediate uptake of
oxygen due to the consumption of areadily biodegradable substrate, i.e. the exogenous oxygen uptake rate
roex, and (2) the endogenous oxygen uptake rate ro eng. The ro e, Can be modelled viaa Monod expression
and the ro &g iIstypically modelled as afirst order decay process bxX .

The basic concept behind the titrimetric measurement technique is that the pH of the activated dudge
sample is kept at a constant pH set- point while the cumulative amount of base and/or acid needed to keep
that set-point is measured (Ramadori et al., 1980). The cumulative amount of base or acid added contains
kinetic information that is comparable to respirometric deta in the case of nitrification, and can be modelled
gmilarly (Gerneey et al., 1998).

For this case sudy respirometric and titrimetric data were modeled by applying the modd structure that is
summarised in Table 2. The modd in Table 2 is based on ASM1 (Henze et al., 1987), with some
modifications, and included aso equations for the subgtrate trangport in the hybrid respirometer and afirgt
order equation to describe the biologica start-up until i reaches its maximum vaue. A more detalled
description of the model can be found in chapter 3.

Table 2. Modd used for interpretation of the respirometric and titrimetric data assuming that no biomass

growth takes place
Component ® 1 2. 3. 4, 5.
_ Processrate
Process So S| Svoz | Svoz ] Hp
. Nitrification - - T
& Y1 Yar | Yar 7% pq AL Ksa1 +SnH
e 1.14- Ya, 1 1 Snoz
2. Nitrificstionstep2 | - —5—— -—— | — Myappr ————X
& Ya2 Yaz | Yaz A2 Ksaz +Snoz

The actua experiment under study conssted of an ammonium addition to activated dudge. Data
interpretation was done assuming that no biomass growth takes place, by applying the modd summarised
in Table 2. The data st is presented in Fig. 2 together with the modd fits. In Fig. 2 it may be difficult to
distinguish the modd fit from the data. Thisis due to a combination of alow noise level on the Sp data and
agood modd fit.

A tal is observed in the ro > profile (from t = 60 min to aout t = 100 min in Fig. 2) which indicates thet in
this case the second nitrification step is dower than the first step. In this sudy we will only focus on the
estimation of the parameters of the first nitrification step. Therefore, the parameters for the second step
were fixed a known values obtained from a separate experiment with addition of nitrite. Consequently,
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according to the theoreticd identifiability analyss summarised in Table 1, the parameters Mhaxa1, Ksa, Ya1
and Syn(0) could be estimated when considering combined 1o, and Hp data. If & data was considered

instead of 1o, the parameters K a, b and S had to be estimated additionaly, as can be concluded from
Eq. 13 — 14 (see dso chapter 4).

0.4
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Figure 2. Experimenta data (ro 2, Hp, So1 and S ) obtained after adding ammonium to activated dudge
at time = 0 and modd fit to experimentd data

180



4. Results and discussion

4.1. Sensitivity functions and practical identifiability

The output sengtivity functions of S, ro » and Hp with respect to the different parameters were andyticaly
derived in MAPLE V (Waterloo Maple Software) according to Eq. 6 — 7 (see Appendix 5.1). In this
analytica derivation only the modd consdering the firgt nitrification sep was included. The andyticdly
derived sengtivity functions were verified numericdly (via Eq. 8), and it was found that the andyticd and
numerical sengtivity functions were identical. This numerica check is recommended for complex models, as
the one under study, because errors easily dip into the andytica derivation.

The wdl-known dmost linear dependency between the sengtivities of the different outputs with respect to
Muaxar and Ksa; Was observed (data not shown, see Appendix 5.1). This is indicating that these two
parameters will be corrdated, and that it may be difficult to identify these two parameters in practice
(Holmberg, 1982; Robinson and Tiedje, 1983). Furthermore, it can be observed in Fig. 3A and 3B that
the sengtivity functions of the outputs ro » and Hp with respect to myxa1 and Y a; appear proportiond. This
is confirmed by the equations of the sengtivity functions which are proportiond (see Appendix 5.1).
Consequently, based on this information it will not be possible to obtain unique estimates for these two
parameters. Note here that this finding is in conflict with the results of the theoretica identifiability study.
Beow, after a more thorough discussion of the sengtivity functions, this finding will be discussed in more
detail.

As mentioned above, the sengtivity functions can pinpoint the experimental conditions under which the
dependency of the outputs on the parameters is largest, and thereby under which conditions most
information can be obtained on the parameters. E.g. the sengtivities of 1o, outputs with respect to the
kinetic parameters exhibit rather sharp peeks indicating that a certain points the sengtivity of the outputs
towards the parameters is Sgnificant (see Fig. 3A). Thisin fact indicates that the full information contained
in the data is only available during a rather short part of atypica batch experiment and, further, that large
estimation errors may be generated if one does not collect sufficient data during this “sengtive’ time interval
(Mardlli-Libdli, 1989). The sengitivities of the Hp output on the other hand do not exhibit such sharp pesks
(Fig. 3B). The information is not only concentrated in a limited time interva and, in case of equidistant
measurements, this may indicate that with Hp outputs better advantage is taken of the information provided
by the entire data set.

The sengtivity functions with respect to the initid subdgtrate concentration seemed to be clearly
distinguishable from the other sensitivities indicating that a unique estimate can be expected (Fig. 3C). The
rather different shapes of the sengtivity functions of o, compared to Hp illustrate the difference between
the sengtivity of concentration (given by Hp) versus rate data (given by ro ). The sengtivity functions of S
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with respect to S and bin Fig. 3D show that these are proportional, whereas it was found that the shape
of the sengtivity function with respect to K a was distinguishable (Appendix 5.1). This indicates that a
unique estimate of K, awould be possible (see also chapter 4).

Summarising, it can be expected from the detailed sengtivity andyss sudy that the estimation of Myxa: and
K sa1 may cause practica problems. Y, is not identifiable when considering separate measurements of ro 5,

So or Hp. Furthermore, it was indicated that a separation of the parameters Sg and b may be problematic.
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Figure 3. Sengtivity functionsfor ro », Hp and S obtained for the nitrification case study. A: dro o/ dMhaxa1
and dro 2/dY a1; B: dHp/dmhaxa1 and dHp/dY a1; C: dro J/dSyn,1(0) and dHp/dSyy 1(0); D: dSo,//d 3 and
dSo /db

According to the findings from the theoretica identifiability study (see Table 1) Y, should become uniquely
identifiable when measurements are combined. Surprisingly, however, when summarising the information of
the sengtivity functions in the FIM for combined respirometric (S5 or ro,) and titrimetric (Hp)
measurements, the FIM becomes singular indicating an unidentifiable Stuation. It was found that it is the
incluson of the sengtivity functions with respect to Ya; thet is causing the sngularity due to the fact that the
sengtivity functions of myaxa1 and Ya; are proportiond. Thus, there seems to appear a conflict between the
application of FIM as a messure for locd parameter identifiability and the results derived from the
theoretical identifiability studies (Table 1). The FIM does not seem to reflect the improved theoretica
identifiability achieved by combining messurements. A Smilar obsarvation was observed with the
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parameters S3 and b. The parameter b is theoreticaly identifiable when combining two oxygen

measurements in the hybrid respirometer (chapter 4). However, the inclusion of the sengtivity function of b
aso causes sngularity of the FIM.

The reason for this discrepancy is not clear. It may however be hypothesised that information on parameter
identifiability obtained from the combination of measured outputs may be lost due to the loca first order
linearisation of the mode with respect to the parameters on which FIM is based (see Eg. 5 and 9).

To further invedtigate the practica identifiability of Ya; for the example under study, Smultaneous estimetion
of Mhaxa1, Ka1, Sun,1(0) and Ya; was carried out. A contour plot of the objective function J as a function of
the possibly correlated parameters Myaxa1 and Yag isgiven in Fg. 4. As would be expected from the FIM
results, it appears that the parameters mhawi and Y a1 are highly corrdated in practice snce along valey is
observed, indicating a severe practicad identifigbility problem. However, it is also obvious that the contour is
closed. Hence, the result that Ya, is theoreticaly identifidble is confirmed if one evauates the non-linear
objective function and not its linear gpproximation close the minimum as done when gpplying a FIM-based
andyss. Obvioudy this conflict between methods for identifigbility andys's deserves further theoretical

andyss.

MumaxA1 (1/min) % 107

Figure 4. Contour plot of the objective function plotted as afunction of Myxaz and Yax
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4.2. Evaluation of parameter estimation accuracy with respirometric-
titrimetric data

In the following, the confidence intervas of the estimated parameters are evaluated based on Eq. 11 - 12
and it will be discussed whether respirometric data (So or ro 2) may be more powerful than titrimetric data
(Hp) for accurate parameter estimations.

Fird, it will be described how the measurement error covariance matrix Q in Eq. 10 is practicdly estimated
for So, o and Hp data of the example given in Fig. 2. For Sp and ro » data the measurement error () is
estimated from a data series obtained during endogenous respiration (typicaly before or after the substrate
addition). In the case under study the measurement errors of 1o, were estimated from t=100 - 120 min
where o eng Can be considered constant. This data series for 1o, isillustrated in Fig. 5 together with the
average value and the residuals. The & is estimated via Eq. 13, where N is the number of messurements
and p isthe number of estimated parameters (here p=1, the average).
> _ SSE

= N—p

S (13
For Hp data it would, however, give an unredigtic, optimigtic picture to estimate the measurement error
from data after the point where substrate degradation is terminated, since the Hp profile in the case under
dudy is a perfect horizontd line. As a consequence < is estimated based on the data series fromt = 15 -
35 min where the dope can be assumed congtant. Thus, the data are not evaluated with respect to an
average value but to amodd of thesmpleform Hp =ax + b (caculated viathe dope and intercept of the
data series). The data series, modd and residuals are illugtrated in Fig. 5. In the estimation of  p is now
equal to 2. Note that it appears from Fig. 5 that the resduas seem to be auto-corrdaed. Thisisin fact
violating the white measurement noise condition in Eqg. 10, and it may result in optimistic confidence
intervals (Glasbey, 1980). Note that the auto-correlation is only visible due to the high sampling frequency
implemented.
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Figure 5. Data and residuals used to estimate the measurement noise on Hp and ro » data
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The covariance among the resduas and the corresponding correlation matrix were estimated and are given
in Eqg. 14 - 15 respectively for the example of combined ro , and Hp measurements.

. & s s osyU 61385405 25414070
a=e © 2 Ph=g - 6U (14)
=B, Sp Sy [ 2541407 1617x0°

é -2y
a-f 1 53707 )
= &.36740 1§

It was verified, viaat-test for correlation, that the correlation between the two data sets was inggnificant at
test level 5%. Thus, the measurement covariance matrix Q was determined to be (Eq. 16):

2

. €5 s, *Sy,U é.38540° 0 u. .. 672199 0 u
4= o2 oz Pl=g a0 &'=Q=4 q (16)
= S S T 0 1.61740 " =

ésfo,z Hp T 0 g 0 618047

A test of the correlation between the residuds of the two & outputs (So.1 and S ) and Hp data also
showed to be inggnificant, resulting in the measurement covariance matrix Q givenin Eq. 17.

; .1
< S5, S, s, Ss, Supll 676108 0 0

o -1 _ o _ 2 J_é u

a " =Q=65,%%, S5, Ss, ’SHpg =g 0 903%0 0 4 (17)
eSSOI1 )SHp SSO,Z )sHp sap g g O 0 618047H

From EQ. 16 and 17 it can be seen that the actual measurement error on S, and ro 2 isin the same order of
magnitude, however relaively the measurement error on rp > datais about 100 times bigger than the relative
error on & data On the contrary, it is difficult to compare the measurement variance of titrimetric and
respirometric data snce they are two different kinds of measurements. The 95% confidence intervals
(expressed as percentage of the parameter values, Table 3) are now retrieved by caculation of the inverse
FIM via Eq. 10 and 11, and by inserting the diagond vauesinto Eq. 12. It should be noted that due to the
sngularity problems with the FIM, the sengtivity functions of Ya; and b were excluded from the caculation
of the FIM.

These reaults indicate thet it is more accurate to estimate the parameters based on Hp data than on 1o »
data. This is especialy the case for Sy4.1(0) where the 95% confidence interva is as low as +/- 0.074%
with Hp data. If one condders the Hp profile in Fig. 2 this is not surprisng since Syn.4(0) is in fact
determined by the location of the congtant horizontal plateau and many data contain this information.
Furthermore, it becomes obvious from Table 3 that the confidence intervals improve by the application of
combined ro > and Hp measurements. Thisis especidly the case for the parameters Mpaxa: and Ksaz, where
an improvement of about 50% is observed compared to measurements of 1o » done. The accuracy of the
SwH(0) edtimate does, however, not improve sgnificantly further by applying combined ro, and Hp
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measurements. When the accuracy based on & datais compared with the accuracy obtained by using the
So derived 1o ,, it becomes obvious that it is more accurate to estimate on the S; concentration data. This
is clearly due to the much higher measurement noise on I, data, as mentioned above. Furthermore, a
ggnificant improvement in accuracy is observed when two dissolved oxygen measurements are available
(So1 + So2) compared to a Stuation where only one measurement is available (S ;). This confirms the
gatement made by Vanrolleghem and Spanjers (1998) that in this set-up basicaly two independent
measures of the respiration rate can be obtained, thus duplicating the information on the kinetic parameters.
The added vaue of Hp to combined S 1 and S > measurements seems however to be insgnificant.

Table 3. 95% confidence intervals expressed as percentage of the parameter vaues, Q via measurement

erors

Data Mhaxa1 Ksa1 S ,1(0) Kia So
ro.2 1.385 6.328 0.510 - -
Hp 0.905 5.780 0.074 - -
'z + Hp 0696 | 3942 | 0070 i i
So.1 0.231 0.943 0.241 0.293 0.064
So1+ So2 0.093 0.506 0.028 0.094 0.028
So1+ Soz+ Hp 0091 | 0511 | 0026 | 0090 | 0028

The accuracy reported in Table 3 are quite impressive and warrant some verification. Firg of dl, it was
evauated whether the confidence intervals were too optimigtic due to the occurrence of auto-correlated
resduds. However, the measurement noise of the goplied experimentad method is indeed not very
ggnificant, asindicated in Fig. 2. The confidence intervals were verified via smulations where the parameter
vaues were st to the limits of the 95% confidence intervals. The resulting smulated curves indeed just laid
within the edges of the measurement noise, confirming that the calculated 95% confidence intervals are
caculated correctly. A find eement of discusson isthat in the calculaion of confidence intervalsin Table 3,
the weighting matrix Q is based on the measurement errors only and does not include the model errors.
Therefore, as a second evaluation of the parameter accuracy Q was based on the vaues of the objective
function J(p) obtained from the parameter estimation, thereby including both meesurement noise and

model errors, as dso gpplied in the sudy of Weljers (1999). The resulting 95% confidence intervas are
givenin Table 4.
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Table 4. 95% confidence interval's expressed as percentage of the parameter values, Q via objective

function J(p)

Data Mhaxa1 Ksa1 Swn,1(0) KLa R
ro.2 1.884 8.805 2.433 - -
Hp 0.911 5.820 0.074 - -
o2+ Hp 0.826 4.740 0.077 - -
So.1 0.308 1.255 0.321 0.389 0.085
So1+ So2 0.335 1.821 0.104 0.321 0.094
So1+ Sop+ Hp 0264 | 1503 | 0066 | 0246 | 0076

In generd the differences between the 95% confidence intervals obtained with the two error caculation
approaches are not very large when considering 1o 2, Hp, o »+Hp and S ; data. This indicates that the
mode has been able to describe these data adequately snce the main part of the errors is included in the
measurement noise. This is especidly the case for Hp measurements, where the confidence intervas
obtained with both gpproaches are dmogt identica. An exception is the estimation of Syn.1(0) based on
ro» data where the modd error seems to play a sgnificant role. On the contrary the difference in 95%
confidence intervas with & ; + S » data seems sgnificant, and when mode errors are consdered the
accuracy does not improve compared to & data done (Table 4). However, compared to Table 3
including the Hp data now improves the accuracy. The reason for the lack of improvement in accuracy
when consdering two oxygen messurements is the fact that the complexity of the parameter estimation
procedure increases dragticaly in this case. Furthermore, the model may not be adequate enough to
describe the data as well asin the other cases.

Consequently, based on Table 3, and thus only considering measurement errors, one may conclude that the
most accurate parameters are obtained by applying the two oxygen measurements, S and S, from the
hybrid set-up. Thisis however contradicted by the results given in Table 4 which point more in the direction
of applying only one set of oxygen measurements, i.e. So 1.

Another important factor to consder before choosing the most adegquate measured variables for a
parameter estimation problem is the rete of convergence of J(p) towards aminimum and, quite related, the

sengtivity for locd minima. From experience it has appeared that convergence is sgnificantly faster when
ro2 and/or Hp data are used rather than & data. Thisis due to the increased complexity of the estimation
problem when using & data, since K aand S both need to be estimated simultaneoudy with the kinetic

parameters Myuaxa1 and Ksa: and Syn,1(0). Especidly the parameter estimation based on Hp data done is
very fast and is, in addition, dso very accurate, as indicated in Table 3 and 4. Thus, in practice one may
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initidly choose to estimate the kinetic parameters on Hp and/or 1o, data, and to obtain an even higher
accuracy, especidly for mpxar and Ksag, apply these parameter values as initid guesses for parameter
esimations based on So data The introduction of a second So data source, however, may seem
questionable based on the case under study, due to the increased complexity of the parameter estimation
problem and the effects this has on convergence rates.

5. Conclusions

In this chapter the practica identifiability was sudied on a nitrification example condgdering combined
respirometric and titrimetric measurements. The practica identifiability was evaduated via output sengtivity
functions and the corresponding Fisher Information Matrix (FIM). It appeared that the FIM became
sngular indicating an unidentifigble Stuation despite the fact that a theoreticd identifiability sudy had shown
that the chosen parameter s, including a unique identifiability of the yield Ya;, should be identifiable with
combined respirometric-titrimetric messurements. The FIM seemed, however, inadequate to evaluate this
improved theoretical identifiability since the indluson of the senstivity of Ya; in the caculation of FIM
caused the singularity. It was hypothesised that some information on the parameters may be lost when
applying FIM dueto the loca first order linearisation of the modd with respect to the parameters on which
the FIM is based. It was found that, estimation of the Ya; was indeed possible in practice, as the
theoreticd identifiability andyss predicted, dthough it was strongly corrdated with myxa1. FoOr the case
under sudy it thus seemed that an evauation of parameter identifiability based on FIM gave a too
pessmigtic picture. This has some implications on the application of FIM in Optima Experimenta Design,
aswill be dedlt with further in chapter 7.

Furthermore, the accuracy of parameter estimates based on respirometric and titrimetric data was
evaduated. In this evauation congderations and experience were included, concerning (i) measurements
errors, (i) model errors and (iii) the complexity of the parameter estimation as characterised by the
convergence of the esimation agorithm towards a minimum. From this it could be concluded thet
estimation of parameters on Hp datais very accurate and a fast convergence is obtained. The same holds
for 1o, data dthough the accuracy is less. It is suggested that an even higher accuracy can be obtained
when the parameter estimates based on Hp and/or 1o, are gpplied as initid vaues for the more complex
parameter estimation based on So data Thus, these findings may be kept in mind in the choice of
measurement.
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Appendix 5.1

Output sensitivity functions of single step
nitrification model

In this gppendix the output sengtivity functions of e, So, ad Hp are derived. Concerning the output
functions of o it should be remembered that ro e in the hybrid set-up is derived from the mass baance
over the respiration chamber (roec) (See chapter 3). In the sudy on practicd identifiability of mode

parameters by combined respirometric-titrimetric measurements, the gpplied mode was a two step
nitrification model. However, in the presented case only the parameters of the first step could be identified,
and the parameters for the second nitrification step were therefore fixed at known values obtained from a
Sseparate experiment where only nitrite was added. Thus, in the cdculation of the FIM only the sengtivity
functions related to the first sep were included (see chapter 5 for the details), which in fact makes the
derivations below similar to the derivations consdering asingle step nitrification modd.

In this sudy only short-term experiments were consdered. It can therefore be assumed that significant
growth can be neglected which means that the biomass concentration X is not consdered as a function of
time (see chapter 4). In case the experiments are not short-term the output senstivity functions will be
sgnificantly more complicated (i.e. it will have to be consdered that X (t) is depending on the parameters as
well). Furthermore, the experiments under study are dl performed under oxygen sufficient conditions (So >
2mg/l) which means that 1o is independent of S,. All andyticdly derived sengtivity functions have been
carefully verified viaanumerica procedure, as described in chapter 5.

1. Sensitivity functions of rp ex2

The sengtivity of ro e With respect to myxa1 and Ksai were obtained following the same procedure as
given in Vanrolleghem and Dochain (1998) with the difference however that a 1.order description of the
biologicd start-up isincluded (Vanrolleghem et al., 1998).

N1
Toee® _ 345 Ya)

IMhaxat IMhaxat

ity MuaxarX  Snr2(b) 0
Ya Ko +Syn2(t) g

g - e (1)

The subgrate concentration is caculated by integration of the dynamic modd for the hybrid set-up
including subgtrate transport (Eq. 2 illugtrates the substrate equetion for the respiration chamber).
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dSn2(t) _ Qip ey Mhaxar XX Swn2(Y)
" v, X(Snra(t) - Syn2() - @-e77) Yar  Kear+Swa(t) @

Eg. 1resultsin Eq. 3.

2 TSH.2(H) 6
'”r('D\l,lexz () _ (343- Yu) X1- e’!'") xxg S,z (1) N Mhaxas ¥ 511 IMhaxar + 3
IMhaxa1 Ya1 “K o1 +Syy2 (1) (Ksar +Snh2 t)? :
5
The factor ﬂSN—H(t) in Eq. 3 is defined as an additiona date variable, and ﬂro’e—XZ(t) can therefore be
Mhaxa1 TMhaxar

obtained by a smultaneous solution of Eq. 2 and 3. The sengtivity with respect to Ya; isvery amilar to the
sengtivity function of Muaxas (EQ. 4), and it is obvious by comparing Eqg. 3 and 4 that they appear to be
proportional (see chapter 5).

e 1S t) 0
-/t ¢ Ya1 K X—NHZ()_
Moz (1) _(343- Yp)X1- € ) XM XX ¢ Sin,2 (1) N Y a1 * @)
T Y EKon *Suna() (Ko +Suna () 2
g 5
The sengitivity of ro e With respect to Ksa; follows the same principle and isgiven in Eq. 5.
1SnH (1) 0
-tht CRaa1 x—TH2s Snm,2 ()~
ﬂl’o ex2 (3-43' Ya1) X1- €7 ) XM Ma1 XX ¢ TKaaz + ©)
TKaaz Ya1 é (Kesar +SNH,2(t))2 :
o

For the sengtivity of roee With respect to the initia substrate concentration Syy 1(0), it should be
remembered that the subdtrate is added in the aeration vessd only. Thus, the sengtivity of ro e should be
derived with respect to the initia ammonium concentration in the aerated vessdl Syy.1(0) (Eq. 6).

Mo (D) _ T 2 vty MhaaX Snr2(t) 0
——=-(343 ) ——& (- ) - (6)
ﬂSNH,l(O) A S\H2(0) é Yar Ksag +Syn2(t) 5

In the study of Vanrolleghem and Dochain (1998) the mode of heterotrophic substrate (Ss) degradation
was conddered, however, for a smpler respirometer with only (aerated) vessdl yielding one value of ro .
The relationship of the form given in Eq. 7 was introduced to be able to solve the sengitivity function of ro e
with respect to the initid substrate concentration.
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t
(\jO, ex dt

_ _ 0
S0 =50 ¢ ™

An important difference between the hybrid respirometer and the respirometric principle studied in
Vanrolleghem and Dochain (1998) is thet it only contains one vessd to which the subdrate is added.
However, in the hybrid respirometer 1 is caculated from a mass baance of the respiration chamber
yidding Ib e, Whereas the substrate initidly is added in the aeration vessd, i.e. Syn1(0) and Syn »(0)=0.
Thus, an equivaent of Eq. 7 for the hybrid becomes (Eq. 8) :

t
dg]éXZdt
Snha(t) =Syp1(0)- 22— 8
NH,2( ) NH,1( ) (343_ YAl) ( )
For the hybrid modd Eq. 7 will gtrictly speeking only be vaid from the point on where ry e equals ro exe,
i.e. Suna(t) = Sunt). Alternatively, it could be considered that substrate was added to both vessels to
make Eq. 7 vdid for the whole experimenta period. Thisis, however, not in accordance with redlity, and
therefore this study it congtrained to the Stuation where the trangport phase is not sgnificantly long in the
hybrid respirometer, i.e. the flow between aeration vessd and respiration chamber is sufficiently high to
dlow a converging of 1o, to rp 1 within a short time (see dso discussion on the flow effect in chapter 3).
Thus, an overall mass balance for Sy4(t) in the system can be written as Eq. 9.

t t
\ Nl \ Nl
Qoex Jo.ex2

Vy XSna (t) + Vo XSy (1) =V, XSy (0) +V, 5Sy4.(0) - V 9)

lxo—_ V2 x 0
(3.43' YA].) (3.43' YAl)

When Sura(t) = SunaAt), i.€. foea = loee and Syy 2(0)=0, then Eq. 9 resultsin Eg. 10, and Eq. 6 resultsin
Eq. 11.

t
vV dg,éxzm
Sy, (t)=—2 S ,(0)- —>2—— 10
NH,Z() V1 +V2 NH,1( ) (3.43_ YAl) ( )

® Vv Mt
G(3.43- Yp) —2—- (‘jﬂﬂ Oex2
Vi+V,  TSuha(0)

(K sart SNH,z(t))2

Tosca(t) _(@- e ") Myaar X K gy
TSnr2(0) Ym

(A1)

D+ O O O
S O L B B Fet
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2. Sensitivity functions of Sp

The sengtivity functions of & in the hybrid model with respect to the different parameters (Mnaxa1, Ksai,
Y a1, Svra(0), Kia, S and by) are given in the following Eg. 12 — 19.

d S0 _ 1So01 'ﬂro ext Q.n & S0 So1 0 (12)
dt TMaxas ﬂmnaxAl ﬂmnaxAl \%1 gﬂrrllnaxAl ﬂmnaxAlﬂ
d 1802 _ Oex2 Q.n & 1S, ) 10,2 0 (13)
dt TMaxas ﬂmnaxAl V, gﬂ”ﬂmaxAl Thaxa1 & ﬂ
ﬂ O eXl ﬂ O ex2 . . . . e . .
where and are obtained via the gpproach given in Eqg. 1. The sengtivity functions

IMhaxat IMhaxat
concerning Ksaz, Ya: and Syn1(0) follow the same system as outlined in Eq. 12 — 13. The sengitivity

functions of K.a, S} and b are given in Eq. 14 - 19. Note that o is independent of S, as mentioned

above which means that 111“2 ed ﬂ;os‘le are zero. Furthermore, since insignificant growth is assumed,
L
er
the endogenous respiration is constant and thereby —2L s zero.
H
d S0, S0 Q.n alﬂsoz 1S01 0
d_‘ﬂK = (o - Sou)- K a v, STK,a K a5 (14
d 1502 _Qin &ﬂsm 1S02 0 (15)
dt'ﬂK a V, gIK, a K aQ,
Eﬂso,l -K,a-K,a S01 4+ Qin (‘”ﬂsoz 15010 (16)
dt 93 15 VigTSy 1R 5
df . IS 1S, 0
d Sc:),z :Q.né o1 Sclz: an
dt Sy V2 1S5 1S3 &
| S &
E'ﬂso,l _ KLaﬂSo'l x4+ Qi, &So 2 ) T o,1g (18)
dt b b V, & Tb o g
E TISO,Z —_ Qm a-[ 0,1 ﬂSO,Zg (19)
da b g b &
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3. Sensitivity functions of Hp

Before developing the sengtivity functions of Hp, it should be reminded that pH control in the hybrid set-up
isingdled in the agrated vessd only, i.e. only Hp; is measured. Thus, in redity the protons produced in the
respiration chamber is only compensated for, by addition of base, in the agrated vessd. This aso means
thet in redity Hp, > Hp, despite complete mixing, i.e. Sy 1(t) = Sun,2(t). However, in the trestment of the
data this difference between Hp; and Hp; is neglected and the amount of added base (in meg) to
compensate the proton production is divided with the tota volume (V1+V;) and interpreted as an overal
proton production (in meg/l). Thus, in the data andysis it is assumed that the mixing of the system is
instantaneous, i.e. Syn.4(t) = Sun2(t) and Hp, = Hp,. Altogether this smal discrepancy between redlity and
data andyss will be indgnificant as long as the flow is sufficiently high dlowing Sy 2(t) to converge to
Swra(t) within short time (see chapter 3), and thereby permitting the flow term in the modd to be
neglected.

Findly, snce inggnificant growth is consdered, incorporation of Sy into biomass is not considered. The
sengtivity functions of Hp then very much follow the same procedure as for 1oe. The solutions with
respect to Mhaxa1 anNd Ksaz are givenin Eq. 20 - 24.

éae My K TSnna(t) 9
T dipy(®) _2-e")X¢  Swa® " Amaw = o
1-[rmﬁaXAl dt 14XYA1 gKSAl + SNH,l(t) (K A1 + SNH’l(t))Z :
P
ﬂle(t) — E ﬂSNH,l (t) (21)
TMhasar 14 TMygan
2 TSana(t) S )9
T dHpy() _2X1- &)y X ¢ 00 Key = )
Keyg 14%Y 54 ¢ (Ksaz +SNH,1(t))2 N
: ;
THp, (8 :EM (23)
Koz 14 TKgy
For the sengitivity with respect to the initid substrate concentration Eq. 24 replaces Eqg. 10.
Vv 14
Syra(t) = A +1V2 Snr(0) - Py Hp, (1) (24)

Figures of the output sengtivity functions are given below.
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Chapter 6

Effect of parameter scaling on the Fisher
Information Matrix (FIM) and FIM based
experimental designs

Abstract — Smple rescding of parameter units is shown in this study to affect the numerical properties of
the Fisher Information Matrix (FIM) and its inverse, the parameter estimation error covariance matrix

(COV). Only parameters expressed in time units can be re-scaled usefully, eg. min to days. Parameter
rescaing can be used to the advantage of more reliable covariance assessment because the numerica

problems related to inverson of the FIM can be minimised by proper rescaling. However, the effect of

rescaing on the FIM aso affects the optima experimental design (OED) methodology based on FIM. In
the OED theory different scalar functions (e.g. determinant, condition number, trace) of the FIM are used
as measures of the accuracy of the estimated parameters. Different OED criteria can be defined al aiming
a reducing the COD. In this study it is shown that most OED-criteria are sengtive to rescding, with the
noticeable exception of the D-criterion, that focuses on amaximisation of the determinant of FIM. It means
that the optima experiments calculated according to an OED-criterion will be different if the modd is
written in different time units. Obvioudy, this is not very practicd and rescaling should be carried out

carefully. This sengtivity to rescaling was most pronounced for the modified E criterion that focuses on a
minimisation of the condition number of the FIM with the optima minimum equd 1. A dassc OED
example of a smple single subgtrate batch biodegradation modd was re-evauated and it was found that
the theoretically best possible experiment according to this criterion, i.e. modified E criterion = 1, could be
obtained just by rescaling of the parameter units. However, the corresponding optimal experiments could
not be consdered “optima”, since it is just the result of changing the time units. This work stresses that
care should be taken when OED-criteria other than the D-criterion are used to optimise an experimental

plan.

1. Introduction

The Fisher Information Matrix (FIM) is the cornerstone in the optimal experimenta design (OED) theory,
snce it summarises information on the measurement errors and parameter sengitivities thereby permitting a
quantification of the qudity of parameter estimation. Under certain conditions the FIM is equd to the
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inverse of the parameter estimation error covariance matrix (COV). This property is basicaly the rationde
for the use of FIM as a suitable characterisation of parameter uncertainty (Goodwin and Payne, 1977,
Goodwin, 1987; Wdter and Pronzanto, 1990, 1999). Different optimal experimental design criteria have
been defined to improve the quality of parameter estimation based on scdar functions of the FIM, or in
other words the shape of the confidence region (e.g. Goodwin, 1987; Munack, 1989, 1991).

For non-linear modds the FIM is per definition parameter dependent and, thereby, the actual matrix
elements depend on the actua parameter units. A question that can be asked therefore is whether the OED
criteria are dependent on the parameter units (e.g. minutes rather than hours). In this respect it has been
stated in literature that OED’s based on the Doptimd criterion, which focus on maximisation of the
determinant of the FIM, are independent of reparametrisation (Goodwin and Payne, 1977; Walter and
Pronzato, 1990 and 1999). However, asfar as known, the remaining criteria have not been addressed with
respect to the effect of parameter rescaling.

In this study a scding of parameter units only was intentiondly introduced to alow for a more stable
numerica inverson of the FIM, as we use it to access the parameter error covariance matrix COV. The
condition number (i.e. the ratio between the largest and the smallest eigenvadue of the FIM) is considered
as ameasure of the “robustness’ of the inverson. Because of its centrd role in optimal experimenta design
it was further investigated how such scaling of units affects the FIM properties (e.g. the egenvalues, trace
and determinant), and thereby potentialy the results of different optima experimental design approaches.
Findly, specid dtention was pad to effects on the modified E (modE) criterion, which focuses on
minimisation of the condition number of FIM.

2. Theoretical background

Parameter estimation typically aims for a minimisation of a weighted sum J(p) of squared errors between
model outputs y(t;, p) and measured outputs Ym (t;) with the weights g and N the number of

measurements, aso denoted the objective function (Eq. 1). The minimisation is obtained by optimal choice
of the parameter vector p.

30 =2 vt ) Alt.p - yalt) 1)
i=1

For the andysis of the information content with respect to the parameters, the Fisher Information Matrix
(FIM) can be used (EQ. 2):

N
FIM =3 Y,(t,p) QY (t.p) 2
i=1
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where Y, (t;,p) denotes the output sensitivity functions with respect to the parameters. The weighting

metrix Q; istypicaly chosen as the inverse of the measurement error covariance matrix. Then, the FIM is

the inverse of the parameter estimation error covariance matrix (COV). Thus, the FIM can be regarded as
a summary of the output sengtivity functions and the measurement accuracy, thereby summarising the
information concerning the mode parameters gained from an experiment. For a more thorough derivation
and discussion of the FIM the reader isreferred to Chapter 5 and e.g. Munack (1989 and 1991).

Severa scadar functions of FIM have been defined as a measure of the qudity of the estimated parameters,
e.g. the determinant, condition number and trace. They play key rolesin the theory of optima experimenta
design (OED). Different OED criteria have been defined based on these scalar functions which, in different
ways, give measures of the shape of the confidence region (e.g. Goodwin, 1987; Munack, 1989 and 1991,
Water and Pronzato, 1990 and 1999). Basicdly, these OED criteriadl am at a reduction of the COV of
the parameter estimates (i.e. maximisation of FIM) by focusing on different conditions. Once the congraints
on the experiment and the OED criterion have been specified, the experimenta design smply reducesto a
constrained optimisation problem. Note that a priori knowledge of the modd parametersis both advisable
and unavoidable since the FIM is parameter dependent (Goodwin, 1977; Walter and Pronzato 1990).

A — optimal criterion : min Tr(FIM™)

In this criterion the focus is on a minimisation of the trace, and thereby the sum of eigenvaues, i.e. the
squares of the lengths of the axes of the confidence dlipsoids, of the inverse FIM (i.e. COV). This is
equivaent to minimisation of the arithmetic average of the parameter errors. Note that this criterion is based
on an inverson of the FIM. Thus, this may lead to numericd problems in case the FIM s ill-conditioned,
l.e. gngular.

modA — optimal criterion : max Tr(FIM)

This criterion is Smilar to the A criterion, only is the trace of FIM maximised. The problem with this
criterion is, however, that in case an unidentifiable experiment is conducted, i.e. a case where FIM
becomes singular and one of the eigenvaues becomes zero, which means that the confidence region goes
to infinite in a certain direction, the trace may il be optimised and the problem of unidentifigbility will not
be noticed (Goodwin and Payne, 1977). Thisis less of a problem with the A criterion Snce an inverson
will not be possible if FIM becomes singular and the problem of unidentifiability will thereby be exposed.

D - optimal criterion : max Det(FIM)

Here it is amed to maximise the determinant of FIM. The determinant is proportiond to the volume of the
confidence region. Thus, by maximisng Det(FIM) one minimises the volume of the confidence dlipsoids,
and, correspondingly, one minimises the geometric average of the parameter errors. Moreover, D —
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optimal experiments possess the property of being invariant with respect to any rescaling of the parameters,
as mentioned above (Goodwin and Payne, 1977; Walter and Pronzato, 1990 and 1999).

E — optimal criterion : max | min(FIM)

The lengths of the axes of the confidence dlipsoids are proportiona to the inverse of the square roots of the
corresponding eigenvaues. The E criterion maximises the smalest eigenvaue of the FIM and thereby
minimises the length of the largest axis of the confidence dlipsoids. Thus, this desgn ams a minimising the
largest parameter error and thereby at maximising the distance from the singular, unidentifigble, case.

modE — optimal criterion : min | nax(FIMY/1 min(FIM)

This criterion is aso related to the shape of the confidence region. Here, the focus is on a minimisation of
the condition number, i.e. the ratio between the largest and the smdlest eigenvaue. The minimum of this
ratio is 1 indicating the case where the shape of the confidence dlipsoids is a (hyper)sphere. The ratio
I max(FIM)/I min(FIM) expresses the giffness of the FIM. The more important the stiffness becomes, the
more problematic it becomes numericdly to invet FIM until findly a sngular matrix is obtained
(I min(FIM)=0) and the information content becomes zero, i.e. the ratio isinfinite,

3. Scaling of FIM

The modd gpplied to sudy and illugrate the effect of scaing was a smple one step Monod model
describing the heterotrophic degradation of a readily biodegradable substrate Ss and the resulting
EX0genous oxygen uptake rate, 1o (EQ. 3 and 4). Note further that the area under the ro ¢ profile divided
with the factor (1-Yy) isameasure of the initidly added substrate Ss(0).

dSS:_rrrlnaxHxX SS

(©)
dt Yy Kg+Sg
_ Mhaxn XX Sg
o, =(1-Yy) 4
0O,ex H YH KS+SS

Fig. 1 illudtrates this example where the applied parameter values and units were:
My Maximum specific growth rate (min™); 2.6440* min*
Y yied coefficient (mg COD(biomass)/mg COD(substrate)); 0.67 mg COD/mg COD
subgtrate (mg COD(substrate)/l), 34 mg COD/I
X biomass (mg COD(biomass)/I), 4000 mg COD/
Ks half saturation coefficient (mg COD(subgtrate)/l), 1 mg COD/I
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For the Monod modd given in Eq. 3 - 4, it was found that only a rescaing on the time units, i.e. the specific
growth rate and time itsalf, has an effect on the condition number of the FIM. A parameter scaling of either
the haf saturation coefficient (Ks), the substrate concentration (Ss), the yidd (Yy) or the biomass
concentration (X) requires that the vaues of al these remaining parameters are scaled as well. However,

such scaling cancels itself out (e.g. sSince the Monod factor Ss is dimensonless), and can therefore

KS+SS

not affect the condition number.

0.7 35

Ss
0.6 Fo.ex T 30

0.5 7

0.4 1

Ss (mgll)

0.3 1

loex (Mg/l.min)

0.2 4

0.1 A

0 T T T T 0
0 5 10 15 20 25
Time (min)

Figure 1. Profile of Sg and rg e, for case study

The approach of scaling isfirst outlined in generd below. Eq. 5 indicates atypical sengtivity function of an
output y with respect to a parameter p as afunction of a specific growth rate M.

sl

élpbzf(n%ax,....) 5)
A scding factor a is introduced in EQ. 6 to scale mha and time to new time units defined as t'=£ and
Mo =8 XM -

P

gd’I'f’bz F(Mh o) ©)

Thus, it is now the purpose to seek the minimum condition number of the FIM by a change of the time units
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dlowing for the most stable numericad FIM inverson. Instead of atrid and error gpproach, a numerical
search dgorithm was used to find a scding factor that gave the smalest possble condition number.
However, in order to gpply an optimisation routine the smulation time must be kept constant. Thus, by
divison with a on both sdes of Eq. 6, the origina time unit can be kept in the modd and the output y
together with its scaled sengtivity differentid equations (such as Eq. 7) can be solved for different values of
a. Hence, an optimisation routine can be used to search for the best value of a viaminimisation of the
condition number.

d?ﬂg dé@g
ipg_ &Tpp_1 -
- = ==X (M} os----)
a xdt dt a 7)
Note that the scaling in Eq. 7 gppears explicitly w.r.t. mns but implicitly on % , I.e. the values and shape

of % stays the same whereas M. is changing with a. Note that in case of a double Monod model with

two specific growth rates, the scale a must be the same for both mh.c parameters, since only one time unit
can be used in amodd.

4. Results

4.1. Scaling of FIM applied on the single Monod case study

The case sudy is based on asmple illugrative example, dightly modified from Vanrolleghem et al. (1995),
where only o IS measured to characterise heterotrophic degradation of the substrate Ss (Eq. 3 - 4). For
the calculaion of the FIM only the sengtivities of 15 With respect to two parameters, Mmhan and Ks, are
consdered. Eq. 8 shows the sengitivity function of 1o With respect to mmaw (Vanrolleghem and Dochain,
1998) and Eq. 9 - 11 introduces the scaling factor a, asin Eq. 6 - 7. Eq. 12 gives the sengtivity function of
Ks (Vanrolleghem and Dochain, 1998) and Eq. 13 - 15 give the resulting scaed versons of the equations.

Senstivity function of ro e With respect to Myax:

Moe® _ g v 1 d IS0 _@- Yu)X¢ Ss(® S M - ©
T AT Ve SKe* S (Ks+Ss)? D
2

Rescaling to new time units:
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83 rm] ﬂss(tl) 9
‘Hro,ex(t'):_(l_ vyl 1Se(t) _ (- Yw)X¢ Ss(t) a K ‘H(nr,}w,xH)T ©
(M) ' N(Mhast) Yoo GKs+Sslt) (Ke+ss(t)® 2
& ;
Divisonwith a:

2 S 8
1Moed) _ o y y1d T8() _1@-Yi)Xe S() S Ma)
2 (M) Tad (M) @ Yeo FKstSs(t)  (Ke+Ss(t)’ :

]
(10)
Time units of O:j—sts back to origina unitsto dlow for optimisation of a:
e & : ﬂSS(t) 00
¢ axh Ks
1 Mou® oy 1 d IS0 _ 160 V)XE SO T gm, Thas) =13
aﬂ(na]axH) dtﬂ( axH) ag YH QKS+SS(t) (KS+SS(t)) _:
20
Sengtivity function of ro e With respect to Ks:
1Ss() o 1 ©
Tro.ex(t) _ d 1Ss(t) _ (@ Yyu) My XX K K S0 N
—0e0 - (1- V) — X —. (12)
Ks dt fKs Yy g (Ks+S(1)" 2
e @
Rescdling to new time units:
. H s g 18
Foul®) (@IS0 (- Vi) Mo X & s
s a s Vi ¢ (Kers@F %
e @
Divisonwith a:
L HISO g 19
i‘ﬂro,ex(t'):_(:L v )1 d fSs(t) _ 1 (- YH)xn;.naxHxxxg ST K, Si( )T ”
a fKg ad' K a Yy g (Ks+Ss(t)*
e @
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Time units of Z—Sts back to origina unitsto alow for optimisation of a:

A0 5,0

1Woex® _ gy ) A ISs(O) _ @ Y1) e X Tk (15)
a K "t K Yi ¢ Ks*s) I
e 7}

4.2. Optimisation of scaling factor

Eq. 16 illugrates the origind FIM of this example, with a condition number (I madl min) Of 8.0540° (see
Table 1).

g ﬂrOex ﬂrOex J ﬂrO,ex yﬂrOex :
u 3 )
M. =60 T TMiaes 3 TKs Ty B013340°  -5837 U\
origindl = X N N =é u
€2 Toe , Moo & WMoex Jloec 0 & -5837  0.15051984
&5 s Ty o TKs TKs g

The condition number was subsequently minimised by optimising the value of the scaling factor a. Asa
result a condition number as low as 14.018 was obtained for aa vaue of 44750. This scaling guarantees a
more stable matrix inverson. From Table 1 it is dlear that this reduction in condition number seems mainly
to be caused by areduction of | . Correspondingly, the actud vaues of the FIM properties Det(FIM),
Tr(FIM) and Tr(FIM™) change.

Table 1. Properties of origind and scded FIM

a Det(FIM) | | min lmax | | mad! min | TF(FIM) | Tr(FIM™)
1 1.1340" | 0.037 | 3.0140% | 8.0540% | 3.0140° | 26.72
44750 | 5.6340° | 0.020 | 0.281 | 14.018 | 0.300 53.45

The resulting FIM is given in Eq. 17 (according to Eq. 11 and 15). From Eq. 17 and 18 it is clear that only
these FIM dementsin which the sengtivity function of My iSinvolved, are affected by the scaling.

25_ 1 ﬂrOex ﬂrO ex (I)\I 1 ﬂrO ex ﬂrOex @

el i .

FIM o =67 a? Tmu ﬂrmaxH i_1a Ks 'ﬂrm]axH (= eO 15047296 - O. 13045455u
é g 1 Troex  Troex ¥ Moex Tloec G & 013045455 0.15051984 {j
§ Z2aTmay TKs iz TKs TKsg H

(17)
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s 1

e U
&—>3.0133 408 - =>5837 ﬂ
- éa 1 a l]
& -=x6837  0.15051984(
e a 0

(18)
4.3. Effect of scaling on OED criteria
Next it was investigated, via symbolic manipulation (MAPLE V, Waterloo Software), how the scaling of
the FIM (Eq. 18) affects the different optimal experimenta design (OED) criteria
N

o r N Moo .
For smplicity the factor g Moo Moo is denoted A, g Voo Moex is denoted B and the
i=1 ﬂ%axH ﬂrTﬂ1axH i=1 ﬂn]lnaxH K S

CL\I ﬂrO,ex ﬂrO,ex
i=1 ﬂKS 1TKS

factor iscaled C. Thus Eq. 17 amplifiesto Eq. 19:

i
>
| =

FIM ggjeq = (19)

o
Q
O
(e Y Y e ey

®: D D
Q|

The corresponding eigenvaues, determinant and trace of this matrix are given in Eq. 20, 21 and 22
respectively.

_A+a?Ct+/A2- 2a2AC+a’C? +4a?B?

I, = 2 (20)
1 2
Det(FIM gyeq) = —5 (AC- B?) (21)
a
1
Tr (FIM gqeg) =—5 A +C (22)
a

Findly, the effect of the scaing on the COV matrix (i.e. FIM ) and the Tr(COV) is given in Eq. 23 -
24.

é o C a B
& Ac.B? “ac. g2l
éa U
8 AC-B? AC-B?(

C A

Tr (FIM geq) =8 +
(AMsaea) =2 e 57 * ac- 82

(24)
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From Eq. 20 - 24 it appears that only the optimal experimenta design w.r.t. the D-criterion, i.e maximisng
the Det(FIM), will remain unaffected by the scaling, in accordance with Goodwin and Payne (1977);
Walter and Prozato (1990, 1999). The vaue of the Det(FIM) dangeswith a but the location of the
optimum experiment does not, see Eq. 21. For the remaining criteria, which involve the eigenvaues and
trace (A-, modA-, E- and modE-criteria), the scaling factor a appears in a nortlinear way in the resulting
expressions. Consequently, it may be expected that the resulting optima experiments are different from the
optima experiments calculated for the origind time units (without a scding factor, i.ea = 1). From Eq. 23
it can be seen that the COV of the origind parameter vaues can readily be obtained by dividing eg. the
COV 11 dement with a2

In the sudy of Vanrolleghem et al. (1995) the degree of freedom for the OED was the initial substrate
concentration that should be chosen in an optimal way. For this particular case, it was thoroughly
investigated whether the scding of the FIM affects the properties of the FIM and thereby the optimal
experimenta design results, as indicated in Eq. 20 - 24. The optima initid subgtrate concentrations
obtained via the different optima experimentd design criteria for the initid and optimd a vaue
(corresponding to the lowest condition number, see Table 1) are givenin Table 2.

Table 2. Effect of scding on the optimd initid subsirate concentration consdering different OED criteria

Optima experimental design criteria

a A modA | D E modE
1 3342 | 3521 |3437 |3342 |235
44750 3424 |3451 |3437 (3421 |4005

These results confirm that the D criterion based OED is unaffected by the scaling (Eq. 21), wheress the
other criteria are affected, resulting in dightly different experiments. Thus, it is clear thet the D criterion is
the most robust experimental design w.r.t. scaling of units. Scaling is especidly critica when gpplying the
modE criterion, as it results in a radicaly different experiment epecidly in the absence of scding but dso
when the scading of the time units is introduced. Notice though that both for a = 1 and a = 44750 the
corresponding experiments will yield the best condition numbers possible. Therefore, the most religble
matrix inverson will be achieved (for the given time unit). Specid focus will be pad to the modE criterion
below.

4.4. Focus on modE criterion

Returning to the symbolic manipulation result (Eq. 19 — 20) the expression for a can be solved for a
condition number of 1 (modE criterid) which is the ultimate vaue one can achieve. Thus, if a ful-fills Eq.
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25 a condition number of 1 is obtained.

I «/AC- 2B2+2./- ACB2+B*

A

(25)

Thus, there appear to be four possible values of a ; two postive and two negative vaues respectively, for
which a condition number of 1 can theoreticaly be obtained. Evidently, only postive red scaling vaues are
relevant.

For the example illustrated above, the solution to Eq. 25 are complex numbers of —1.2540°+2.1940°%
(the minimum of | el min Was 14.018, see Table 1). However, for other vaues of A, B and C it is
possible that the optima condition number of 1 can be achieved. To illustrate the approach, A, B and C-
vaues were changed by varying the initid substrate concentration in the smulated experiments. Indeed,
different S$(0) values lead to different trgectories of the sengtivity functions and, consequently, lead to
other A, B and C entries in the FIM. Contour plots of the condition number as function of the initid
substrate concentration S5(0) and the scaling factor a are givenin FHg. 2. A minimum condition number of
3.63 was reached for a S5(0) concentration of 39.69 mg/l. The optima scaing factor a was in this case
equal to 66730. Thus, with a FIM defined by the sengtivity functions of ro e With respect to the parameters
M @Nd Ks and with the initid substrate concentration as degree of freedom, the minimum vaue of 1 for
the condition number could not be reached. Still, a rather sgnificant reduction of the condition number was
possble with scaling on the time units alone.

The minimum of the modE criterion implies that in the neighbourhood of the parameter vector a complete
decorrelation between the parameter estimates is achieved, i.e. the non-diagond eements of the COV
matrix are inggnificant (Munack, 1991). It is a well-known phenomenon that the Monod parameters Myaxw
and Ks are corrdated (Holmberg, 1982) and, apparently, it is not possible to break this correlation
completely when the experimentd degree of freedom isthe initid substrate concentration Ss(0). In this case
it could indeed be tested via a sandard Satisticd test for sgnificance of corrdation that the corrdation
coefficient between myan and Ks was ggnificant a astandard 5% test leve.
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Ss(0) (mgf)
Figure 2. The condition number, | madl min , @ function of Sg(0) and scaling factor a for the case where
FIM includes sensitivity functions of 1 ., With respect to my, and Ks. Minimum is obtained for | madl min
=3.63, a = 66730 and S5(0)=39.69 mg COD/I.

Suppose next that the FIM is defined by the sengtivity functions of 1o With respect to myaw and Ss(0)
ingead of My and Ks, i.e. stepping from a myxn and Ks estimation problem into a My and Ss(0)
esimation problem. These parameters are typically non-correated. In this case the minimum condition
number of 1 could be readily obtained by optimisation of the initid substrate concentration Ss(0) and the
scding fector a. Fig. 3 - 4 illugtrate the contour plots of the condition number as function of the values of
Ss(0) and a. Two postive red minima for a were found, according to Eq. 25, for which a condition
number of 1 was obtained (see Table 3). These minima were obtained with initial substrate concentrations
of 2.45 mg/l and 41.13 mg/| respectively.

However, a closer 100k at the ro e profiles corresponding to these two minima indicates that they are not
very optimal for parameter estimation (Fig. 5 and 6). In the case of an initiad substrate concentration of 2.45
mg/l (Fig. 5) the o« profile does not reach a plateau and thereby contains little information on M. ON
the contrary, with an initid substrate addition of 41.13 mg/l (Fig. 6) the corresponding optima 1o e IS Not
terminated within the experimentd time. Thus, in this case the information on Sg(0) does not seem sufficient
snce this is related to the area under the ro e profile which becomes hard to assess from such data. The
FIM characterigtics and the corresponding COV are given in Table 3 and Table 4.
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Figure 3. The condition number, | max\l min, as function of Sg(0) and scding factor a for the case where

FIM indudes sensitivity functions of rq e, With respect to my, and Sg(0). Minimum is obtained for
| max\l min=1, a = 9594 and S(0)=2.45 mg COD/|

35¢F

16F

1
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Ss(0) (mgf)
Figure 4. The condition number, | ., \l in, & function of Sg(0) and scaling factor a for the case where
FIM includes sengitivity functions of 1, With respect to m, and Sg(0). Minimum is obtained for
I e\l min =1, @ = 273374 and Sg(0)=41.13 mg COD/I
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Figure5. ro, profile of optimal experiment according to ModE=1, S5(0)=2.45 mg COD/I
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Figure 6. ro ¢, profile of optimal experiment according to ModE=1, S5(0)=41.13 mg COD/I|

Table 3 Properties of orgind and scaled FIM in case where FIM is defined by the sengtivity function of

ro.ex With respect to maw and Ss(0).
S<(0) a Det(FIM) | | min lmac | | mad! min | TR(FIM) | Tr(FIM™)
2.45 1 9.840" | 0.03263 | 3.040° | 9.240" | 3.040° 30.64
9504 | 1.040° | 0.03263 | 0.03263 1 0.065 61.29
41.13 1 1.140° | 0.001234 | 9.240" | 7.540% | 9.240" | 810.65
273374 | 1.5X0° | 0.001234 | 0.001234 1 2540° | 1621
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Table 4 Properties of orgind and scaled COV in case where FIM is defined by the sengitivity function of

ro.ex With respect to M and S(0).
S5(0) a COV11 | COV12 | Cov22
2.45 1 3.33407 | 7.4140™ | 30.64
9594 30.64 | 7.1140° | 30.64
41.13 1 1.0810° | 3.6340™ | 810.65
273374 | 810.65 | 9.9240° | 810.65

From Table 3 it is clear that the ModE=L1 is reached by a decrease of | o down to thevaue of | in. This
is corresponding to an increase in the actud vaue of COV 11 rdated to M. Thus, in both caseswe are
increasing the actua vaue of the covariance on M t0 the one of Ss(0). Apparently, there are two points
where modE=1 is possible, the first one a Ss(0) = 2.45 and the second one with Sg(0) = 41.13, where the
COV22 related to Ss(0) is much larger. The latter seems intuitively right congdering Fig. 5 - 6, since the
information on S5(0) is not complete. Further, the Det(FIM) is a measure for the generdised variance ad
is largest for S(0) = 2.45. Thus, the variance is smdlest in this case, as verified in Table 4. Findly, it was
agan tested via a tandard statistica test that the correlation between S5(0) and M IS indggnificant & a
5% test leve.

It should be noted here that the optima S(0) of 39.69 mg/l in the case where FIM was caculated on the
bads of sengtivity functions with respect to Mmyxn and Ks (see above) also resulted in arp e profile that
was not terminated and thereby contained insufficient information on Ks. Here too the minimum condition
number of 3.63 was mainly obtained by a decrease of | With corresponding increase of COV 1. Smilar
observations with the modE criterion were done by Vanrolleghem et al. (1995).

The two eigenvaues are given as function of the scaling factor in Fig. 7 and 9 and the evolution of COV as
function of the scaling is given in Fg. 8 and 10. These figures confirm that the largest initid eigenvaue is
reduced to the value of the smalest one to obtain ModE = 1, and, furthermore, thet this takes place with a
corresponding increase in COV 11. Obvioudy what happens is that the confidence dlipsoid gpproaches a
sphere. However this does not take place due to a decrease of parameter variance but as a results of

covariance increase, which is the opposite of whet is typicaly amed for in OED.
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Figure 7. Theegenvaues| ; and | , asfunction of the scaling factor a for Sg(0) = 2.45 mg COD/I
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Figure 8. The COV as function of the scaling factor a for S5(0) = 2.45 mg COD/I
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Figure 10. The COV as function of the scaling factor a for Sg(0) = 41.13 mg COD/I. Discussion

By definition, the Fisher Information Matrix (FIM) depends on the model parameters and their actua

vaues. In this gudy a smple sngle Monod moded was used as case sudy in the investigation of changes
(scding) of the time units. The originad purpose of this parameter scaling was Ssmply to obtain a more
numericaly stable inverson of FIM for the goplication of FIM in designing optimal experiment (See chapter
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7). Indeed, it was observed that a Sgnificant reduction of the condition number could be obtained just by
changing the time units. In the case under study the condition number could for example be reduced from
8.0540° to 14.018, which should guarantee a more stable numerical matrix inversion.

The FIM is bascaly the cornerstone of optima experimenta design (OED), and it was therefore
investigated how this smple scaing of time units had an effect on the FIM properties, i.e. the eigenvalues of
FIM and the corresponding determinant and trace. These factors play an essentid role in the OED criteria.
Via symbolic manipulation it gppeared that only the D-criterion (maximisation of the Det(FIM)) was
unaffected by the scdling, as supported dso by the literature (Goodwin and Payne, 1977; Water and
Pronzato, 1990 and 1999). These findings were confirmed by optimisations of the initid substrate added in
the experiment under study. Here, the D-criterion remained unaffected by the scaling, wheress the A,
modA- and E- criteriaresulted in dightly different experiments,

Mog critical, however, was the modE criterion, which yielded completely different experiments depending
on the scaling of the time units. The modE criterion is related to the condition number and aims at obtaining
the optimal condition number of 1. Via symbolic manipulation it was found thet, theoreticdly, two positive
minima could be obtained for which modE is equd to 1. Initidly, the case study involved a FIM based on
sengtivity functions of 1o With respect to the parameters myn and Ks. For these parameters and the
conditions tested, it appeared not to be possble to obtain a condition number of 1 (a condition number of
3.63 was reached though).

Instead, for the FIM based on the sengitivity functions of ro e With respect to myx and the initid substrate
concentration S(0) two cases leading to modE=1 could be detected. The two optima experiments for
which modE=1 was obtained did, however, not seem very “optima” for parameter etimation, since the
roex Profile was ether rather short or not terminated within the experimental time. Via a more detailed
anaysis of the properties of the FIM and the evolution of the eigenvaues as function of the scding factor, it
gppeared that the modE=1 was achieved in both cases by increasing the actual covariance vaue of Myxn
and thereby decreasing the vaue of the initidly largest egenvaue to the vaue of the smallest. Hence, the
Stuation where modE equas 1 could be created just by scaling of the parameter units. The experimenta

designs, dthough optima with respect to the modE criterion, could, however, not redly be characterised as
“optimd” for parameter estimation and were just the result of parameter scaling. It should be noted thet it
may be difficult (or even impossible) to find necessary scding if more than one parameter with atime unit is
defined in the model, since only one time unit can be dedt with.

These reaults certainly stress that care should be taken with the scale of parameter units, since the FIM is
depending on their actud vaues. Only the D-criterion based OED is unaffected by scding, confirming that
this OED criterion is the most reliable one and may be the best one to apply in practice (see chapter 7)
snce congderations concerning the effect of parameter units can be avoided. Care should especidly be
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taken in gpplication of the modE criterion. In the work of Munack (1989), Baltes et al. (1994), Versyck et
al. (1997) and Versyck and Van Impe (1999) feeding rates to fed-batch systems have been optimised
based on the modE criterion. In the work of Versyck et al. (1997) modE=1 OED’s was obtained (for
further review on these OED example, see chapter 5). It should be stressed that the results of the study
conducted here indicate that one may find a scaing factor that improves the condition number. Moreover,
in certain cases the optima vaue of the modE (i.e. 1) can just be obtained by changes in parameter units.
However, such an experiment can not be consdered to be an optima experiment unless the condition
number of the estimation problem is the only concern.

6. Conclusion

In this chapter a study was conducted an the effect of rescding of the parameter units in parameter
edimation exercises. The example gpplied was the estimation of parameters in a Smple single subgrate
batch biodegradation mode. The study was origindly initiated to evaluate whether rescaling could be used
to improve the numerica properties of the Fisher Information Matrix in view of itsinverson, asthisis used
to obtain the parameter estimation error covariance matrix. Only rescaling of the time unit was found to be
useful to change the condition number of the FIM. Significant improvements in condition number, up to a
factor 10", could be obtained by rescaling the time unit of parameters. Moreover, it was shown that in
some casesiit is possble to reach the best possible condition number, i.e. avaue = 1.

This result has quite some implications for the optima experimenta desgn methodology. It was found that,
among the 5 OED-criteria evauated, only the D-criterion based experimental design is not affected by
rescaling of the parameter units. For al other criteria, and especidly the modified E criterion, which focuses
on a minimisation of the condition number of FIM, the optima experiment design is quite different for
different parameter units. Hence, OED results should be compared with care in case different units are
used to express model parameters.
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Chapter 7

Optimal Experimental Design

Abstract - In this chapter a conceptua methodology for optima FIM based experimenta design was
developed. This methodology was gpplied in two case studies focusing on the two step nitrification process
and smultaneous nitrification and degradation of wastewater COD respectively. In both cases smple
experimenta degrees of freedom to be optimised was defined. In the first case study it was aimed to
optimise the initid addition of nitrite to dlow for amultaneous estimation of the kinetics of both nitrification
steps. The second case focused on optimising an additional amount of ammonium to be added together
with the wagtewater with the am to smultaneoudy edtimate the kinetics of COD degradatiion and
nitrification. The experiments were optimised via the D-criterion in which the determinant of FIM is
maximised. Improvements in parameter accuracy up to 50% were found for both case studies. The
theoretica results were successfully vaidated with experiments carried out according to the predicted
optimal experimental design. Findly, the sengtivity of the optima experimenta design to changes in
parameter vaues or substrate concentrations was investigated. Here it was found that some safety margins
existed, thus, the designs were rather robust againgt parameter variations. Still, however, some critica
Stuations were encountered, which would result in rather inaccurate parameter estimates. Thus, it was
concluded that either frequent updating of the optima experiment may be required or more robust designs
may be strived for.

1. Introduction

The sudy on theoreticd identifidbility in chapter 4 and the evduation of these results by practicd
identifiability andyss in chapter 5 and 6 can be consdered as preliminary steps towards the design of
optima experiments. The purpose and conceptud idea of optimal experimenta design, asit is goplied in
this sudy, isillustrated in Fig. 1. This figure will be explained step by step in the following. First, however,
condder arange of different experimenta conditions that eventudly will lead to an experimenta response.
Initialy experimenta conditions can be understood rather broadly, sSince it can be any imaginary conditions
under which the experiments can be carried out. Thus, in principle the experimenta conditions are only
limited by the redity (e.g. it would not be possble to carry out experiments under unredigtic or extreme
conditions such as negative oxygen concentrations etc.). In practice of course the experimental condition
space will dso be limited by the experimental set-up and its flexibility, eg. with respect to avalability of
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different equipment elements, sampling frequency, tota number of samplesthat can be andysed etc.

Theoretical identifiability

\ Experimental constraints

Practical identifig

Figure 1. Conceptud idea of optimal experimental design

The experimenta conditions consst of both environmental and measured variables Examples of
experimenta conditions are listed below:

Experimenta conditions:
Measured varigbles:

Oxygen concentration (So)
Oxygen uptake rate (ro)
pH

Alkdinity

Redox potentia
Conductivity

efc.

Environmentd variables

Origin and concentration of dudge

Higtory of dudge

Origin of substrate

Initial substrate to biomass ratio (S(0)/X(0))
Change in substrate concentrations or load (DS)
pH

Temperature
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Oxygen concentration
Availability of nutrients (eg. N, P)
etc.

The environmenta variables are determining the response of the system, whereas the measured variables
and the frequency of the measurements will determine what kind of information is obtained for the
experimental response.

In chapter 2 athorough discussion on the S(0)/X(0) ratio was made. Bascdly, this ratio, or maybe more
precisaly the change in substrate concentrations or load, DS, that the organisms are subjected to, has an
important influence on the resulting experimental response and may influence both the observed yield and
kingtic parameters. Dragtic changes of the environment may eventudly lead to population shifts. This
especidly gpplies to organic subgrate, which can flow into different mechanisms depending on the
environmental conditions, as repeeted in Fig. 2. In addition, dudge history can be important to consider,
sance it dso influences the date of the organiams and thereby their response. For the more detaled
discussion on this matter the reader is referred to chapter 2.

Examples of some possible experimentd responses are listed below:
Experimental responses.

Heterotrophic substrate degradation

Nitrification
Sgnificant or inggnificant growth
Storage of substrate
Decay
etc.
/> Organism 4
Organism 3
IR Organism 2
Organisml
PR N
?j/z?g Maintenance Growth Storage  Spilling
-~ h
increase of cell size  Cell division

Figure 2. Different flows of externd COD in the organisms

The experimenta conditions are dl user-defined and will depend on the purpose of the actua experiment,
i.e. what kind of experimental response and information content are pursued to dlow estimation of certain
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model parameters with a certain accuracy.

The space of Fig. 1 is now congdered to consst of a range of different experimental conditions as
described above. Thus, a point located a a certain postion in Figure 1 is defined by a certain set of
experimental conditions, resulting in a certain experimental response and related information content. If
these experimenta conditions comply with the purpose of the study, the point will lay within one of the
given regions (A - D), and if the experimenta conditions do not comply with the purpose the point will lay
somewhere outsde the region (E).

The fird region (A - D) to condder is summarising the results of the theoretica identifiability andyss of the
model which parameters are sought. Thus, this region frames the experimenta conditions for which unique
parameters can theoretically be obtained from the data. Moreover, this theoreticad identifiability region can
be consdered as a hard, ultimate bound on the experimenta conditions since the theoreticd identifiability is
determined by the mode structure and the available measurements only. This region was thoroughly studied
in chapter 4.

On the other hand, the region (A - B), that delineates the practicd identifiability, is determined by the
experimenta data and ther information content. The qudity of the data may not be high enough to dlow for
a determination of dl the theoreticaly identifiable parameters, which is why this region is a sub-set of the
theoretica identifiability. Moreover, contrary to the region of theoretical identifigbility, the region of
practicd identifigbility is not fixed a a certain pogtion in the experimental condition space, but can be
located €lsewhere. For instance when the actua model parameter vaues are different or the collected data
and their properties, e.g. noise level, change.

Fndly, the hdf-region (A, C) indicates that certain condraints can be imposed on the experimenta
conditions to fulfil a certain experimental purpose. The purpose could for example be to obtain kinetic
parameters that are representative for, and thereby transferable, to a full-scale system. In other words
extant parameters are sought (Grady et al., 1996). In that case the experiments should be carried out
under conditions that are as close as possible to the full-scale system, e.g. with respect to pH, temperature,
load etc. Obvioudy such a purpose will put some congraints on the experimenta conditions under which
the experiments should be performed. Note that the model may ill be able to describe data that are
collected under experimenta conditions that are outside these condraints, e.g. conditions that would favour
the maximum capacity of the biomass thereby providing intrindc parameters (Grady et al., 1996).
However, the information obtained will not be in accordance with the purpose of the modelling exercise.

The optima experiments can now be defined as those experiments for which the conditions belong to the
intersection of the three regions, and within this set of possible experiments the best one is sdlected. Thus, it
Is @med to maximise the information content of the experimenta data within given congraints. The Fisher
Information Matrix (FIM) is centrd in the theory of Optima Experimenta Design (OED) for parameter
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estimation. Indeed, the inverse of the FIM is, under certain conditions, equal to the parameter estimation
error covariance matrix (COV) and the essence of OED istypicaly to reduce the COV. Different optimal
experimenta design criteria have been defined based on different scalar functions of the FIM (e.g. Walter
and Pronzato, 1990; Munack, 1989, 1991).

Applications of the FIM and the different OED criteria can be found within many different disciplines and
with various purposes. For example, in the work of Munack (1991) it was clearly illustrated how the
amount of sampling points, best positions and type of measurements were investigated and optimised via
andyss of the FIM properties for a microbid growth process in an agrated column reactor. In the
following, however, the focus is more on the literature that has dedt with the Monod model, and,
furthermore, some cases are reviewed where the objective of optimising the practica identifiability of mode
parameters has been combined with other congtraints.

In the work of Munack (1989) the am was to obtain an optima feeding profile to increase the qudity of
the estimation of the Monod parameters myx and Ks from a fed-batch experiment. It is well known that
these two parameters tend to be correlated resulting in practica identifiability problems (Holmberg, 1982).
However, by introduction of a feed profile where the initid batch phase is extended by a fed-batch phase
with drasticdly changes of the feed rates, the substrate concentration was repeatedly driven near the vaue
of Ks. Thereby, the correlation between the two Monod parameters could be broken to a large extent
(Munack, 1989). This experimenta ideawas illustrated and confirmed by experimenta detain the study of
Vanrolleghem et al. (1995).

It was, however, questioned that too steep gradients in the feeding pattern, @& proposed by Munack
(1989), may result in invdidity of the Monod modd, since this modd is based on baanced growth
operating under steady state (Bdtes et al., 1994). Thus, the proposed fed-batch experiments may be
restricted to only smdl rates of change in substrate concentrations to ensure the vdidity of the Monod
modd. A combined objective function was defined in the sudy of Bdtes et al. (1994), where an
optimisation of the experimental design should answer two questions. (i) How to guarantee sufficdent
accuracy of the estimated parameters? and (ii) Can the optima experimenta design guarantee model
vaidity. The redriction that balanced growth must exig to dlow for modd vadidity was shown to put a
strong limitation on the rate of substrate change that was needed for improvement of parameter estimation
accuracy. A critical biologicd criterion with regard to balanced growth was defined as the gradient of the
specific growth rate as function of time and was therefore incorporated into the objective function of the
OED. In the study it was concluded that a congtant feeding rate after an initia batch phase was the most
robust design towards changes of parameters. However, the modd validity improved remarkably by the
application of time varying feeding rates. Therefore, a compromise had to be made between security for
parameter accuracy and mode vaidity. Experimentd verification with fermentation of yeast showed thet in
this case the congtant feeding rate gave satisfactory results (Baltes et al., 1994).
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Another study focused on combining optimal process performance (mantenance of optima yied or
productivity) with optimal information on the mode parameters (Versyck et al., 1997; Versyck and Van
Impe, 1999). In this study the optima feeding rate appeared to be one where the substrate concentration
was kept congtant, but in an initia phase, preceding this phase, a disturbance was introduced ether in the
form of a batch phase or a feeding phase with a maximum feed rate leve. In this way it wes possible to
combine optima process performance with optima parameter estimation accuracy.

Summarising, the model vaidity concept as presented in Bates et al. (1994) can be seen as an expression
for the ddlinegtion of the firgt region (D) in Fig.1. Indeed, provided ided measurements are available, dl
parameters of the model could be estimated and the model could be gpplied for its purposs, i.e. the model
would be valid. However, when the rate of change of the substrate would be too fad, i.e. the experimenta
conditions were outside the region (D), the mode would be invalid. In other words, if unbalanced growth
takes place the Monod modd may no longer be able to describe the data (Baltes et al., 1994) and the
experiment can no longer be considered to lay within the region of theoretica identifiability but lays outsde
as an E expeiment in Fig. 1. By combining an objective of modd vdidity and optimisation of practicd
parameter identifigbility, Bdtes et al. (1994) ams a the region of practica identifidbility in Hg. 1
(experiment B). In the work of Versyck et al. (1997) and Versyck and Van Impe (1999) a further
condraint is imposed in the search for both optima process performance and optima parameter
information. Thus, to relate their work to Fig. 1, they am for the haf region indicating that certain
condraints can be imposed on the experimenta conditions to fulfil a certain experimenta purpose
(experiment A inFig. 1).

In this study the concept outlined in Fig. 1 is concretised for two case sudies with different ams. The first
case dudy deds with a classicd example; the two step nitrification where the aim is to identify the second
nitrification step. Secondly, a combined municipa-industrid wagtewater is sudied with the am of
determining the kinetics of heterotrophic substrate degradation and nitrification. Moreover, the am in these
sudies is to design experiments that give responses that can be considered representtive for the full-scae
system under study. In this way it is pursued to obtain extant kinetic parameters for amode describing the
full-scae sysem. Findly, an additiond aim was to investigate the effect of the variation of the wastewater
and reaction kinetics on the experimenta designs. The am here was to udge whether the devel oped
optima experimental designs were robust or whether the designs had to be adjusted often to maintain the
quality of the parameter estimates as the system’ s characterigtic change.

2. Theoretical background

Perameter estimation typicelly ams for a minimisation of a weighted sum J(p) of squared errors between
model outputs y(t;,p) and measured outputs Ym (t;) with the weights Qi and N the number of
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measurements, aso denoted the objective function (Eg. 1). The minimisation is obtained by optimal choice
of the parameter vector p.

(0 =8 b0 yu) QB - yult) 1)
i=1

For the analyds of the information content with respect to the parameters, the Fisher Information Matrix
(FIM) can be used (Eg. 2):

N
FIM =8 Y, (t.p) " Q Y, (ti.p) 2
i=1

where Y, (t;,p) denotes the output sensitivity functions with respect to the parameters. The weighting
matrix Q, istypicaly chosen as the inverse measurement error covariance matrix. In this case the FIM is

the inverse of the parameter estimation error covariance matrix (COV). Thus, the FIM can be regarded as
a summary of the output sendtivity functions and the measurement accuracy, thereby summarising the
information concerning the mode parameters gained from an experiment. For a more thorough derivation
and discussion of the FIM the reader is refereed to chapter 5 and e.g. Munack (1989 and 1991).

Severa scdar functions of FIM have been defined as a measure of the qudity of the estimated parameters,
e.g. the determinant, condition number and trace. They play key roles in the theory of optimal experimenta
design (OED). Different OED criteria have been defined based on these scdar functions which in different
way's give measures of the shape of the confidence region (e.g. Goodwin, 1987; Munack, 1989 and 1991,
Wadter and Pronzato, 1990, 1999). Basicdly these OED criteria dl am at a reduction of the COV of the
parameter estimates (i.e. maximisation of FIM) by focusing on different conditions. Once the congraints on
the experiment and the OED criterion have been specified the experimental design smply reduces to a
congtrained optimisation problem. Note that a priori knowledge of the model parameters is both advisable
and unavoidable since the FIM is parameter depending (Goodwin, 1977; Walter and Pronzato 1990). This
dependency seems naturd since on one hand the ability to design a good experiment should depend upon
prior knowledge regarding the nature of the experiment, and on the other hand any modd structure can
aready be considered as prior knowledge.

A — optimal criterion: min Tr(FIM™)

In this criterion the focus is on a minimisation of the trace, and thereby the sum of elgenvaues of theinverse
FIM (i.e. COV), i.e. the squares of the lengths of the axes of the confidence dlipsoids, Thisis equivaent to
minimisation of the arithmetic average of the parameter errors. Note that this criterion is based on an
inverson of the FIM. Thus, this may lead to numerica problemsin case the FIM is badly conditioned.
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modA — optimal criterion: max Tr(FIM)

This criterion is Smilar to the A criterion, only is the trace of FIM maximised. The problem with this
criterion is, however, that in case an unidentifiable experiment is conducted, i.e. a case where FIM
becomes singular and one of the eigenvaues becomes zero, which means that the confidence region goes
to infinity in a certain direction, the trace may ill be optimised and the problem of unidentifiability will not
be noticed (Goodwin and Payne, 1977). This is less of a problem with the A criterion since if FIM
becomes sngular an inverson will not be possble and the problem of unidentifiability will thereby be
exposed.

D - optimal criterion : max Det(FIM)

Hereit is amed to maximise the determinant of FIM. The determinant is proportiond to the volume of the
confidence region, thus by maximisng Det(FIM) one minimises the volume of the confidence dlipsoids,
and, correspondingly, one minimises the geometric average of the parameter errors. Moreover, D—-optimd
experiments possess the property of being invariant with respect to any rescaling of the parameters, as
mentioned above, see a0 the detailed analyss in chapter 6 (Goodwin and Payne, 1977; Walter and
Pronzato, 1990 and 1999).

E — optimal criterion : max | qin(FIM)

The lengths of the confidence dlipsoids are proportiond to the inverse of the square roots of the
corresponding eigenvaues. The E criterion maximises the smdlest eigenvaue of the FIM and thereby
minimises the length of the largest axis of the confidence elipsoids. Thus, these designs ams a minimising
the largest parameter error and thereby a maximising the distance from the singular, unidentifiable, case.

modE — optimal criterion : min | max (FIM)/1 min(FIM)

This criterion is aso related to the shape of the confidence region. Here the focusis on aminimisation of the
condition number, i.e. the ratio between the largest and the amdlest eigenvadue. The minimum of thisraio is
1 indicating the case where the shape of the confidence dlipsoids is a (hyper) sphere. The ratio
| max(FIM)/I min(FIM) expresses the stiffness of the FIM. The more important the stiffness becomes, the
more problematic it becomes numericdly to invert FIM until findly a sSngular matrix is obtained
(I min(FIM)=0) and the information content becomes zero, i.e. theretio isinfinite.

Finally, it should be stressed that also other design criteria can be proposed. The above criteria do not
focus on the edtimation error of a particular parameter but focus more on the “overdl” error. However,
other criteria could easily be designed where, for example, the variance of a particular parameter is in
focus.

In this work the inverse of the cdculated FIM is dso used for cdculation of the parameter confidence

230



U
intervals (see aso chapter 5). Indeed, the standard deviation of the i'th estimated parameter p; can be

obtained from the square root s; of the i'th diagona dement of the inverse FIM. An agpproximate
confidenceinterve at level a isthen given by Eq. 3, wheret indicates the t-distribution.

gu U u
gOi - tamn-pSiH Pt tan-p)Si H (©)

3. Methodology

The OED methodology gpplied in this study is summarised in Fig. 3 and includes the following steps:
1. Model-based anayss of the reference experiment.

2. Define experimentd conditions and congrants.

3. Invedtigation of theoreticd identifiability of the model parameters (see chapter 4).

4. Invedtigation of practica identifigbility of the modd parameters (see chapter 5).

4.1 Derivation of output sengtivity functions with respect to the theoreticaly identifidble parameters
from step 3.

4.2 Cdculation of FIM based on the output sengtivity functions of step 4.1.

5. Scding on the time related parameters in the FIM to ensure a more stable numericd inverson (see
chapter 6).

6. Invedtigate if FIM is sngular as a check whether the FIM can cope with the results of the theoretica
identifigbility study (see chepter 5 - 6).

7. Define experimental degrees of freedom.

8. Optimisation of OED criterion to obtain the optima experiment by modifying the given experimenta
degrees of freedom.

9. Invedigation of the sengtivity of the optima experimenta design obtained in step 8, to check how
robust the design is towards parameter changes of the reference experiment. This can for example be
investigated by quantifying how much a specific parameter can vary while ill dlowing a sufficiently
accurate parameter estimation.

Steps 1 - 4 in this procedure are dready thoroughly described in the introduction and theoretical
background given above. Step 5 deds with the fact that the FIM, by definition, is parameter dependent.
Thus, the actua vaues of the FIM eements depend on the parameter units. In chapter 6 it was shown how
a dmple scding (via a gding factor a) on the time units enabled a significant reduction of the condition
number of the FIM, and thereby increased the mathematical robustness of the FIM inversion. Moreover,
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the effect of the scaling of the time units on the FIM properties, and thereby the results of potentialy
optima experimental design, was investigated. From this study it was concluded that only the optima
experiments obtained with the D-criterion, i.e. maximisation of Det(FIM), remain unaffected by the scaling
of time units (see chapter 6 for further details). Therefore, only this optima experimenta design criterion
will be congdered in this sudy.

| 1. Model-based interpretation of reference experiment Jf

v

| 2. Definition of experimental conditions and constraints |

| 3. Theoretical identifiability study |

4. Practical identifiability study :
4.1 Derivation of sensitivity functions |«
4.2 Calculation of FIM

v Reduce parameter set
| 5. Scaling of FIM | for FIM calculation

v
| 6. FIM singular ? |—>| Yes |
¥

[ N
v
| 7. Definition of experimental degrees of freedom | | Adjust reference experiment
v Y
| 8. Optimal experimental design (OED) |

v

| 9. Sensitivity/robustness of OED |

v

| Parameter estimates still accurate enough ? I—PI No |—

v
| Yes |
v

| OED based on reference experiment is still valid |

Figure 3. Flow-scheme of OED procedure

In gep 6 it is checked whether the FIM becomes singular when it is calculated using the output senstivity
functions that were derived earlier in step 4.1, which is again based on the theoretica identifiability study. In
chapter 5 it was observed that the FIM may become singular when composed of the output functions with
respect to al theoreticaly identifiable parameters. Thus, it seemed that in some cases the FIM is inadequate
to ded with al theoreticaly identifiable parameters. If thisis the case, areduced set of output functions with
respect to the theoreticaly identifiable parameters must be selected instead for the calculation of the FIM,
aswas dso illustrated in chapter 5.

Now the experimenta degree of freedom can be defined (step 7). The Det(FIM) is maximised in step 8 via
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anumerical optimisation routine implemented in the WEST moddling and Smulaion environment (Hemmis
NV, Kortrijk, Belgium).

Findly, in sep 9 it is investigated how robugt the optima experiment is towards changes in parameter
vaues. If the parameters or measurement noise have changed too much, the optima experiment may no
longer yield a sufficient accurate estimation of the parameters, and the experimental design may have to be
adjusted.

4. Case study 1 — Two-step nitrification

4.1. Step 1: Reference experiment

The nitrification of the combined municipa-indudrid full-scade WWTP of Zele (Aquafin NV, Aartsdaar,
Belgium) was characterised by combined respirometric-titrimetric measurements. A typica experimentd

profile, aready presented and investigated in chapter 3 and 5, is illugtrated in Fig. 4. The ro profile could
not be adequately described as a single step nitrification due to the “tail” in the ro profile, indicating that the
second nitrification step was dower than the first one. Therefore, to describe this profile a modd including
nitrification in two steps was applied (see Table 1).
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Figure 4. Experimenta data (1o, Hp, So 1 and Sy ) of ammonium addition and modd fit

Table 1. Two step nitrification mode for interpretation of respirometric and titrimetric deta, assuming that
no biomass growth takes place

Component ® 1 2. 3. 4, 5. Process rate
Process So S| Svoe | Swos | Hp
1. Nitrification step1 | - - Mhaxat T <X
Y a1 Yo | Y 7Y " Ky + Sy
114- Y,, 1| 1 Snop
2 Nitrification step 2 | - ———A2 - | = Mhaxaz ——— 22— X
Y a2 Yaz | Yaz "™ Ksaz * Snoz
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However, it gppeared that the “tail” in the 1o profile is not sufficiently pronounced to dlow for reigble
esimation of the kinetic parameters of the second nitrification step. Thus, in previous work the parameters
of the second nitrification step were fixed a vaues obtained from a separate experiment where only nitrite
was added (see chapter 3 and 5). This means that more experimenta work was necessary to characterise
the process.

One may of course assume that the nitrite build-up is a phenomenon only related to the batch lab-scae
experiments and is not relevant for the full-scale behaviour. However, at the full-scde WWTP nitrite was
observed in the find effluent too, indicating that a dower second nitrification step is aso characteridtic of the
full-scale behaviour.

The purpose of this study was to design a single experiment that alowed for smultaneous characterisation
of the reaction kinetics of both nitrification steps. In this case the obvious optima experimenta design (A) in
Fig. 1 isthe one where the degradation of nitrite results in a more visble second shoulder, “tal”, in the ro
profile. Such profile would contain sufficiert informetion to identify the kinetics of the second nitrification
sep. Secondly, the experiments should be performed under conditions that are representative for the full-
scde system under study. Thus, extant parameters are sought for. Combined respirometric (ro) and
titrimetric (Hp) measurements were gpplied to monitor the reactions to obtain a high accuracy on the model
parameters, and the accuracy was compared to measurements of only ro or S. The concept outlined in
Fig. 1 isnow concretised for this case udy and isillustrated in Fig. 5.

D1: pH outside range of
experimental constraints
pH set-point badly defined,
i.e. Hp data non informative

| OPTIMAL EXPERIMENT |

/| E1: Significant growth |
E

| E2: Growth limitations |

D2: Experiments optimised
via the ModE criterion

Theoretical identifiability Experimental constraints

~

Practical identifiability

B1:Y pqpractically

identifiable but FIM singular CL: 2. Nitrification step not

practically identifiable

B2: Practically identifiable but
pH outside range of
experimental constraints

C2: Degradation of S, and
Siop Stop at the same time
and can not be separated

B3: Practically identifiable but

oxygen electrodes wrongly calibrated C3: Experiment stopped too

early, i.e. data not informative

B4: Practically identifiable but
starvation prior to experiment
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Figure 5. Optima experimenta design for two step nitrification. Illugtrations of experiments A - D

4.2. Step 2: Experimental conditions and constraints

As defined above the purpose of this case Study is to obtain accurate estimation of the kinetic parameters
for the two step nitrification process. Furthermore, it is amed that these parameters are representative for
the full-scale system under study. As discussed more in detail in chapter 2 it is typicaly recommended to
work under low S0)/X(0) ratio, or expressed in another way low DS, to obtain responses that are
representative for the physiologica state prior to the experiments, i.e. extant parameters are sought (Grady
et al., 1996). This may not be as severe for nitrification as for COD degradation (see chapter 2) snce
ammonium basicdly only flows into nitrification or isincorporated into the cdl compounds. Still, if DS istoo
high there is a risk for subdtrate inhibition or changes in the nitrifying population. Therefore in this sudy it
will be amed to carry out the experiments with low DS to dlow for conditions that are not too different
from the full-scale system under study with respect to subdtrate levels. Furthermore, no sgnificant growth is
alowed to take place during the experiment. A mode structure assuming inggnificant growth (i.e. X isnot a
function of time) is thereby chosen as the one for which unique parameters are sought (see Table 1).

Below thelist of vaid experimenta conditions is defined:
Experimenta conditions:
Measured variables :

Oxygen concentration (So)
Oxygen uptake rate (ro)
Cumulative proton production (Hp)

Environmenta variables:

Nitrifying dudge.

The ammonium load, DS, and S(0)/X(0) ratio should not be too different compared to the full-
scae sysem to ensure that the nitrifiers are not subjected to too dragtic changes in their
environmenta conditions.

Subgtrates should be added in such amounts that the increase in nitrifying biomass does not
exceed 5% to avoid ggnificant growth. Thus, a growth of less than 5% is here consdered
negligible.

Ammonium and/or nitrite as substrate should be dosed such that the concentrations of ammonia
(NH3) and nitrous acid (HNO,) are below 0.1 gN/n? and 0.2 gN/n? respectively to avoid
inhibition. Note that the criticd concentrations of NH; and HNO, are pH dependent
(Anthonisen, 1976).
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pH in the range 5.5 — 10 to avoid growth limitation (Henze et al., 1997).
Temperature 5 — 40 °C to avoid growth limitation (Henze et al., 1997).
Oxygen concentration above 2 mg/l to avoid growth limitation.

No presence of nitrifying inhibiting components.

The firgt purpose of this study was to obtain an experiment that alowed for a Smultaneous characterisation
of both nitrification steps. To fulfil this purpose, no additionad experimenta congtraints had to be defined,
since this purpose can be achieved by ensuring practical identifiability. However, a few further congraints
have to be imposed on the experimental conditions aready mentioned above in order to achieve the
second part of the purpose, i.e. impose experimental conditions that are rather smilar to the full-scale
system in order to obtain extant kinetic parameters. In this case these condraints can be rather readily
deduced and are very smple:

Experimentd condraints:

pHinrange7.5- 8.5
Temperature in full-scale system is 10°C
Sudge history

Concerning the temperature congtraint a compromise was made between the temperature of the full-scae
system and what was practicdly feasble in lab-scale. Thus, the experiments were temperature controlled at
17.5°C.

The dudge history is included as an experimenta condraint sSince e.g. starvation periods prior to the lab-
scale experiment may influence the results. This was smply illustrated in chapter 2 (Fig. 26) where the
results from an experiment with three pulses of acetate to an activated dudge sample, that had been in the
gate of endogenous respiration overnight, showed that the ro of the first subgtrate pulse did not reach the
maximum rate. Thus, the dudge first had to be “activated” (e.g. enzyme activation or synthess). Clearly,
these results proved that storage or gtarvation of the dudge prior to experimentation, which is often the
case in practice and in most cases unavoidable, effects the initid experimentd results This does not mean
that the mode given in Table 1 is not able to describe the data. The experimenta response may il be the
one of growth without cell multiplication, and practica identifiability may gill be obtained, but the results are
not expressing the actua capacity of the dudge organisms. These phenomena have adso been observed
with additions of anmonium and wastewater in this study (data not shown). Consequently, in practice one
would activate the dudge with one or two substrate additions before data are collected for determination of
the kinetic parameters. Provided that the amount of added substrate do not cause sgnificant growth.

4.3. Step 3: Theoretical Identifiability
The theoreticd identifiability of the two step nitrification modd was thoroughly investigated in chapter 4,
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consdering both respirometric (measurements of ather So or ) and titrimetric (Hp) measurements.
Moreover, modd dructures assuming indgnificant and sgnificant growth were dudied. The results
concerning the sysem with inggnificant growth are summarised in Table 2 below.

Thus, for the experimental conditions defined above the hard bound region relates to the theoreticaly
identifiable parameter combinations given in the firgt, third and fourth column in Table 2 respectively. This
region defines the experimenta conditions, given above, for which it is theoreticdly possble to obtan
unique model parameters from the data (A - D in Fg.5), i.e. the conditions have to be such that a
nitrification response is achieved without sgnificant growth nor inhibition of any kind. Experiments in which
ggnificant growth or inhibition takes place, resulting in deta that can not be described by the modd, lay
outsde the region of theoretica identifiability and are exemplified with experiment E in Fig. 5.

Table 2. Schemdtic overview of the theoreticdly identifiable parameter combinations for nitrification step 1
and 2, depending on the available measurement(s) and with amode structure assuming inggnificant

growth (chapter 4)
Process (j) Nitrification step 1 Nitrification step 2
Measurement (i) ® SoOr ro Hp So+Hporro+Hp Soorro
Mode gructure
No growth 3.43;;1YA1 M X % nﬂ"ix/fx 3.4(\’,(;1YA1 M X 1.14;(-A:(A2 X
(343- Ya1)Keas EK (343- Y )Kany | M14- Y)Kano
14 A
(3.43- YA)Syu (0 (343- Y)Syn(0) | (114 - Y 15)Sne2 (0)
25w

14
- (343- Y,)

4.4. Step 4 - 6: Practical Identifiability

The practicd identifiability of model parameters for the example given in Fig. 4 was evaluated in chapter 5.
This sudy was carried out via evauation of the output sengtivity functions and the corresponding Fisher
Information Matrix (FIM) congtructed for al theoreticaly identifiable parameter combinations. It appeared,
however, that the FIM became singular indicating a practicaly unidentifiable Situation despite the fact that
the theoreticad identifiability study had shown that the chosen parameter st, including unique identifiability
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of the yield Yay, is identifiable with combined respirometric-titrimetric measurements (see Table 2). The
FIM seemed, however, inadequate to ded with this theoretical identifiability result since the indusion of the
sengtivity of Ya; in the calculation of FIM caused the singularity. It was found that estimation of the Ya;
was indeed possible in practice, as the theoreticd identifiability analysis predicted, dthough it was strongly
corrdlated with myxa1. FOr the case under study it thus seemed that an evduation of parameter
identifiability based on FIM gave atoo pessmidtic picture. For the development of OED thisresult is rather
crucid, snce the FIM is the cornerstone in the search for optimal  experiments. Based on the results of
chapter 5 it is, however, not possble to include the fact that the Ya; becomes uniquely identifiable with
combined respirometric-titrimetric measurementsin the FIM and, thus, in the OED.

We can now exemplify the experiment B in Fig. 5 by the experiment where the combined respirometric-
titimetric data is of such high qudity that the parameters of both nitrification steps, including Yai, are
practicaly identifigble. It is obvious that if the am of the experiment woud be to identify Ya; then this
would in fact be the optima experimenta design. Only, we would not be able to find it usng a FIM based
OED approach. Thus, for the OED the FIM is based on the sengtivity functions of the outputs (ro,
combined ro and Hp or So) with respect to the theoreticdly identifiable parameterslisted in column 1 and 4
in Table 2 only. In addition the parameters K, a and saturation coefficient of oxygen S are consderedin

the case of Sy measurements.

Next, the optimd scaing factors a applied to the time units in the reference experiment to dlow for amore
dable inverson of the FIM are given in Table 3. The optima scding factors were found according to
chapter 6 by minimisation of the condition number (I ma\l min) of FIM.

Table 3. Applied scaling factorsa and the condition number of the FIM for case study 1

M easurements a I max\l min

o 1 35540"

7.7240° | 2.0720°

ro+Hp 1 9.7940"

7.2140° | 7.8540°

S 1 1.1540*

5.4630° | 1.9940%

Obvioudy, the condition number of the FIM considering ro or combined ro and Hp measurements can be
reduced significantly by scding of the time units, in accordance with the findings of chapter 6. However, the
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condition number of the scaled FIM when measurements of S, are used for parameter estimation remains
rather high (1.9940%). In this respect it should be remembered that only one scaling factor a can be
consdered for dl parameters related to time, since it is only possible to ded with one time unit (see chapter
6). When deding with &, data three parameters have atime unit, i.e. Myaxa1, Mhaxa2z @nd K a Thevaue of
K.aisin generd of another order of magnitude than Miaa1 and Muaaz (in this case K a = 9.3540% min,
Muaar = 3.1240° min? and Muanee = 6.93407 min®). Therefore, scaling of the time units can not reduce
the condition number of the FIM as ggnificantly as in the case where only ro or combined ro and Hp data
are conddered. This means that the results consdering So data may have to be taken with some
reservation since the FIM is not as numericaly stable as in the case of ro and combined ro and Hp data.

4.4.1. Examples of experiments B - D
In the following some illudrative examples are given for the non-optima experimentsB — D in Fg. 5.

First, experiment B can be illustrated by the case where the kinetic parameters of the two step nitrification
are practicaly identifiable, but where the experimenta conditions do not comply with the congdraints, e.g.
pH outsde the range of 7.5 — 8.5. An experiment of type B can adso occur if the dissolved oxygen

electrodes are wrongly cdlibrated. Thus, the data may be of sufficient qudity to dlow for a practicd

identifigbility of the modd parameters but the results will ill be erroneous. Findly, experiment B can dso
be illusrated by the case where the dudge has been exposed to sgnificant Sarvation prior to the
experiment. The parameters may be practicaly identifiable but till not describing the actud capacity of the
dudge.

Experiment C can be exemplified by experiments of a sngle anmonium addition where the experimenta
condraints are fulfilled, but where the second nitrification step is not practicdly identifiable (as in Fig. 4).
Thus, experiment C is not within the region of practica identifigbility but it is within the region of
experimenta congraints. Furthermore, the pathologica case where the degradation of added ammonium
and nitrite complete exactly a the same time not dlowing a separation of the responses, is dso represented
by an experiment C in Fig. 5. A find example of an experiment C would be an experiment that is sopped
too early to dlow for complete termination of the S, ro or Hp profile (a typical experimenta error) or
where only a very smal amount of subgrate is added not dlowing for informétive profiles. This experiment
may be within the experimenta congraints but the parameters may not be practicaly identifiable.

Findly, before aming for the optima experiment, experiment D can be exemplified by an experimert where
the pH set-point is also outside the range of 7.5 — 8.5, but where the set-point is badly chosen resulting in
non-informative Hp data However, an even more illudrative example of a D experiment is the case
thoroughly discussed in the previous chapter 6 where the optima vaue of the ModE criterion (=1) was
obtained just be rescaling the parameter units. The ModE=1 optima experiment is optima considering the
numerica properties of the estimation problem since it secures a stable numerica inverson of the FIM.
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Thus, if thisis the primary am such experiments are the optima ones (A). However, if the aim isto obtain
reliable parameter estimates, as in this case, the resulting so-cdled optimal ro profile dearly illudtrated thet it
would not be possible to estimate parameters reliably based on such data. The optima experiment was
ether too short to even reach the maximum o or too long to alow atermination of the 1o & profilewithin
the defined experimentd time. Indeed, it was dso found in chapter 6 that the A-, modA- and E criteria
were affected by parameter rescaing, dthough to a lesser extent than the modE criterion. Consequently,
care should be taken with the gpplication of these criteria ance they may result in mideading, theoreticdly
optimal, experiments.

4.5. Step 7: Experimental degrees of freedom

In this case study the experimental degree of freedom to reach an optima experiment (A) is chosen as the
addition of an optima amount of nitrite together with ammonium. Thus, the am of the OED exerciseisto
optimise the initid addition of nitrite, Syoz,1(0), to obtain aro profile which contains sufficient informetion to
identify the kinetics of both nitrification steps smultaneoudy. The initid ammonium concentration, Sy 1(0),
Is assumed to be fixed at the same vaue as in the reference experiment of Fig. 4 and the pH set-point was
8.2. Furthermore, no sgnificant growth may take place during the experiment as defined above. For
nitrification this condition is not that severe since the yield of nitrification is low. In this example the amount
of Sun.1(0) isfixed to be 3.5 mg NH,-N/I. It has been calculated that the concentration of nitrifiers is about
40 g CODyr(biomass)/l (see chapter 8). Thus, with a totd nitrification yield of 0.24 mg COD/mg N an
addition of 3.5 mg NH,-N/I will only yidd an increase in biomass of about 2%. An extra Smultaneous
addition of nitrite will not increase the growth sgnificantly since the growth yield on nitrite is as low as 0.06
mg COD/mg N (Sharma and Ahlert, 1977). The nitrogen load at the full-scde WWTP is about 0.02 —
0.025 kg N/kg MLSS.d calculated on the basis of average full-scale data. In the |ab-scale experiments the
nitrogen load was about 0.015-0.025 kg N/kg ML SS.d calculated as the mass of nitrogen added per mass
of MLSS divided with the duration of the experiment. Thus, the difference in substrate load, DS, which the
nitrifiers are exposed to under the lab-scale conditions, does not differ dgnificantly from the full-scae
Stuation. One may therefore expect that the experimenta response is representetive for the full-scae
system and that extant parameters can be obtained.

The maxima experimentation time for the optimal experimenta design was fixed to 130 minutes, Smilar to
the experimentation time of the Sngle ammonium addition of the experiment in Fg. 4.
4.6. Step 8: Optimal Experimental Design

The results of the D criterion based OED and the reference experiment are given in Table 4, congdering ro,
combined 1, and Hp and S measurements and gpplying the a vaues of Table 3. The vaues of dl the
other FIM characteristics for the same D-optimal experiment are reported as well.
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Table 4. Vaues of the OED criteriafor different experimenta set-ups and with the D criterion (Det(FIM))
as optimisation criterion. Syo2,1(0) is the degree of freedom in the experimental design. The optimised
vaue for the D criterionisgivenin bold

Meas. | Criterion | Tr (FIM™) | Tr (FIM) | Det(FIM) | max | min I mal min | Sno2,1(0)
l'o reference | 2.3940° | 1.7540° | 8.4740" | 1.0940° | 5.2740° | 2.0740° 0
D 1.3540° | 2.3540° | 3.88%0%° | 1.1740° | 1.2240° | 9.5640" 1.98
ro+Hp | reference | 1.5140° | 1.0240° | 8.5440% | 5.6940° | 7.2540° | 7.8540° 0
D 9.0540* | 1.0840° | 3.41x0% | 5.6740° | 1.2640° | 4.4740° | 1.98
So reference | 6.31407 | 4.8640" | 4.1240% | 3.1640" | 1.5940" | 1.9940"
D 7.36407 | 8.4940" | 1.8740% | 6.7440™" | 1.3640" | 49640 | 159

As can be expected, the optimal Syo.1(0) addition consdering both ro and combined ro and Hp
measurements is the same (1.98 mg N/I) since Hp data do not give extra information on the second
nitrification step. However, as will be seen below, the Hp measurements improve the identification of the
firg nitrification step and thereby aso the accuracy of the parameters related to the second nitrification
step. The optimal Syo2,1(0) addition consdering S measurements and the same experimenta time of 130
min. is lower (1.59 mg N/I) since here re-aeration has to take place as wel within the experimenta time to
dlow for etimation of K aand S . Hence, lesstimeis available for complete degradation of Syop.

In al three cases the Det(FIM) of the optima experiment is larger (about four times) than in the reference
experiment indicating thet the overdl generdised parameter variance has decreased.

Furthermore, the minimum eigenvadue | i, increases, indicating that the largest parameter error has
decreased by OED. It is, however, not possible to trace specificaly which parameters the largest
parameter error, i.e. | min, ad minimum parameter eror, i.e. | ma, 1S corresponding to (Brouwer et al.,
1998). In the case of So measurements it was observed that dso the vaue of | nx increased with afactor 2
indicating that the minimum parameter error had increased. This was not observed in the case considering
ro or combined ro and Hp measurements. Thisincrease in | g iN the case of S data had an effect on the
trace of FIM (i.e. the sum of eigenvaues, equivaent to the average of the parameter errors), which dso
increased more than in the case of & and combined & and Hp data. However, the trace of FIM™
increased a bit considering $ measurements. This was not expected, since Tr (FIM™) idedly should
decrease for an optima experiment. Most remarkable is, however, that the value of | 1\l min increased
when So measurements are considered and a D-optimal experiment is conducted.

These incons stent and unexpected observations when consdering S data are most probably related to the
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rescaling of time unit. For comparison the OED results for & data not incorporating the scaling factor are

givenin Table 5.

Table 5. Evauation of the effect of parameter rescaing on the OED criteriain case of So measurements,
OED results obtained for a=1

S reference | 1.4940° | 1.4540%° | 1.0940" | 9.4140% | 8.1940* | 1.1540%
D 7.8140° | 2.5340% | 4.9340™ | 2.0140% | 2.1840° | 9.1940 | 1.59

It is obvious that the properties of FIM are in accordance to expectation for the unscaled case. Thus,
again, this confirms the danger of rescaling and how changing time units may interfere with the OED criteria
related to the eigenvaues and trace (A-, modA-, E- and modE-criterion). Only the D-criterion isinvariant
to rescaling of parameters, as stated in chapter 6.

The expected 95% confidence intervas for the reference experiment and the experiments with optimal
addition of Sy0; are given in Table 6. The confidence intervas are cdculated based on the inverse of the
FIM and the assumption that the measurement error remains the same for the optima experiment (see Eq.
3).

Table 6. Expected 95% confidence intervas for the two step nitrification experiments optimised according
to the D criterion, see Table 3, expressed as percentage of parameter values

Meas. | Criterion | Muaxa1 | Ksaz | Svr2(0) | Muaxaz | Ksaz 5% K.a
lo reference | 1.50 | 6.80 0.59 712 | 29.44
D 137 | 6.36 0.61 3.08 | 2143
rotHp | reference | 0.72 | 4.04 0.09 6.39 | 26.18
D 0.70 | 3.97 0.09 3.00 | 21.18
So reference | 0.12 | 0.67 0.03 066 | 2.67 | 0.03 | 0.10
D 010 | 053 | 0.03 024 | 164 | 0.03 | 0.10

Firgt, consdering the reference experiment, it is obvious from Table 6 that combined ro and Hp
measurements result in more narrow confidence intervas for the parameters related to the firgt nitrification
step (i.e. Mhaxa1, Ksa1 and Syn.1(0)) than with ro data alone, as aready observed (see chapter 5). It can
further be observed that the confidence intervals for the parameters related to the second nitrification step
(i.e. Muaxa2 and Ksap) are dightly smdler consdering combined ro and Hp measurements. Thus, apparently
the improved parameter identifiability of the firgt nitrification step, due to the inclusion of Hp data, helps the
identification of the second nitrification step in the reference experiment, where the “shoulder” in the 1b

242




profile related to the second nitrification step was poorly identified (see Fig. 4). The optima experiment
compared to the reference experiment results in improvements of 56% and 53% for Myxa2 and 27% and
19% for Ksa, conddering ro and combined ro and Hp measurements respectively. If Sy data are
consdered an improvement of 74% for Myaxaz and 38% for Ksa, can be obtained. Furthermore, dight
improvements of the accuracy of the parameters related to the first step were observed in all three cases.

If S is measured rather than combined ro and Hp measurements it is obvious that the parameter accuracy
improves sgnificantly with about a factor 10. This is caused by the fact thet the measurement noise
relaively is about 100 times smdler for S measurements than with ro measurements as discussed earlier
(see chapter 5).

4.7. Validation of optimal experimental design

The actua experiments carried out to vaidate the procedure were mede with Syo2,1(0) additions of 0.35;
0.70; 1.40 and 2.55 mg N/I. The experimenta data together with the modd fits are illustrated in Figure 6 —
7. Table 7 ligts the estimated parameter combinations, and aso reports the parameters of the reference
experiment (Syo2,1(0) = 0).
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Figure 6. Vdidation experiments. Profiles of S, ro and Hp experimenta data and modd fits. A-B:
addition of Syo = 0.35 mg N/I, C-D: addition of Syo,=0.70 mgN/I.
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Figure 7. Vdidation experiments. Profiles of S, ro and Hp experimental data and modd fits. A-B:
addition of Sy, = 1.40 mg N/I, C-D: addition of So, = 2.55 mg N/I

As can be observed from Table 7 the estimated parameter combinations for the experiments with addition
of different amounts of Syo; are very close and in accordance with the reference experiment, confirming
that these experiments can be used as vaidation of the procedure. Notice that it seems asif the parameter
estimates based on & data are dightly lower than the ones based on 1o data. The reason for thisis not

clear.

For these vdidation experiments Table 8 ligts the actua 95% confidence intervas on the estimated kinetic
parameter combinaions. Here the combinations are not written out fully but eg. Mpaa: indicates the

3.43' YAl
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combination related to Myexay (i.€. MhaxarX )-
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Table 8. Confidence intervas as percentage of parameter values for different additions of Syo2,1(0)

Sno2,1(0) Mhaxat | Ksat | Suna(0) | Mhaxaz | Ksaz | S K.a
mg/l
lo 0.35 154 | 6.21 0.62 8.17 | 39.14
rotHp 0.80 | 3.99 0.10 572 | 25.98
So 0.11 | 0.57 0.03 0.39 220 | 0.03 | 0.10
lo 0.70 150 | 6.58 0.59 470 | 27.34
rotHp 0.75 | 3.98 0.10 444 | 25.58
So 011 | 0.4 0.03 0.32 175 | 0.03 | 0.09
lo 1.40 1.39 | 6.23 0.58 3.66 | 31.90
rot+Hp 0.74 | 3.90 0.09 3.09 | 25.32
So 0.09 | 051 0.03 0.18 167 | 0.02 | 0.08
o 2.55 154 | 6.32 0.59 1.82 | 18.95
rot+Hp 0.80 | 3.&4 0.08 1.92 | 20.66
So 0.10 | 0.48 0.03 0.11 103 | 0.02 | 0.07

Congdering the accuracy of the parameters rdated to the firgt nitrification step, the same conclusons, as
discussed above, hold concerning the comparison of ro, combined ro and Hp and S measurements. It is
not expected that the accuracy of the first step changes sgnificantly as more Syo, is added. When focusing
on the parameters of the second nitrification step, it is obvious tha the more Syo, is added initidly the
amadller the confidence interva of both Myaxa2 and Ksa,. When comparing the addition of 0.35 mg N/I with
an addition of 255 mg N/I an improvement in accuracy of about 77% for Mpaaz and 52% for Ksaz is
achieved. Evidently, with this experimental design the largest improvements in parameter accuracy can be
achieved for the maximum specific growth rate Muxaz, Snce a higher Syo02,1(0) results in more data
containing information an the maximum respiration rate related to the second nitrification step, and thereby

0N Miaxa2.

The theoreticaly predicted confidence intervals of the optima experiment according to Table 6, consdering
So data (Svoz21(0) = 1.59), maich wel with the confidence intervals caculaed for the evaduation
experiment with Syo2,1(0) = 1.4 mg N/I (Table 8). Also, the theoreticaly predicted confidence intervals for
an addition of 1.98 mg N/I considering either ro or combined ro and Hp measurements lay in betweenthe
cdculated confidence intervals for the validation experiments with additions of 1.4 mg N/I and 2.55 mg N/I.

Obvioudy, one can further optimise the experiment by increasing the amount added, to eg. 2.55 mg NI/.
However, this experiment takes about 40 or 90 minutes longer (depending on whether 1o or & data are
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used respectively) than the experimenta time congraint set to 130 min. Thus, a compromise must be
sought between the desired accuracy and the experimentation time.

4.8. Step 9: Sensitivity of the optimal experimental design to
parameter variation

Above an optima experimenta design was determined and an optimal initid addition of nitrite was defined
to be 1.98 mg N/l or 1.59 mg N/l depending on whether i or S was measured respectively. The
reference and validation experiments above were dl carried out on the date 151198 and as could be seem
from Table 7 the parameter variation among these experiments was minor. It is, however, interesting to
pose the question whether this experimenta design would hold in case the kinetic parameters of the first or
second nitrification step would change. Or said in other words “How large parameter variation is possible
dill alowing for an accurate estimation of the parameters, especidly of these related to he second
nitrification step”. If one imagines that the value of mhaa1 decreases, the length of the tail in the 1o profile
related to the second nitrification step will become less pronounced, resulting in a worse practica
parameter identifiability of the second step. Thus, a higher amount of S0 1(0) may have to be added to
dlow for the same parameter accuracy as the optima experiment derived above. On the other hand, if
Maxa1 1NCreases, the i tall will become more pronounced resulting in even more &curate parameter
estimates and less Syo,1(0) could thus be added to maintain the same accuracy. A similar reasoning can be
made in case it IS Maxa2 that elther decreases or increases.

Experiments with addition of ammonium for detection of the nitrification kinetics were carried out daily
during a messuring campaign a the full-scale WWTP of Zele (see chapter 8). The estimated parameter
combinations based on ro measurements are listed in Table 9. Despite the fact that more accurate estimates
are obtained with &, data, parameters of the validation experiments were estimated based on ro data due
to the faster convergence of the objective function towards a minimum (see chapter 5). The parameters of
the second nitrification step were estimated based on independent experiments with nitrite additions and
thelr vaues were fixed during the parameter estimations using the experimental results of ammonium
additions (3milar to the reference experiment).

Some variation in the kinetics can be observed with a variaion in the parameter combination related to
Muaxar from 0.1036 to 0.2603 (with 0.236 for the reference and optimal experiment) and for the
combination related to Mhaa2 avariation from 0.0354 to 0.0630. Especidly the experiments carried out on
181198 and 221198 are deviating. The reason for the deviation of 181198 can be that the dudge sample
for this experiment was taken at the full-scde plant after a heavy rain fdl in the beginning of the measuring
campaign (see dso chapter 8). This may have had a dilution effect on the viable fraction of the dudge.
There seems no obvious reason for the deviation of the experiment 221198. However, in this context the
main point of interest is not why the dudge kinetics change but rather whether the optima experiment isdill
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vaid if and when the reaction kinetics changes. Findly, it should be noted that despite addition of smilar
amounts of Syn,1(0) the related parameter combination ((3.43- Y, 1)Syn1(0) ) vary with about 25%.

Table 9. Estimated parameter combinations for different experiments with an addition of Sy 1(0) = 7.5mg
N/I and Syo,1(0)=0 mg N/I (valuesin itaic were fixed, the biomass concentration is corrected for
changes in-between the experiments to allow for a comparison of parameter combinations).
Experiment 151198 is the reference experiment

pate |38 Ym o[B8 Y)Kgy | LU Yap [0 Y0 )Kes, | (3435 Y )Suns (0
Yo Yao
151198 0.2360 0.970 0.0499 0.271 11.500
161198 0.2603 1.091 0.0540 0.223 11.801
181198 0.1036 1.081 0.0354 0.438 14.438
191198 0.2331 1.150 0.0666 0.223 14.484
201198 0.2500 1.206 0.0630 0.223 14.686
211198 0.2637 1.148 0.0630 0.223 14.550
221198 0.1089 0.952 0.0486 0.223 11566

The optima experiment (Svoz,1(0) = 1.98 mg N/, gotimd for the dudge of 151198) is now Smulated

again, but with parameter combinations 343 Maxa X and

Al A2
according to the observed minimum and maximum of Table 9. For these conditions, the expected 95 %
confidence intervas are calculated and given in Table 10.

Mhaxao X changed

Table 10. Expected 95% confidence intervals expressed as percentage of parameter values for vaidation
experiments (1 - 4) (changes of Miyaxa1 @d Miaxa2) Of the optimal experiment (Syo2(0)=1.98 mg N/I),
consdering ro measurements

343- Yu 114-Y,, Mhaxar | Ksar | Svha(0) | Mhaaz | Ksaz
axAlX axAZX
YAl YA2
D optimd 0.2360 0.0499 1.37 6.36 0.61 3.08 | 2143
Exp. 1 0.1036 0.0499 7.96 | 28.85 0.74 23.30 | 83.58
Exp. 2 0.2603 0.0499 1.31 6.13 0.58 298 | 21.06
Exp. 3 0.2360 0.0354 1.38 6.38 0.62 3.34 | 24.99
Exp. 4 0.2360 0.0630 1.36 | 6.38 0.58 2.89 | 19.82

248




From Table 10 it is obvious that when the combination related to myaxa1 decreases (Exp. 1), the parameter
identifigbility suffers Sgnificantly snce the tall in the 1o profile related to the second nitrification step is now
no longer visble (see Fig. 8A). The increase in Mhaxa1 (EXp. 2) resultsin adight improvement of parameter
accuracy compared to the D-optima experiment. Also, the changes in Miaxa2 to the minimum (Exp. 3) and
maximum (Exp. 4) observed result in the expected changes in parameter estimation accuracy, i.e. increase

and decrease of accuracy respectively. However, for both cases the accuracy is rather comparable to the
one of the optima experiment.
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Figure 8 Sengtivity of optima experiment to parameter changes. Smulated r profiles. A: Yaai
decrease, B: HUpaar INCrease, C: Yo decrease, D: a0 INCrease.

Thus, obvioudy the most critical Stuation is the one where Mhaai decreases and Myaaz remans a a high
vadue. The maximum possible vaue of the parameter combination of Myxaz, Sill dlowing parameter
estimation accuracy comparable to the optimal experiment, has been detected to be 0.0252 for the
minimum observed mhaa1. The corresponding expected 95% confidence intervals are listed in Table 11.
Indeed, as observed from Table 9 this critical value for mhaaz IS exceeded in the experiment of 181198 for
which the minimum M1 1S observed.
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Table 11. Expected 95% confidence intervals expressed as percentage of parameter vaues for the critical

experiment
343- Yu 114-Y,, Mhaxatr | Ksat | Suha(0) | Mhaaz | Ksaz
axAlX axA2X
YAl YA2
D optimd 0.2360 0.0499 1.37 | 6.36 0.61 3.08 | 21.43
Criticd exp 0.1036 0.0252 191 | 9.13 0.90 459 | 31.98

5. Case study 2 — combined COD degradation and nitrification

5.1. Step 1: Reference experiment

The degradation of the readily biodegradable compounds in the combined municipa-industrial wastewater
of the WWTP of Zde (Aquafin NV, Aatsdaar, Begium) was characterised by respirometric
measurements. Titrimetric measurements were also carried out, but these data were not included in this
study since it was not yet evident how to interpret the titrimetric effects of COD degradetion. The titrimetric
effect related to degradation of COD will highly depend on the kind of carbon compounds present, e.g. it
was shown in the work of Gernaey et al. (2000a) that acetate and dextrose degradation result in
completely oppogite titrimetric effects. Obvioudy, it is not known which specific carbon compounds the
wastewater COD conggts of. In experiments where nitrification was suppressed it was indeed observed
that the wastewater COD a0 resulted in a titrimetric effect (data not shown). However, it was not within
the scope of thiswork to interpret and model this.

A typica experimenta 1o profile of a wastewater from the Zele WWTP is given in Fig. 9. Based on an
andyss of the wastewater it is known that ammonium is present and probably aso some readily
biodegradable COD (see chapter 8). From the section above (case study 1) it was redised that a model
including nitrification in two steps was needed to describe the nitrification in this plant adequatdly. However,
it is clear from the “tailing” wastewater profile n Fig. 9 that it would not be possble to separate the
contributions of (i) the nitrification and (ii) the degradation of readily biodegradable COD to the totd ro
from each other. Thus, to andyse the example of Fig. 9 the nitrification parameters were fixed at vaues
obtained from a separate experiment where only ammonium and nitrite were added (from case study 1). In
this way kinetic parameters related to the COD degradation could be edtimated (Spanjers and
Vanrolleghem, 1995).

However, in generd the respirograms of wastewater were not informative enough to describe the
degradation of COD via Monod kinetics, Snce no zero order respiration rate plateau (i.e. constant
respiration rate) was reached in the experiments. Consequently, the degradation of COD wes instead
described via a first order modd (Eq. 4), where the first order rate constant k replaces the Monod
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parameter combination

0.5

0.4 1

ro (mg/l.min)
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. The model applied to describe the wastewater datais givenin Table 12.
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Figure 9. Experimenta data and mode fit of awastewater r,, profile

Table 12. COD degradation and nitrification modd for interpretation of respirometric data, assuming that

no biomass growth takes place

Component ® 1 2. 3. 4. 5. Process rate
Process So S\H Svoz | Swoz | Ss
. 1' YH 1
1. COD degradation - -5 |kxXX
Yy Yy
2. Nitrification step 1 - - Myapar ————X
& Y a1 Yar | Ya AL Ksa1 + Sy
e 1.14- Yao 1 1 Snoz
3. Nitrification step 2 - - m, X
® Y a2 Yaz | Yaz Az Ksaz +Syoz

The purpose of this study was to design an experiment that would alow for a Smultaneous characterisation
of the reaction kinetics for both the firgt nitrification step and the degradetion of readily biodegradable
COD. Here, we will not am for a Smultaneous identification of the second nitrification step. Thus, the
parameters related to the second nitrification step will be fixed at vaues obtained in the case study above.
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Asin the case study of the two step nitrification above, the most obvious experimenta design (A) isthe one
where the nitrification results in a more visble shoulder in the ro profile. Secondly, the purpose isto design
an experiment from which extant parameters can be obtained. That is, the conditions have to be such that
they are representative for the full-scale system to be able to transfer the lab-scae results to amode of the
full-scde WWTP. Findly, emphasisis put on the sengtivity of the experimenta design to andyse the effect
of changes in wastewater concentration and character. Because of the faster convergence of the objective
function toward a minimum for the parameter estimation only measurements of ro will be conddered in this
sudy. Again, the concept of optima experimenta design defined in Fig. 1 is now concretised for this case
and illugrated in Fg. 10.

| OPTIMAL EXPERIMENT |

/| E1: Significant growth |

| E2: Growth limitations |

D1: No biodegradable COD
in present in wastewater

D2: Experiments optimised
viathe ModE criterion

Theoretical identifiability Experimental constraints

Practical identifiability

C1: Not possible to separate
nitrification from COD

degradation in the r, profile

B1: Practically identifiable but
pH outside range of
experimental constraints

C2: Experiment stopped too
early, i.e. datanot informative

B2: Practically identifiable but
oxygen electrodes wrongly calibrated

B3: Practically identifiable but
starvation prior to experiment

Figure 10. Optima experimental design for combined COD degradation and nitrification. Illustrations of
experiments: A —D
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5.2. Step 2: Experimental conditions and constraints

The purpose of the experiments is to achieve accurate estimation of the kinetic parameters for COD
degradation and the firgt nitrification gtep. In addition, these parameters should be representative for the
full-scale system under study. As discussed above the S(0)/X(0) and DS are two criticd factors thet are
influencing the experimenta response. Also, here it will be attempted to work at the lowest S(0)/X(0) and
DS possible to avoid sgnificant growth and nitrification inhibition. Thus, concerning the COD degradation
process the growth process without cell multiplication (Fig. 2) is amed for. Again, the modd for which
unique parameters are sought does not consider growth (i.e. X isnot afunction of time), see Table 12.

The lig of vdid experimenta conditions is rather smilar to the one of the two step nitrification example
above:

Experimental conditions :

- Measured variables:
Oxygen uptake rate (ro)

Environmentd variables:

Nitrifying and COD removing dudge from the full-scale WWTP under study.

The subgtrate load of ammonium and COD, DS, and S(0)/X(0) ratio should not be too different
compared to the full-scale system to ensure that the organisms are not subjected to too dragtic
changes in ther environmental conditions, and thereby changes of experimenta responses
(consdering COD see Fig. 2).

Substrates should be added in such amounts that the biomass increase does not exceed 5% to
avoid sgnificart growth. Thus, a growth of lessthan 5% is here considered neglible.

Ammonium and/or nitrite as substrate should be dosed such that the concentrations of ammonia
(NHs) and nitrous acid (HNO,) are below 0.1 gN/n® and 0.2 gN/nT respectively to avoid
inhibition of nitrification Note that the critical concentrations of NH; and HNO, are pH
dependent (Anthonisen, 1976).

pH in the range 5.5 — 10 to avoid growth limitation (Henze et al., 1997).

Temperature 5 — 40 °C to avoid growth limitation (Henze et al., 1997).

Oxygen concentration above 2 mg/l to avoid limiteation.

No presence of inhibiting components.

The purpose concerning Smultaneous characterisation of the reaction kinetics for the firgt nitrification step
and COD degradation can be fulfilled by desgning an experiment for which the practica identifiability is
ensured. Thus, no further experimenta congtraints will have to be imposed on the experimenta conditions
dready listed above. Smilar to the case of two step nitrification, however, the second purpose deding with
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the trandferability of the lab-scae reaults to the full-scae system requires a few additiond congtraints to
frame the experimenta conditions. Again, these extra experimental congtraints are rather Smple and smilar
to the two gep nitrification case, Snce the main issues of ensuring a lab-scale result that is transferable to
the full-scale system are dready defined by the conditions above.

Experimentd condraints:

pHinrange7.5- 8.5
Temperature in full-scale system is 10°C

Sudge history

The comments on these experimental congtraints given above for the two step nitrification case also apply
here. Hence, for example a pH outside the defined range, or an experiment carried out with dudge that has
been starved in endogenous state prior to the experiment to an extent that leads to a response sgnificantly
different from the full- scale behaviour, are both conditions that do not comply with the defined congtraints.

5.3. Step 3: Theoretical Identifiability

The theoreticd identifiability of Monod models was investigated in detail in chapter 4. For this case study
the theoretica identifiability of the first order modd for COD degradation was investigated and it appeared
that the combinations k XX and (1- Y)>xSg(0) are theoretically identifisble. Table 13 summarises the
results given the assumption of insgnificant growth and measurements of ro only. Thus, column one and two

in Table 13 defines the hard bound region of the theoreticaly identifiable parameter combingtions
consdered in this case study (Fig. 10).

Table 13. Schematic overview of the theoretically identifiable parameter combinations for heterotrophic
growth and nitrification, assuming measurements of ro and amodd structure with inggnificant growth

(see dso chapter 4)
Process (j) Heterotrophic growth | Nitrificationstep 1 | Nitrification step 2
Measurement (i) ® lo o lo
Modd Sructure
No grOWth kX 3.43- YA]_ X 114- YAZ X
v 'maxAl Y ax A2
(- Y1)Ss(0) Va1 A2
(343- Y )Ka; | @14-Y0)Ka,
(3.43- Y5)Sy(0) | 114~ Y22)Sy02(0)
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This region of theoreticd identifigbility frames the experimental conditions (A - D), defined above, for
which unique parameters of the chosen modd can be obtained. Again, experiments that do not comply with
these redtrictions, i.e. in case significant growth or inhibition takes place, can not be described with this
modd. Thus, such experiments lay outside the region of theoretica identifiability (experiment E in Fig. 10).

5.4. Step 4 - 6: Practical Identifiability

In the two step nitrification case above problems with singularity of the FIM were encountered caused by
the introduction of combined respirometric-titrimetric measurements. Here, only respirometric
measurements (ro) are considered and thereby the problem of the FIM being singular did not appear.

Obvioudy, an experiment where the respirometric data contain sufficient information for practicd
identifigbility of both the heterotrophic degradation of COD and thefird nitrification step is represented by
experiment B in Fg. 10.

The scding factor a that was gpplied on the time units in the reference experiment to dlow for a more
dable inverson of the FIM are given in Table 14. As dedlt with in chapter 6 this optimal scaling factor was
found by minimisation of the condition number (I mal min) of the FIM.

Table 14 Applied scaling factor a and the corresponding condition number of the FIM for case 2.

Measurements a I e\l min

o 1 4.1540%
3.8840° 1.0240*

Again, the condition number of the FIM can be reduced sgnificantly by scaing of the time units.

5.5. Examples of experiments B -D

Experiments of the type B2 - B4 from Fig. 5 related to (1) pH outsde defined range, (2) wrong cdibration
of oxygen eectrodes and (3) starvation prior to experimentation respectively, but with ensured practical
identifigbility, are dso relevant for this case.

An experiment in accordance with the experimenta congraints but where the first step nitrification is not
practicdly identifigble from the i profile (as in Fig. 9) is illustrated by experiment C in Fig. 10. Also,
experiments yidding non-informative ro profiles due to atoo early termination of the experiment or too little
substrate added are represented by experiment C, smilar to the two step nitrification case.

Findly, in this case experiment D can be exemplified by an experiment where the wastewater added does
not contain any readily biodegradable COD. Thus, in such an experiment the reaction kinetics related to the

255



firg nitrification step can Hill be identified with the modd, but the purpose of smultaneous estimation of
degradation kinetics of readily biodegradable COD can naturdly not be fulfilled excluding the experiment
from the region of experimenta condraints. Findly, a D-type experiment can aso be illustrated by an
experiment optimised viathe ModE criterion, as described in the two step nitrification case.

5.6. Step 7: Experimental degrees of freedom

The experimental degree of freedom to obtain the optima experiment (A) is here chosen as the optima

additiond amount of ammonium to be added initialy together with the wastewater. The aim of the OED is
then to optimise the additiond initid addition of ammonium, Sy 1(0), to obtain a ro profile which contains
enough information to dlow for smultaneous esimation of the kinetic parameters related to the firgt

nitrification step and the degradation of the readily biodegradable COD. It is assumed that the amount of

wastewater is fixed dthough the wastewater may contain a varying COD content. The pH set-point was
between 8.0 — 8.2.

The dudge load of the full-scde WWTP was cadculated on the basis of average full-scale data and was
found to be about 0.32 — 0.48 kgCOD/kgML SS.d (see chapter 8). However, only an average of about
16% of the totd COD is readily biodegradable (see chapter 8), which gives a load of readily
biodegradable COD of about 0.05 — 0.08 kgCOD/kgML SS.d. The load of readily biodegradable COD in
the lab-scale experiments was caculated to be 0.05 — 0.20 kgCOD/kgMLSS.d. Thus, in some cases the
lab-scae load has been higher than the average full-scale load. Still, the differences are not considered to
be sgnificant enough to change the response of the organiams. The gpplied S0)/X(0) ratios were in the
range 1:100 — 1:200 mg COD(substrate)/mg COD(total). The heterotrophic biomass concentration was
calculated to be about 0.217 mg CODyer/mg COD(totd) (see chapter 8), resulting in a S(0)/X(0) ratio of
about 1:20 — 1:40 mg COD(substrate)/mg CODyer. With a heterotrophic yield coefficient, Yy, of 0.67 mg
COD(biomass)/ mg COD(subdtrate), such S(0)/X(0) ratios will results in a biomass increase of less than
about 3 %. Thus, the experimenta congtraint that no biomass growth should take place is dearly fulfilled.

The experimentation time for the optima experimenta designs was fixed to 85 minutes, which is the time
needed to terminate the degradation of COD and the first step nitrification step in the reference experiment

(Fig. 9).
5.7. Step 8: Optimal Experimental Design

The results of the D-criterion based OED and the reference experiment are listed in Table 15, considering
ro measurements and gpplying the a value of Table 14.

Thus, according to the D-criterion the optimal Syn2(0) value is 5.24 mg N/I. This corresponds to an extra
addition of 2.88 mg N/I, since the wastewater contains 2.46 mg N/l according to the estimation. For this
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optima experiment the Det(FIM) is about ten times larger than for the reference experiment, indicating that
the generalised parameter variance has decreased as expected. In addition the | i, hasincreased, Tr(FIM”
1) has decreased and Tr(FIM) has increased in the optimal experiment, in accordance with expectations.
However, smilar to the case with So measurements in the two step nitrification case study above, the value
of the condition number, | nal min, iNCreased. This is contrary to what is expected and indicates that the
reference experiment is more optimal with respect to the modE criterion (minimisation of | i\l min) than the
experiment predicted via the D-criterion. Again, this inconsstency may be caused by the rescding of the
time unit that has a negative effect on the performance of especidly the modE criterion (see chapter 5).

Table 15. Vaues of the OED criteriafor different experimenta set-ups and with the D criterion

(Det(FIM)) as optimisation criterion. Sy 1(0) is the degree of freedom in the experimental design. The
optimised vaue for the D-criterion is given in bold

)
o reference | 1.38407% | 92640 | 1.1540% | 7.9720" | 7.85 | 10220 | 246 | 17.30
D 8.82402 | 2.0740° | 1.4840%° | 1.9440° | 1210 | 1.6020" | 524 | 17.30

The expected 95% confidence intervals for the reference experiment and the optimal experiments with the
extra addition of Sy, are given in Table 16. These confidence intervas are caculated based on the inverse
of the FIM™ assuming that the measurement error on o, remains the same as for the reference experiment

(see Eg. 3).

Table 16 Expected 95% confidence intervas for the experiments of combined COD degradation and

nitrification optimised according to the D criterion, see Table 15, expressed as percentage of

parameter values.
Measurements | Experiment | Maaxas | Ksar | Sw(©0) | K Ss(0)
o reference 333 | 1086 | 163 | 6.34 | 3.05
D-optimd 148 6.31 1.78 494 2.49

From Table 16 it is clear that the confidence intervals for the parameters myaxa: and Ksaz will sgnificantly

improve when an extra amount of S is added initidly. The improvement of the confidence intervas is
55% and 42% respectively. It is not clear why the confidence interval of Sy 1(0) increasesfor the optimal
experiment, athough the difference is not very large. Findly, the improved identifidbility o the nitrification
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parameters helps to improve the confidence intervals of the first order degradation rate for COD
degradation and the estimated initial concentration of readily biodegradable COD (Ss) in the wastewater.
These improve with 22% and 18% respectively.

5.8. Validation of optimal experimental design

The extraamount of ammonium added in the experiment carried out to validate the procedure was 2.20 mg
N/I. The experimental data together with the modd fitsareillustrated in Fig. 11. The results of the estimated
parameter combinations for the reference and vaidation experiment are given in Table 17.

0.5
0.4 1
< 031
E
E
0 02
0.1 1
0 T T T T T
0 20 40 60 80 100 120
Time (min)
Figure 11. Vdidation experiment. Experimentd r, data and mode fit of an addition of wastewater and
extraammonium

Table 17. Estimated parameter combinations for reference (NH,-N and WW) and validation experiment
(WW + NH;-N) for combined COD degradation and nitrification (valuesin itaic were fixed and not
esimated). The amount originaing from the wastewater is calculated based on chemica analyss of

ammonium:-nitrogen in the wastewater and indicated between brackets for WW+NH,

Addition Swn1(0) BODg BODy | 343- Y. X (343- Y, )Kg, kX (1-Y4)Ss2(0)
mg/l (theory) | (model) Y
NH,-N 454 19,65 19.30 02331 1.150
WW 1.80 7.79 10,66 0.2331 1.150 00779 5711
WW+NH, | (180+220) | 1732 | 2188 0.2036 1410 00735 5518

As can be observed from Table 17 the estimated parameter combinations are very sSmilar. This confirms
that these experiments can be used as a vdidation of the OED procedure. The estimated BODy for the

258




single anmonium addition matches well the theoreticaly expected one (4.336yn 1(0)). However, the
BODy related to the ammonium added with the wastewater seems to be overestimated. This can be
caused by the fact that the amount of ammonium added with the wasteweter is caculated on the basis of
chemicd andysis of ammonium-nitrogen (1.80 mg N/I). It islikely that parts of the organic nitrogen (for this
wastewater the concentration of TKN is about three times higher than the NH,-N concentration) in the
wastewater is nitrifiable and thereby results in axygen consumption. Note that the vaue of Syx(0) in Table
15 is the modd vaue. Indeed, if one compares the experiment of the wastewater addition with the
wastewater plus extra anmonium (2.20 mg N/I) experiment, then it is observed that the difference in
estimated BODy (21.88 — 10.66 = 11.22) corresponds reasonably well with the theoretically expected
(17.32-7.79 = 9.53).

The actud 95% confidence interva for the vaidation experiment isgiven in Table 18.

Table 18. Confidence intervas as percentage of parameter vaues for the validation experiment for
combined COD degradation and nitrification.

Measurements Experimet | Mhaar | Ksar | Sun(0) k Ss(0)

o validation 188 | 728| 095 | 542 | 295

Obvioudy the confidence intervas for Mhaa1, Ksa1, Ss1(0) and k are dightly larger than the theoreticaly
predicted ones (see Table 16) since the actua amount of S added was a bit lower than the amount
caculated by the OED procedure. However, the actua confidence interval on Sy 1(0) is smdler than
predicted.

5.9. Step 9: Sensitivity of the optimal experimental design to variation
in parameters and wastewater concentrations

In this study, the robustness of the optima experimenta design derived above was firg investigated in
generd by checking the sengtivity of the parameter estimation accuracy, indicated by COV and Det(FIM),
to changes in the kinetic parameters for degradation of COD and ammonium, i.e. kK and myaa1, and
changes in wastewater concentrations, i.e. Ss and Syy. The sengtivity was evauaed udng rdative
sendtivity functions, RSF (see Eq. 5). The optima experiment was used as the reference, and the mode
output obtained after increasing the value of a specific parameter with 1% was used to obtain the relative
sengtivity functions (Eg. 5).

RsF =Y P ®)

The results of this evaudion are shown in Table 19. The influence of a parameter or Subdrate



concentration on the COV or Det(FIM) was interpreted as proposed by Julien (1997): If RSF = 0O the
parameter has no influence at dl, for RSF < 0.25 the influence of the parameter is not considered to be
ggnificant; if 0.25 £ RSF < 1, the parameter is consdered to be influentid; if 1 £ RSF < 2 the parameter is
conddered to be very influentid and, findly, if 2 £ RSF the parameter is considered to be extremely
influentia. When the vaue of a parameter or initia substrate concentration and the COV or Det(FIM)
change in the same direction, this is indicated with a postive Sgn in Table 19, and when they move in the
oppogte direction thisis indicated with a negative sgn.

Table 19. Reaults sendtivity analyss of the D-optima experimenta design (0 = no influence, +, - = not
vay sgnificant, + +, - - =influentid; + + +, - - - = very influentid; + + + +, - - - - = extremdy
influential). Seetext for afurther explanation of the results

Parameter | COV(Mhaxa1) | COV(Ksa1) | COV(Swn,1(0) | COV(K) | COV(Ss1(0) | Det(FIM)
) )

k - + - ++ + S ++

Mhaxa1 + ---- + + + ++ ++++

Ss.1(0) 0 0 0 e 0 -+ +

Swh,1(0) -- ++ ++ - -- +

From Table 19 it becomes clear that a decrease in the degradation rate of COD (k) will increase
COV/(Ss,1(0)) and COV(Syn.1(0)), i.e. the accuracy of both the $1(0) and Sy 2(0) determination will
decrease. Indeed, if k decreases then the part of the 1« profile related to COD degradation will last
longer, i.e. it will become more difficult to separate the area of the ro o profile in two fractions related to the
Ss.1(0) and Syn,1(0) concentrations respectively. This effect is not compensated by the increased number of
data points available for the estimation of this parameter snce the COD degradation will last longer for a
lower value of k. The accuracy for mmaa: Will decrease dightly when k decreases. An increase of k will
have the opposite effects on the covariance.

When the vaue of myxa1 decreases it means that the e profile is not terminated within the defined
experimenta time of 85 minutes. Obviowdy, this has a very negative effect on the accuracy of Ksa. On the
contrary, if Mhaxa1 increases thiswill result in dightly more data points for the Ksa; determination, yielding a
higher accuracy. Further, a decrease of myxa1 Means that the degradation of COD and nitrification

processes are better separated in the ro e profile, resulting in improved accuracy of k and S 1(0). Findly,
note that the value of Mhaa1 SO determinesits own accuracy: when mhaa: decreases more data points are
available, yidding a better mhaai estimate.

Wastewater changes with respect to Ss3(0) only have a strong effect on the accuracy of k. There are no
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effects on the remaining parameters. This can be explained because the sensitivity functions of 1o With
respect to Sg(0) are constant functions for the first order degradation moddl (see Appendix 7.1).

If the concentration of Syn 1(0) increases, the accuracy of Mhxa1, k and Ss 1(0) increase (their covariance
decreases) because more data points will be available to describe the nitrification process, thus dlowing for
an improved separation between COD degradation and nitrification. However, again the 1o« profile will
then not terminate within the preset experimenta time resulting in aworse parameter accuracy for Ksa; and

Swn,1(0).

Fndly, mhaa1 IS the parameter that has the largest influence on the overdl generdised variance expressed
by Det(FIM). Thus, if myaxa1 for example increases the Det(FIM) will aso increase sgnificantly.

5.10. Validation of sensitivity of the optimal experimental design to
variation in parameters and wastewater concentrations

In the following the effects of parameter and initia substrate changes, discussed above, are evaluated with a
st of experiments carried out with wastewater and extra ammonium additions during a measuring
campaign at the combined municipa — industriadl WWTP of Zde (Aquafin NV, Aartsdaar, Belgium). Table
20 ligts the estimated parameter combinations.

The vaidions in the parameter combination including k are conddered to be related to changes in the
wastewater organic compounds. However, the COD degradation could still be described by the first order
model. Some variaions are observed for the nitrification kinetics as well, as discussed in the previous
section. Finally, it is again observed for some cases that the estimated BODy relaed to ammonium
oxidation is larger than theoreticaly predicted. As described above this can be caused by the fact that the
theoretical values are based on the concentration of the anayticaly messured ammonium-nitrogen, not
including possible nitrifiable organic nitrogen. The experimenta data and modd fits for the experiments with
wastewater and ammonium added are given in Fg. 12 —13.
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Figure 12. Experimenta data (ro) of wastewater and ammonium addition together with modd fits. A:
161198, B: 201198, C: 211198, D: 221198

0.5 15

0.4 o 1.2 4
g 0.3 = 0.9
< E
> =
g g
0 02 006

0.1 4 0.3

0 T T T 0 T T T T T T T
0 20 40 60 80 100 120 140 160 0 10 20 30 40 50 60 70 80
Time (min) Time (min)

Figure 13. Experimenta data (r,) of wastewater and ammonium addition together with modd fits, A:
241198, B: Changein wastewater character

The confidence intervals were cadculated for the experiments in which the first order rate congtant k differed
most from the reference case (Table 21).
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Table 21 Confidence intervas as percentage of parameter values for the validation of robustness of the
optimal-D experiment

Experiment Miaxal K sa1 Sun(0) k Ss1(0) Det(FIM)
D optimal 1.48 6.31 1.78 4.94 2.49 1.4840"
161198 2.98 9.26 0.97 13.19 4.07 9.6140"
201198 1.86 6.68 1.42 5.14 3.53 9.0740"
221198 2.57 8.30 1.07 4.40 2.59 5.6540"

From Table 21 it can be observed that the changes of parameters or substrate concentrations may be
somewhat more complex to interpret Snce more than one parameter change a atime. Stll, it is possble to
draw some lines and evauate the results based on the generd sengtivity andysisin Table 19.

For the experiment of 161198 the estimated vaue of the parameter combination including the first order
degradation rate k is about four times larger compared to the k value of the Doptima experiment.
Furthermore, the concentration of $1(0) is about three times lower. According to Table 19, both an
increase of k and a decrease of Ss1(0) will lead to alower accuracy of the estimated k. Indeed, it can be
observed from Table 21 that the confidence interva of k for the experiment 161198 is sgnificantly larger
than for the D-optimal experiment, as expected from the sengtivity results. Furthermore, both the estimated
value of the parameter combingtion including Mhaxa: and the Su2(0) concentration are lower br the
experiment of 161198 than for the D-optima experiment. Especidly, alower mhaa1 has a negative effect
on the accuracy of the Ksa; estimate as seen from Table 19. The results in Table 21 indeed confirm this
prediction. The decrease in Syn,1(0) resultsin alower accuracy of mhaxa1 according to Table 19, as was
confirmed for experiment 161198 (see Table 21). Summarising, the experiment 161198 is generdly
resulting in less accurate parameter estimates as generdly confirmed with the lower Det(FIM) that was
obtained for this experiment.

For the experiments of 201198 and 221198 the vaues of Det(FIM) are closer to the optima one. The
accuracy of the parameters is dso closer to the optima ones compared to the experiment of 161198. A
sgnificant decrease in the parameter combination including Myxar iS observed for experiment 221198,
which according to Table 19 should induce a significant reduction of the accuracy for the Kgaz. Thisis
indeed observed in Table 21. However, it should aso be noted that the experimentd time was alowed to
be longer (125 min) compared to the defined optimal time of 85 min. It is obvious that the accuracy
decrease of Ksa; would have been more drastic in case the experiment of 221198 had been forced to end
after 85 min.
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5.11. Sensitivity of the optimal experimental design to variation in
wastewater character

Above, the effect of a variation in wastewater concentration has been investigated. In such cases the
optima experimenta design can be adjusted in case the resulting parameter estimates become too
inaccurate. However, if the wastewater character (rather than its concentration) changes, eg. the
degradation can no longer be described by a first order model, then the OED becomes significantly more
complicated and the whole OED procedure has to be adjusted. An example of change in wastewater
character is given in Fig. 13B. Here, the data had to be described via a Monod mode instead of the first
order modd. Thus, the region of theoretica identifiability in Fig. 10 will have to be adjusted accordingly.

A find example of an unfortunate Situation, with respect to the sengtivity of the proposed OED, is the case
where the wastewater does not contain sufficient readily biodegradable COD (a typicd weekend
phenomenon) exemplified by experiment D in Fig. 10. In this case the aim of the OED procedure has to be
revised snce it isnow only possible to identify the nitrification process.

6. Discussion

In this study a conceptuad and general methodology for optima experimental design was developed. The
concept was illugtrated in Fig. 1 and specificaly outlined for FIM based optima experimenta designs in
Fig. 3. The outlined procedure condsts of 9 steps. In fact the procedure is a culmination of the previous
chapters 3 — 6. The first and very important step is to define the purpose of the experiment. The purpose
determines further (step 2) the gppropriate experimental conditions, eg. measurement technique (see
chapter 3), possible condraints and, thereby, the mode for which accurate parameter estimatesis sought.
Next the theoretica identifiability of the modd parameters has to be investigated indicated by step 3 (see
aso chapter 4), and the practicd identifiability is consdered in step 4 — 6. The practicd identifiability
andyss includes investigation of the FIM properties, i.e. whether the FIM becomes singular (chapter 5)
and aso the effect of the rescaling of parameter units (chapter 6). If FIM becomes singular the parameter
set, on which it is based, has to be reduced. Now the experimentd degrees of freedom to reach an optima
experiment can be defined (Step 7). The optimd experimenta criterion is chosen in step 8 and is optimised
by changing the experimenta degree of freedom, in this case via a numericd optimisation routine
implemented in the WEST software. Findly, it is consdered how sengtive the suggested optimd
experimental design is towards changes in eg. parameters and subgtrate concentrations (step 9). If the
parameter accuracy has decreased sgnificantly it may be needed to update the optimal experiment and,
thereby, re-run the procedure.

In this work the procedure for optimal experimental design, outlined above, was concretised for two case
dudies. The firgt case study focused on the two step nitrification process and it was aimed to design an
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experiment that alowed for smultaneous characterisation of the reaction kinetics of both nitrification steps.
Here, the experimenta degree of freedom was chosen as the addition of an optima amount of nitrite
together with ammonium. The second case study dedt with smultaneous characterisation of the reaction
kinetics of the firgt nitrification step and readily biodegradable wastewater COD. In this study the
experimental degree of freedom was an optima additional amount of ammonium to be added initidly
together with the wastewater.

In both cases the main issue of the OED was, of course, to improve the accuracy of the parameter
edimates. Table 22 summarises and combines the expected accuracy (95% confidence intervals) of the
two case studies (according to Table 6 — 16).

In generd it was found that the accuracy of parameter estimates is highest when oxygen measurements are
applied for the estimations. The confidence intervals are narrower for the maximum specific growth rates
(Mhaxa1 aNd Miaxa2) than for the haf saturation coefficients (Ksa: and Keaz). This is in accordance with
earlier findings (see chapter 3 and 5) and aso reported in literature (Kong et al., 1996; Gernaey et al.,
1998). It is dso noticeable that the parameter accuracy is lower on the parameters related to the second
nitrification step, i.e. Mhaxa2z and Ksap, compared to the parameters of the first step. This is caused by a
lower number of data points for characterisation of the second step. Findly, combined ro and Hp
measurements result in increased accuracy of the parameter related to the first nitrification step compared
to Sngle measurements of ro (See also chapter 5).

Table 22. Summary of expected parameter estimation accuracy (95% confidence interva)

Parameter Casestudy 1 | Casestudy 1 | Casestudy 1 | Casestudy 2
lo ro+ Hp So lo

Mhaxa1 1.50 0.70 0.10 1.48
Ksa1 6.36 3.97 0.53 6.31
Swr,1(0) 0.61 0.09 0.03 1.78
Mhaxa1 3.08 3.00 0.24

Ksaz 21.43 21.18 1.64

o3 0.03

K.a 0.10

K 494
Ss,1(0) 2.49
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Congdering the first case dudy, the main improvements of about 50%, compared to the reference
experiment, in parameter accuracy were found for the parameter Mmyaa2. This was in accordance with the
goa of the optima experimentd design. Moreover, the optimised experimenta degree of freedom,
Svo.1(0), results in more data containing information on the maximum respiration rate of the second
nitrification step, and thereby on the parameter myaxa2. [N addition, a significant improvement of about 20 -
30% was found for the parameter Ksao.

For the second case study, the confidence interva of both mhaa1 and Ksa; are reduced with about 50%,
wheresas the parameter related to the first order degradation of COD was estimated with an accuracy that
Is about 20% better. Again, these results are in agreement with the purpose of the study, since the
experimental degree of freedom, S 1(0), focuses on a separaion of the nitrification process from the
degradation of COD to alow for an improved identification.

These theoretica predictions were vaidated with independent parameter estimations on the basis of
experiments conducted according to the optima experimental design.

In these vdidation experiments of the two step nitrification case sudy it was found that rather smilar
experiments conducted with the same dudge source and wastewater lead to highly reproducible parameter
edimates. The same gpplied for the second case study. Here, an interesting sde remark is that the
andyticd ammonia measurement was not a good indicator of the actud nitrifigble nitrogen in the
wastewater, since the amount anayticad ammonia consstently was lower than the results of the mode-
based andlysis of the respirometric data.

However, if the parameters estimated with dudge collected a different dates within the same week are
compared large differences in parameter estimates was observed (up to a factor 2 between min and max
vaue of the same parameter) for both case studies. In view of the fact that the estimates are highly accurate
and reproducible, it can be concluded that the either the dudge parameters or in the second case study the
wastewater composition are varying very sgnificantly over time. Indeed, the variation in the degradation
rate of the wastewater COD may be caused by changes in wastewater composition, however this can not
be the cause of the differences in nitrification kinetics. Further research is then certainly desired to eucidate
the reasons for these short-term changes. In a study of industrial wastewater (Coen et al., 1998) the
influent characteristics and the kinetic parameters of the dudge were assessed from on-line respirometric
experiments over a 40 hours period (gpproximately one data set per hour). Here it was found that the
wastewater composition and dudge kinetics did not change that dragtically, so that the identification
agorithm gpplied on the on-line data was dlowed to “follow” the changes. In this Stuation the wastewater
composition did not seem to change sgnificantly during the investigated period, wheress differences in
parameters up to a factor 2 also were observed during this 40 hours period. It is likely that the specific
organic compounds contained in the tota wastewater COD may change over short-term in this specific
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case resulting in varying kinetic parameters. However, this was not clear from the study (Coen et al.,
1998).

In the studies conducted on the sensitivity of the OED to parameter changes it was found that quite some
safety margin exists for the experimenta design, i.e. it is rather robust againgt parameter variaions. In the
two step nitrification case it was obvious that a combination of alow Myaa1 ad high M2 Was critica
and a maximum vaue of mhaa. Was determined that till alowed for accurate parameter estimates. One
example was recorded (181198) where an application of the optima experiment would have resulted in
redlly inaccurate parameter estimates.

In the case of combined COD degradation and nitrification a more systematic sengtivity study was carried
out to check the effect of the changes of parameters and substrate concentration on the parameter
accuracy. Here it was found that changes of the first order degradation rate of COD especidly influences
the accuracy of the estimation of initid substrates & 1(0) and Suw,2(0), whereas for example changes of
Muaxa1 INfluence the parameter accuracy of Ksa; Sgnificantly. A changein theinitia subgirate concentration
Swn.1(0) had the least effect on the overdl variances measured by the Det(FIM).

The conclusion in both cases is that frequent updating of optima experiments may be required or that one
must strive for more robust experimenta designs.

In this study the experiments were optimised by the D-criterion which maximises the generdised variance
expressed by Det(FIM). However, to obtain a robust experimental design an extended OED-criterion
could be created in which the sengitivity to parameter or wastewater changes is punished for.

In addition, in this sudy the defined experimental condraints, e.g. low S(0)/X(0) and DS, were checked
manudly. Such congraints of eg. no sgnificant growth could dso be incorporated into the objective
function together with the Det(FIM). In the Sudy of Bdtes et al. (1994) a citicd biologicd criterion with
regard to balanced growth was defined as the gradient of the specific growth rate as function of time, and
was incorporated into the objective function of the OED. Something Smilar could be suggested for the case
Sudies investigated here.

However, in case the modd structure changes, as exemplified in the second case study, the whole region of
theoretica identifiability will move in the experimenta condition space of Fig. 1. Thus, in such a case the
whole OED procedure will have to be revised, since it will not be possible to create a criterion that can
account for modd structure changes. This is contrary to the suggestions above where it is discussed to
keep the optima experiment within the region of practicad identifiability by a more robust experiment,
however with the same modd structure.
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7. Conclusion

A conceptua methodology for optima experimenta design was developed and specificdly outline for FIM
based optimal experimenta designs. The procedure was gpplied in two case studies. The first case focused
on the classcd problem of identification of both nitrification steps in the two step nitrification process. A
ample experimenta degree of freedom was chosen as the addition of an optima amount of nitrite together
with ammonium. In the second case udy it was aimed to smultaneoudy characterise the kinetics of the
firg nitrification step and degradation of the readily biodegradable COD in a wastewater. Also here a
smple experimental degree of freedom was chosen as an optimd additiond amount of ammonium to be
added together with the wastewater. In both cases it was found that the optimised experiment resulted in
sgnificant improvements of the parameter estimates. For the case study on the two step nitrification
process an improvement of about 50% in the accuracy of the Myaa2 estimates was obtained. Also for the
second case study improvements of about 50% was achieved for the parameters related to the first
nitrification sep, i.e. Muaxa1 and Kgaz. The confidence intervas of the parameters related to the COD
degradation improved about 20% in this case. These theoreticd predictions were successfully validated
with experiments carried out according to the optima experimenta design. Furthermore, it was found that
the parameter etimates were highly reproducible for experiments performed with the same dudge source.
On the contrary, some variation in estimated parameter vaues (up to afactor 2) was found for experiments
caried out within the same week. Thus, apparently ether the dudge parameters or wastewater
compogtion vary ggnificantly over short term. Findly, the sengtivity of the optima experiment towards
changes in vaues of the kinetic parameters or wastewater concentrations was evauated for both case
sudies. For the two step nitrification example it was clear that a Stuation where the value of M1 islow
combined with a high vaue of mhaa2 is critical and would lead to inaccurate parameter etimates. In the
second case study a more systematic sendtivity andysis was made. Here it was for example found that
changes in the first order degradation rate of COD was very influentia on the estimates of the subdtrate
concentrations, whereas changes in myaxa1 Was extremdy influentid on the Ksa; estimate. Conclusively,
either frequent updates or more robust optimal experimentad design must be amed for, and it was
discussed how more robust experimental designs might be predicted via extenson of the objective function
of the OED.
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Appendix 7.1
Output sensitivity functions of two-step
nitrification model and first order substrate
degradation model
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Appendix 7.1

Output sensitivity functions of two-step
nitrification model and first order substrate
degradation model

In this gppendix the output sengtivity functions of 1 e, ae derived considering the two-gep nitrification
model. Furthermore, the output sengtivity functions of 1o e for amoded describing first order degradation
of substrate Ss are devel oped. Growth is consdered to be inggnificant and it is assumed that the processes
are not limited by oxygen. All andyticdly derived sengtivity functions have been carefully verified via a
numerical procedure, as described in chapter 5.

1. Two-step nitrification model

1.1. Sensitivity functions of rg e

First, note that the concentration of Syo; is depending on both M1, Ksar and Sk 1(0). The senstivity
function of ro e> With respect to Myxas isdefined in Eq. 1

ﬂro,exz (t) - (3.43_ YAl) ﬂ 3? (1_ e t/t ) rr|1naxA1X SNH,2 (t) 9
IMhaxat IMhaxat é Ya Kea1+Syu(D)g

1 & (1- ett) Mhaa2X  Snoz2(t) O
Mhaxa1 é Yar Ksaz +Syoz2(t) 5

@

- (1.14‘ YAZ)

The concentration of Syy and Syo, are calculated by integration of the dynamic modd for the hybrid set-up
including subgtrate trangport (Eq. 2 and 3 illustrate the substrate equations for the respiration chamber).

dSyp 2(1) _ Qin
v,

axa1 "X Snh2 (1)
Yar  Kaag +Syp2(t)

XSy (t) - Syua (D) - (1- e )1 @
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AdSno2.2(Y) _ Qin

a v, XSno21(t) - Snoz2(1) +

) ©)
(1- etlt )?ﬁmnaxAl XX Snp2(D  Mpaaz XX Snoze() 0
Yar  Ksag +Syn2(t) Yaz  Kaaz *Syop2(t)
Eq. 1 resultsin Eqg. 4.
2 ISnh,2 (1) &
Toexa(t) _ (343- Yu) X(1- e UtyxX ¢ Sypa(t) . AL AL gy :
IMhaxa1 Ya1 “Kgas *+ Sy (1) (Ksar +Snh2 (t)? :
g @
Sno22 (1)
-/t A2 xR
+ (L14- Ypp)X1- € 77 ) Xm0 X TMhaxat
Yaz (Ksaz +Snoaz (1)
The sengtivity function of ro &> With respect to Ksa; is derived smilarly leading to Eq. 5.
NSnr2(1)
. ¢ X——=——- S\u2(t)*
Moee _(343- Ya) XL- € ) Mo X ¢ °0 Ky 0=
K1 Ya1 ¢ (K sa1 t Snh2 ()? +
g @ ©)
1S
" oy X022
+ (L14- Y, o) X1- e 77 ) XMhgpn XX o K sa1
Yaz (Ksaz +Snoza ()2

To be adle to solve the sengtivity functions of He With respect to the initid ammonium concentration
Swn.1(0) Eq. 6 isintroduced, see further details on the underlying assumptions in the appendix of chapter 5,
resulting in Eq. 7.

t
vV dg,éXZdt
S t) = ! g.0- -2 6
NH,Z() V1 +V2 NH,1( ) (3.43_ YA]_) ( )
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Toee(t) _(L- &' ) xamypan X K 5, € VitV gﬂSNHvl(o) i
TSuna(0) Ya1 g (K sa1 Sy (t))2 ‘
g p (7)
» o Sno2,2 (1)
L (@L14- Y,0) XL €M) i, XX TSuH4(0)
Y a2 (Ksaz +Snoz2 (1)

Only the second nitrification step is depending on the parameters Mpaxa2, Ksaz and the initid nitrite
concentration Syo,,1(0) (if added). Thus, the sengtivity functions of 1o e, follow the same patterns as listed
in the gppendix of chapter 5 for the single step nitrification, leading to Eq. 8 — 11.

! 89 Mhaxaz K s 2 x—ﬂSNoz,z O 2
oee® _ (L14- Vo) X1- €)X ¢ Snoaalt) | Mo = o
MMhaxa2 Va2 £K g2 * Snoza (1) (Ksaz +Snoza (1) :
1]
ISno2,2 (1) 0
Toeo _ (L14- Y a,) X1- e t/t ) XM nz Xxg A2 x—ﬂ'\lf:fz - SNoz,z(t): -
TKeaz Yaz é (Ksaz +Snoz2(t))? :
(4]

For the sengtivity functions with respect to initid nitrite concentration, Syo2(0), Eg. 10 isintroduced (again
see appendix of chapter 5 for underlying assumptions).

t t
vV dg,lexzdt (\j g,éxzdt
S t) = —2—Sy021(0) + -2 — 10
NOZ,Z() V1+V2 NOZ,l( ) (343_ YAl) (114_ YA2) ( )

t N1

C‘To,exzdt

Note that the factor (30— is not influenced by Syo2(0), resulting in Eq. 11.
. - Al
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ﬂrO,ex2 (t) _ (1' e-t/t ) xrmqaxAZX XKSAZ

8

V1 t\ ﬂrO,ex2dt 9

1.14- Y
( a2)y
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YA2

O OO OO

Thefigures of the sendtivity functions are given below.
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2. First order substrate degradation

The only rdevant parameter to condder here is the first order degradation congtant k and the initia
substrate concentration Ss ;(0). The sengtivity function with respect to k issmply derived in Eq. 12— 13.

Toexa(t - t/t
I’o,ﬂkz( ) - (1_ YH)%(' (1_ e / )><k >6S2) (12)
—ﬂro';f U@ vaa- e >§°és,2 +k ﬂiiz % (13)

Concerning the initid substrate concentration Ss 1(0) Eq. 14 is again introduced to be able to achieve a
solution (see underlying assumptions in appendix of chapter 5), resulting in Eq. 15.

t

V (‘j’O,exdt
=1 0)- 2 14
Se2(0)= 500 4 (14)
Troex2 () _ VTN V, “ Moea 0
T0e2t) — o Y- e )G(L- Y,y ) - dt 3 (15)
1S51(0) g : V,+V, (()jﬂSSl(O) p

Note that the sengttivity function with respect to & 1(0) is a constant function independent on the actua
vaue of Ss 1(0). Figures are given below.
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Evaluation of an ASM1 model calibration
procedure on a municipal-industrial wastewater
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Chapter 8

Evaluation of an ASM1 model calibration
procedure on a municipal-industrial wastewater
treatment plant

Abstract - The purpose of the calibrated model determines how to approach a mode cdibration, eg.
which information is needed and to which level of detail the modd should be cdibrated. A systematic
mode calibration procedure was therefore defined, and evaduated for a municipa-industrial wastewater
treatment plant. In the case that was studied it was important to have a detailed description of the process
dynamics, since the modd was to be used as the basis for optimisation scenarios in a later phase.
Therefore, a complete model cdibration procedure was gpplied including: (1) a description of the
hydraulics in the system via a tracer test, (2) an intensgve measuring campaign and (3) supporting lab-scale
experiments to obtain and confirm kinetic parameters for the modd. In this paper the modd calibration
procedure for this case study is described step by step, and the importance of the different steps is
discussed. The cdibrated model was evauated via a sendtivity andyss on the influence of modd
parameters and influent component concentrations on the mode output. The sengtivity analysis confirmed
that the modd output was sengtive to the parameters that were modified from the default parameter values.
The cdibrated model was findly reduced from 24 tanks in series to a 12 tanks in series configuration,
resulting in a 50% reduction of the smulation time.

1. Introduction

Implementation of biologicad nutrient remova on wastewater treatment plants (WWTFP's) resulted in an
increased knowledge on the biological degradation processes. This resulted in the development and use of
more advanced dynamic mathematical models that may be able to describe the biologica nutrient remova
processes. These activated dudge models dlow to study and to further increase the understanding of the
influence of process modifications on trestment process efficiency. The dynamic modes are for example
increasingly used for scenario evauations aiming at the optimisation of activated dudge processes (Stokes
et al., 1993; dela Sota et al., 1994; Coen et al., 1997 among many others). The Activated Sludge Model
No.1 (ASM1) presented by the IAWQ Task Group on Mathematica Modelling for Design and Operation
of Biologica Wastewater Treatment Processes (Henze et al., 1987) is generaly accepted as state- of-the-
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art. ASM1 was primarily developed for municipa activated dudge wastewater trestment plants to describe
the remova of organic carbon substances and nitrogen with smultaneous consumption of oxygen and
nitrate as electron acceptors, and to yield a good description of the dudge production. ASM1 has been
extended to include a description of biologica phosphorus remova, resulting in ASM2 and ASM2d
(Henze et al., 1995, 1998). Recently, some of the mode concepts behind ASM1 have been dtered in
ASM3 (Gujer et al., 1998), a modd that also focuses on the degradation of carbon and nitrogen but
alowsthe introduction of processes describing the storage of bio-polymers under trandent conditions.

In this study modd cdibration is understood as the adaptation of the modd to fit a certain set of
informations obtained from the full-scale WWTP under study. This task is often rather time-consuming, and
typicaly the time needed for a modd cdibration is underestimated. Even though more than a decade has
passed since the publication of ASM 1, afully developed model calibration procedure has not been defined
yet. We have not been able to find a complete model calibration report in literature. There may be many
reasons for this. Important to redise is that the purpose of the modd is very much determining on how to
approach the cdibration, making it difficult to generdise (Henze et al., 1995). Still, consdering the wide
gpplication of these activated dudge models there are surprisngly few references that contain details on the
gpplied modd cdibration procedure. Often one has to collect bits and pieces from various sources to
obtain an overview.

In this study it was atempted to gather and summarise the information needed to achieve a successful

modd calibration. The sat of informations listed below was extracted and combined from different sources
(Henze et al., 1987; Lesouef et al., 1992; Pedersen and Sinkjae, 1992; Siegrist and Tschui, 1992; Stokes
et al., 1993; de la Sota et al., 1994; Dupont and Sinkjae, 1994; Weijers et al., 1996; Xu and Hultman,
1996; Kristensen et al., 1998):

1. Dedgndata eg. reactor volumes, pump flows and aeration capacities.

2. Operationd data:
2.1. How rates, as averages or dynamic trgjectories, of influent, effluent, recycle and waste flows.
2.2. pH, aeration and temperatures.

3. Characterisation for the hydraulic model, e.g. the results of tracer tedts.

4. Characterisation for the settler modd: eg. zone sttling velocities at different mixed liquor suspended
solids concentrations

5. Characterisation for the biologica modd, ASM1, of:
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5.1.Wastewater concentrations of full-scae WWTP influent and effluent (as well as some intermediate
streams between the WWTP's unit processes), as averages or dynamic trgectories. e.g. SS,
COD, TKN, NHs-N, NOs-N, PO,-P etc.

5.2.Sudge composition: e.g. SS, VSS, COD, N and/or P content.
5.3.Reaction kinetics. eg. growth and decay rates.
5.4.Reection goichiometry : eg. yidds

As mentioned above, the required qudity and quantity of the information will depend very much on the
purpose of the modelling. In case the modd is to be used for educationa purposes (e.g. to increase basic
understanding of the processes), for comparison of design aternatives for non-exigting plants or in other
Stuations where quaitative comparisons are sufficient, the default parameter values defined by Henze et al.
(1987) can be applied. A reasonably good description can most often be obtained with this default
parameter set for typica municipal cases without sgnificant indudrid influences (Henze et al., 1997).
However, if the calibrated model is going to be used for process performance evaluation and optimisation,
it may be necessary to have a more accurate description of the actuad processes under study. Some
processes may need a more adequate description than others, again depending on the purpose of the
study. This may especidly gpply for models that are supposed to describe the processes in an industrid or
combined municipa and indudtrid trestment plant.

The information needed for the characterisation of the biologicd modd, listed in point 5 above, can
basicaly be gathered from three sources:

1. Default vauesfrom literature (e.g. Henze et al., 1987).

2. FRull-scae plant data
2.1.Average or dynamic data from grab or time/flow proportiona samples.
2.2.Conventional mass balances of the full-scale data.
2.3.0n-line data.

2.4.Measurements in reactors to characterise process dynamics (mainly relevant for SBR's and other
dternating systems).

3. Information obtained from different kinds of lab-scae experiments with wastewater and activated
dudge from the full-scale plant under studly.

Agan, the intended use of the modd will determine which information source to choose for the
characterisation of the different biological processes in the modd. In addition, the purpose will decide to
which leve the mode has to be cdibrated, snce the quality of the desired mode predictions will depend
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grongly on the qudity of the modd cdlibration. Fig. 1 illustrates the different generd steps in a modd
cdibration procedure. It should be stressed that, depending on the purpose, not al steps may have to be
taken.

Steps 1 - 5in Fg. 1 indicate the collection of information. Design (1) and operationa (2) data are in
generd dways needed for amodd cdibration. E.g. the flow and load variations are important in the design
of measuring campaigns for hydraulic, dudge sdttling and biologicd characterisation of the full-scde
WWTP. The hydraulics (3) are typicdly characterised via tracer tedts at the full-scale ingdlation (De
Clercqg et al., 1999). The settling characteristic (4) can be characterised via on-line or lab-scale sttling
tests (Vanderhassdlt et al., 1999a, 1999b). Findly, the biology can be obtained via different information
sources as indicated above. A review of the information that can be obtained from different kinds of lab-
scae experiments is presented in detail € sewhere (see chapter 2), and for information especialy obtained
from respirometric tests the reader is referred to Vanrolleghem et al. (1999).

PURPOSE

2

Decision on information needed
(1-5) and calibration levels (6-10)

1. Design data
2. Operational data

v Y v
3. Hydraulic 4. Settling 5. Biological <
characterisation characterisation characterisation
A
\ 4 A A 4
6. Calibration of 7. Calibration of [ | 8. Simple steady state

hydraulic model settler model calibration of ASM
y A

A

_| 9. Steady state P
"| calibration of ASM [~
4

A

10. Dynamic calibration of ASM

A

Figure 1. Schematic overview of the different generd stepsin an activated dudge modd calibration
procedure

In Fig. 1 steps 6 - 10 illudrate different calibration levels. The cdlibration of the hydraulic modd via tracer
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test results, and the settler modd cdibration via results from dudge settling tests are indicated in steps 6 and
7 respectively. A firss ASM cdibration leve is typicaly asmple steady state mode cdibration step (8). In
this phase of the modd cdlibration the different reactors in the trestment plant are each represented by an
ided perfectly mixed tank, resulting in a smple treatment plant configuration. Here data obtained from the
ful-scde WWTP are averaged, thereby assuming that this average represents a steady date, and the
mode is calibrated to fit to average effluent and dudge waste data. Typicaly, the cdibration of the ASM
and the settler are linked together, since the am is most often to describe the find effluent qudlity.
Moreover, the recycle from the settler has an influence on the activated dudge system. Thus, &t this Stage,
there may be an interaction between the steady State cdibration and the settler model cdibration, indicated
with the double arrow. Findly, the characterisation of wastewater components may be adjusted according
to the calibration of the full-scale modd, indicated with the double arrow between (8) and (5) in Fig. 1.

The next step in the cdibration procedure is a steady state mode cdibration that includes the hydraulic
mode (9). In generd, with a Steady state model calibration, only parameters responsible for long-term
behaviour of the WWTP can be determined, i.e. Yy, f,, by and X in the influent (Henze et al., 1998;
Nowak et al., 1999). These parameters are correlated to a certain degree, meaning that a modification of
one parameter vaue can be compensated by a modification of another parameter vaue. In the study of
Nowak et al. (1999) on mass balances of full-scale data, it was therefore chosen to fix Yy and f, leaving
X in the influent and b, to be determined from the steady State data. In the study of Lesouef et al. (1992)
two WWTP models were cdibrated via steady State cdibration only, and this calibrated modd was
gpplied to smulate dynamic process scenarios. However, if one rdies entirdly on a steady Stete cdibration
to dynamic data, some problems may be encountered since the red input variaions are usualy faster than
the dow process dynamics that were focused upon during the steady state cdibration. In other words, the
process does not operate in steady state but one Hill attempits to fit a Seady state amplification of the
modd to an ungdeady Stuation. A Steady date cdibration may, however, be very useful for the
determination of initid conditions prior to a dynamic model cdibration and for the initiation of a first
parameter estimation (e.g. Pedersen and Sinkjae, 1992; Stokes et al., 1993; Dupont and Sinkjae, 1994;
Xu and Hultman, 1996; Kristensen et al., 1998).

If it is the @m to describe and predict more short-term and dynamic Stuations, a mode cdibration to
dynamic data will be needed since such data contain more information than steedy state deta, especidly on
fast dynamic behaviour. The important point in modd calibration based on dynamic data is to obtain a
more reliable estimation of the maximum specific growth rates My and Mmuxa (Henze et al., 1998), which
are the most important parametersin predicting dynamic Stuations.

At WWTP's data are most often collected routindy with a dally or weekly sampling frequency. This
sampling frequency may, however, not be high enough, and for more accurate modelling it may therefore
be required to run specia measuring campaigns (e.g. Pedersen and Sinkjae 1992; de la Sota et al., 1994;
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Dupont and Sinkjae, 1994; Xu and Hultman, 1996; Coen et al., 1997). The sampling frequencies should
be chosen in relation to the time congtants of the process and influent variations. One of the important time
condants of the process is the hydraulic retention time. Various lengths of measuring campaigns are
recorded in Iterature. Idedly, one should choose to sample about five times fagter than the hydraulic
retention time and have a test duration of 3 - 4 times this key time congtant (Ljung, 1987). However, since
measurements on full-scde WWTP's are rdatively expensive these recommendations may not dways be
completdy fulfilled.

Furthermore, data from the full-scde inddlaion done may be insufficient for a dynamic modd cdibration
gnce the reaction kinetics can not be readily obtained from such data, except for specific desgns like
SBR's and dternating systems (Vanrolleghem and Coen, 1995). For adynamic mode cdibration on a full-
scale WWTP the moddler is therefore typicaly aming a combining more information rich results derived
from lab-scale experiments (carried out with dudge and wastewater from the full-scde ingdlation) with
data obtained from measuring campaigns on the WWTP under study (Dupont and Sinkjae, 1994; Xu and
Hultman, 1996; Kristensen et al., 1998).

In this paper the mode cdibration procedure presented in Fig. 1 isillustrated for the combined municipa-
indugtrid activated dudge WWTP of Zele (Aquafin NV, Aartsdaar, Belgium). The purpose of the modd

cdibration was to obtain a good description of the N removal capacity and to a lesser extent of the COD
removal. In a second phase the model was to be gpplied for process optimisation of the N remova

(Gernaey et al., 2000c). Based on this purpose the necessary information set and cdibration strategy were
defined. A tracer test was carried out first, to have an adequate description of the hydraulic flow pattern,
which is especidly important if dynamic Stuations are to be predicted. The dudge a the Zde WWTP is
sitling reasonably well, and it was therefore found adequate to describe the settler with a smple point
settler modd. Thus, no specific tests were carried out to characterise the settling properties, i.e. step 4 of
Fig. 1isnot incdluded in this study. With respect to the wastewater characterisation an intensive measuring
campaign was designed to obtain sufficient dynamic data. The variation in readily biodegradable organic
subgirate was characterised, since the model was to be applied later on for optimisation of N removad,
including the gart-up of denitrification. The dudge composition was anadysed to support the cdibration of
the dudge badance. Moreover, lab-scae experiments were planned for the determination of the dudge
Kinetics related to nitrification and degradation of COD, and a decay experiment was carried out D
support the description of biomass decay in the trestment plant. No specific experiments were carried out
for the determination of stoichiometric coefficients. A sengtivity analyss was carried out on the cdibrated
moded to check whether the parameters that were modified during the modd calibraton procedure were
indeed influencing the mode output. It was findly investigated if the caibrated modd could be reduced, to
increase Smulation speed while maintaining the same accuracy of the full modd.
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2. Case study

The municipd activated dudge WWTP of Zele was congtructed in 1983 for a design capacity of 50000
inhabitant equivalents (IE). Fig. 2 gives a schematic overview of the process layout. The influent of the
WWTP congsts for 40 % of household wastewater and 60 % industrial wastewater (daughterhouses,
industrid laundry, textile cleaning, textile painting etc.). The influent is divided over two pardld rectangular
primary clarifiers after the pretreetment step (coarse grit removd, fine grit removd, sand and grease
removd). The effluent of the primary darifier flows to the biologica activated dudge trestment, where it is
mixed with recycle dudge. The activated dudge tank consists of one plug flow aeration tank thet is divided
into 6 lanes of @out 400 n? each. The mixed liquor flows to two secondary darifiers through an open
aerated channel of about 200 nT. The darifiers each have a diameter of 33 m and a volume of 2050 nT.
Thefind effluent is discharged into a nearby stream. The underflow from the secondary clarifier flows back
to the aeration tank through an aerated dudge recycle channe with a volume of 400 n¥. The primary and
secondary dudge are thickened prior to anaerobic digestion.

Sludge waste Sampler

sampler 'f Sampler (Li)
Li pulse : __________ Returnsludge T~ ~~  / N____
N e
L] vy Y v
N LY
PC1|PC2

N AN AN

Aeration tank

Sand and Archimedes screws
grease removal Fine screen

Coarse screen

Influent

Figure 2. Schematic overview of the process layout of the Zele wastewater treatment plant (Aquafin NV,
Aatsdaar, Belgium)

The Zele WWTP is going through a stepwise renovation process with the am to obtain an effluent quaity
that complies with the Femish effluent standard for total N (15 mg total N per litre as yearly average). A

287



first step in the renovation process was the ingalation of afine bubble aeration system in 1997. Thishad an
immediate postive effect on the nitrification cagpacity resulting in a decrease of the effluent NH,-N
concentration. However, the effluent total N concentration remained too high to comply with the effluent
standard. For the period January 1997 till November 1998 an average total N concentration of 19.6 mg/|
was caculated (average of 53 effluent samples). The absence of a denitrification compartment in the
WWTP is believed to be the main reason for the high effluent total N concentrations.

3. Materials and methods

3.1. Tracer test

A tracer test with lithium chloride (LiCl) was carried out to characterise the hydraulics of te activated
dudge tank. The tracer was added as a pulse at the beginning of the aeration tank, where presettled influent
is mixed with return dudge (indicated on Fig. 2). During the test mixed liquor samples were taken & the
point where the activated dudge flows over into the secondary darifiers (see Fig. 2). The sampling
frequency took into account the worst case scenario (with respect to obtaining detectable Li
concentrations) of an idedly mixed Stuation, athough the expectation in view of the desgn was plug-flow
mixing behaviour. Thus, frequent sampling (one sample every 5 to 10 minutes) was underteken for 0 - 1.5
times the hydraulic retention time

3.2. Measuring campaign

The measuring campaign was carried out in November 1998. First, a 1-day test campaign was donein
order to test the planned drategy, e.g. to evauate whether the planned measurement frequency of one
sample every two hours was high enough to observe the dynamics and to check if the ingaled
measuring/sampling equipment worked properly. Only afterwards a detailled one-week measuring
campaign was carried out. Two automatic samplers with built-in refrigerator (4°C) were ingaled on the
treatment plant. Time proportional samples (100 ml every 6 minutes) were taken every second hour on the
effluent of the primary darifier (= influent to activated dudge tank) and on the effluent of the secondary
clarifier (see Fig. 2). Theinfluent samples were anadysed for the following parameters via andard methods:
Suspended solids (SS), ammonium nitrogen (NH4-N), total Kjeldahl nitrogen (TKN), total and soluble
chemica oxygen demand (CODtot and CODsol). The effluent samples were andysed for SS, NH,-N,
nitrate nitrogen (NOs-N), nitrite nitrogen (NO,-N), CODtot and CODsol. In addition, mixed liquor and
return dudge were sampled at regular times (once or twice per day) to measure the COD, TKN, SS and
volatile suspended solids (V' SS) content of the dudge.

Effluent flow data were collected with a data logger that was temporarily connected to the effluent flow
sensor. Sudge waste flows were obtained from trestment plant operation logbooks. Temperature and pH
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of the activated dudge in the agration tank were measured daily.

3.3. Lab-scale experiments

Respirometric lab-scale experiments with wastewater and activated dudge were carried out during the
measuring campaign. Experiments were performed in the RODTOX (Vanrolleghem et al., 1994) and the
hybrid respirometer (chapter 3). The purposes of these experiments were two fold:

3.3.1. Wastewater characterisation — Determination of readily biodegradable COD

The first purpose was to measure the short-term biochemica oxygen demand (BODy), to determine the
readily biodegradable COD of the influent, denoted CODg. The BOD4 Was determined as the area under
the oxygen uptake rate profile related to substrate degradation as function of time (caled a respirogram).
Only unfiltered influent samples were subjected to respirometric analyss. Some of the samples (typicaly
the ones with a high COD concentration) were dso andysed ter inhibiting nitrification with ATU. The
measured BODy vaues were converted to COD units via an assumed yidld factor Yy of 0.67 (Henze et
al., 1987) (Eq.1)

_ BODg;

= 1
A (1)

In case BODy was available from experiments in the presence of ATU, the vaue wasimmediately used as
an edtimate for the COD4 concentration. In case the BODg vaue resulted from an experiment in which no
ATU was added, the COD¢ concentration was determined according to Eq. 2. The BOD requirement for
the oxidation of NH;-N (BODg nHa) Was determined using the NH,-N concentrations obtained from the
chemica analyses of the wastewater (Eq. 3). The vdue of Y, was set to 0.24 (Henze et al., 1987).

BOD ¢; = BOD BOD gt s )

sttotal -
BODg s = (457- Y, )xNH, - N (3
3.3.2. Activated sludge kinetics

Maximum specific growth rates

Experiments were carried out to obtain data to estimate the kinetic parameters related to nitrification. The
design of these experiments is described in more detail elsewhere (see chapter 7), but consisted of
smultaneous addition of wastewater and ammonium, thus alowing to estimate the nitrification kinetics and
the degradation of COD in a single experiment. The exogenous oxygen uptake rate, roe, caused by the
wastewater and ammonium addition can be described by Eqg. 4.
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loex = (1' YH) anaXHX % SS + (457- YA)anaXAX % SNH
Yy Kg+Ss Ya Ky + San

(4)

Decay rate

The endogenous respiration rate, 1o eng, Was measured as function of time in along term (5 days) aerated
batch experiment without substrate supply. The endogenous decay rate, by, was determined as the dope
of the curve consgting of IN(ro.end(0))/IN(ro.ena(t)) data points plotted as function of time (Ekama et al.,
1986). This decay rate was transformed into the mode decay rate based on the desth regeneration
concept via Eq. 5 (Henze et al., 1987), where Yy was set to 0.67 and f,, to 0.08 according to the ASM 1
default parameters.

b

b, =—— H
"1-Y,@-f)

(5)
Temperature correction of the parameters determined from the lab-scale experiments (18 °C) were carried
out according to standard procedures (Henze et al., 1997).

4. Results

The results of the different mode calibration steps, out-lined in Fig. 1, are described for the example that
was studied.

4.1. Step 1-2: Design and operational data

The volumes are repeated in Table 1, and Table 2 lists the gperationa data during the 6 day measuring
campaign (November 18 — 23 1998). The data includes a rain event on the first day of the measuring
campaign, as can be seen from the flow data (2 hour averages) in Fig. 3. Therefore some key parameters
were cdculated both including and excluding the data obtained during this rain event (Table 2). Table 2
clearly shows that the daily COD load, and thereby the dudge load, increased sgnificantly during the rain
period. The dudge age seems low for a nitrifying WWTP. It is the experience at the WWTP, however, that
it is difficult to maintain a higher dudge age during winter due to a decrease in dudge sHtlesbility and
thereby an increased risk for dudge wash-out. The observed yidd is dso dightly higher than expected
according to the dudge load (Henze et al., 1997) but is probably related to the low dudge age.

Table 1. Desgn dataZde WWTP

Design parameter Unit Vdue
Volume activated sudge tank nr 2600
Volume of recycdle channd nt 400
Volume of secondary dlarifier nr 2* 2050
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Table 2. Operationd data Zele WWTP obtained during the measuring campaign

Vaidde Unit Vdue Vdue
(incl. rain period) | (excl. rain period)
Influent flow average nt/d 12559 10255
Wadte flow average ne/d 248 241
Temperature °C 10.5 10.5
pH 7.2 7.2
Sudge concentretion g Syl 4.0 39
average’
COD load kg COD/d 5607 3730
TKN load kg TKN/d 342 258
Sudge load kg COD/kg SS.d 0.48 0.32
Sludge production kg SSd 2394 2300
Sudge age d 6.2 8.6
Obsarved yidd kg SS/ kg COD 0.42 0.62
"scedso Table3
25000
20000
"’E 15000 H
g Influent flow
: 0
" 10000 - ﬂ
Underflow settler
5000 T
0 Waste flcl)w N e [ S N : . 1
-2 -1 0 1 2 3 4 5 6
Time (d)

Figure 3. Smulated flow rates during the measuring campaign (t = 0 corresponds to the beginning of the
measuring campaign). Influent flow rates (2 hour averages) were collected at the trestment plant. Settler
underflow rates are obtained as 0.55 * influent flow (proportiond recycle flow controller). The
discontinuous waste flow rates were obtained from trestment plant operation logbook data
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4.2. Step 3 and 6: Characterisation of hydraulics and calibration of
hydraulic model

The data resulting from the tracer test are shown in Fig. 4. A sharp peak was recorded with a maximum Li
concentration of 1.2 mg/l at t = 0.1 d. The increase of the Li concentration around t = 0.27 d is due to the
Li that isrecycled interndly in the trestment plant with the dudge recycle.

14

Li concentration (mg/l)

— Results simulation
—&Lj data

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (d)

Figure 4. Data resulting from the tracer test on the aeration tank of the Zele WWTP, together with the best
mode fit that was obtained. See text for explanation of the model

The tracer test data were normalised by Co (Eq. 6, where M is the total mass of Li added at t = 0), and
the time was normalised by the average hydraulic residence time (qy) during the test, which was 2.6 hours.
Firg, a dmple data interpretation was agpplied. The N tanks-in-series modd (Eqg. 7) was fitted to the
normaised Li data viathe solver function in MSExcd and N = 19 was found to give the best fit.

Co=ys ©
_1, N
Nt = (Nljll)!*(N*qt)(N Do ()

This simple gpproach however assumes constant flow rate and, thus, does not include the flow varigtions
that occurred during the tracer test. Moreover, the dudge recycle (including the LiCl that is recycled viathe
underflow of the settlers) and the residence time of the recycle liquid flow in the secondary clarifiers were
not consdered in this smplified gpproach. Thus, to obtain a better hydraulic description different
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configurations were smulated in the WEST++ moddling and amulaion environment (Hemmis NV,
Kortrijk, Belgium). The vaue of N = 19 obtained from the Smple data interpretation was used as a starting
point for this more detailed model-based interpretation. The resulting plant configuration that gave the best
description consisted of the following components:

A plug flow aeration tank congigting of 24 tanks in series (6 lanes, each consisting of 4 tanks in
series, where each tank has avolume of 100 n)

The dudge channd that transports the dudge from the aeraion tank to the secondary dlaifiers
consists of two 100 nt tanksin series.

An ided point-settler and a“buffer tank” of 1000 n* to take the residence time into account for the
liquid that is recycled together with the recycle dudge (settler underflow).

The recycle channd that trangports the recycle dudge from the secondary clarifiers to the agration
tank consists of five tanks in series of 80 nT each.

The modd fit on the Li tracer data for this configuration is shown in Fig. 4, and the hydraulic scheme is
illugtrated in Fig. 14 in the process configuration for the dynamic modd.

4.3. Step 5: Biological characterisation
4.3.1. Wastewater characterisation

Results of measuring campaign

Fig. 5, 6 and 7 show the chemicd andyss results for the influent samples (presettled wastewater). The
influent CODtot, TKN and SS concentrations were highest on Wednesday afternoon and Thursday
morning as a result of the rain event. The CODsol and NH,-N concentrations were, however, not higher
during the rain event compared to the other working days, indicating that the increase of CODtot and TKN
concentrations during the rain event were related to the extra suspended solids load. The high SS content
of the presettled wastewater during the rain event indicates that the primary clarifiers are overloaded when
the influent flow is high, eg. dueto rainfal.

For both COD (Fig. 5) and N (Fig. 6) a diurna pattern can be digtinguished with lower concentrations
during the night and higher during daytime. The concentration variations are much lower in the weekend
due to the absence of indudtrid discharges. The start-up of indudrid activity after the weekend again
caused an increase of the influent pollutant concentrations. In Fig. 5 it can furthermore be seen that the
CODy, obtained via BODg from respirometric tests (Eq. 1), is related to CODsol. Moreover, the CODg
seems to be related to the industria discharges since thereis hardly any CODy present in the influent during
the weekend.
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Figure 5. CODtot and CODsol concentrations measured on the influent of the Zele WWTP during the
measuring campaign. CODy vaues were calculated using the BODst vaues resulting from respirometric
experiments with unfiltered wastewater (see Eq. 1)
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Figure 6. TKN and NH,-N concencentrations measured on the influent of the Zde WWTP during the
measuring campaign
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Figure 7. SS concentration measured on the influent of the Zele WWTP during the measuring campaign
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Figure 8. CODtot and CODsol concentrations measured on the effluent of the Zde WWTP during the
measuring campaign
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Figure 9. TKN and NH,-N concentrations measured on the effluent of the Zee WWTP during the

measuring campaign
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Figure 10. NOs-N concentrations measured on the effluent of the Zele WWTP during the measuring
campaign
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The results of the chemica andyses on the effluent are shown in Fig. 8, 9 and 10. Effluent COD and N
concentrations show a diurna pattern, but, as expected, the variations were rather small compared to the
concentration variations measured in the presettled influent. During the measuring campaign the effluent total
N concentration was, in generd, lower than the 15 mg/l total N effluent standard (Fig. 9). However, on
Monday, a day with normd dry weether flow, the effluent total N concentration exceeded the 15 mg/l tota
N standard. Also, in Fig. 9 it can be seen that full nitrification was not reached. Besides NH;-N, NOz-N
contributed sgnificantly to the effluent total N concentrations during the measuring campaign (Fig. 10).

4.3.2. Conversion of wastewater data into model components

The next step in the wastewater characterisation is the conversion of the available deata from the measuring
campaign into a data set that can be used as input for ASM 1. It is assumed that the oxygen concentration
(So) in the incoming wastewater is zero. Furthermore, the conversion of akdinity (Sak) isnot considered
in this study. Thus, the ASM1 wastewater components to consider are related to the organic carbon
(COD) and nitrogen components.

COD components

The total COD in the model includes the components described in Eq. 8 (Henze et al., 1987).
CODtot =Sg+S, + Xg+X| (8)

The presence of heterotrophic and autotrophic biomass (Xgn and Xga) in the influent wastewater was not
consdered in the ASM1 report (Henze et al., 1987). Activated dudge may, however, be inoculated
sagnificantly by Xgy in the influent, especidly in cases where no primary settling is present. However, it can
be difficult to determine the amount of biomass in the wastewater, and the biomass fraction is therefore
often lumped into Xs (Henze et al., 1995). This does not influence the modelling sgnificantly but it may
affect the value of the biomass yield. Contrary to the heterotrophic biomass, the presence of autotrophic
biomass (Xga) can be important to keep sufficient nitrification in the system in cases where the dudge
retention time is too low to sugtain the nitrifying biomass. Model results may reved whether thisis the case.
As an initid goproximaion Xgy and Xga were assumed to be zero in this study. The methods for
characterisation of the organic wastewater components are summarised in Fig. 11.

Inert soluble organic matter (S), influent and effluent.

Influent S, was determined via effluent data (Henze, 1992). The weekly BODs results of the effluent
(available from samples that are routingly taken on the effluent of the WWTP) were used to determine the
effluent S5 concentration. An average effluent BODs concentration of 6.2 + 3.0 mg/l had been measured,
and an average BODs/CODtot ratio of 7 + 3 % was caculated for the effluent data. Assuming a BOD
yidd (Y) of 0.20 (STOWA, 1996), the corresponding effluent Ss concentrations were caculated
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according to Eq. 9. Theinfluent S was obtained by combining Eg. 9 and 10.

0.07* CODtot
effluent = — - = 0.0875* COD1O g4y jent 9)
(1-Y)
S efiuent = S influent = (CODSOl gtiyent™ Sseffivent) (10)
S| CODsol,efﬂuent'SS,efﬂuent
) . CODsol
SS Respirometric test
COD¢-S,-S
| s TS 1 CODtot
XS
Model calibration
X|

Figure 11. Summary of influent characterisation methods for organic wastewater components

Readily biodegradable substrate (Ss), influent

Based on the results of the respirometric tests, the influent readily biodegradable COD (Eq. 1) is set equa
to the model component Ss.

In the next step, the mass bal ance for influent CODsol (CODSOlinient) Was checked (Eg. 11).
CODsol influent = SS + SI + Srest (11)

In case CODSOlinfiuent IN EQ. 11 is higher than & + S, Ses Can be added to the dowly biodegradable
substrate, Xs. On the contrary, if CODSOlifuent 1S lOWer than Ss + S, part of the measured BODy may be
consdered to be originating from Xs. For the wastewater under study it appeared that CODSOlinfiyent > (Ss
+ S), thus S« Was added to the Xs component.

Slowly biodegradable substrate (Xs), influent

Contribution to the Xs concentration partly came from the mass baance in Equation 11 as S, but was
aso partly determined from the steady state modd evauations (see dso X)).
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Inert suspended organic matter (X)), influent

The best estimate for X is obtained by comparing the measured and predicted dudge concentration and
dudge production (Henze et al., 1987; Henze et al., 1995). The X, influent concentration istypicaly used
as a“tuning component” in the mode cdibration of the dudge baance (Henze et al., 1995; Nowak et al.,
1999), and the Xs concentration is adjusted accordingly via mass balance Eq. 12 (assuming that Xgy and
Xga are negligible, see above).

CODtot - CODsol =X g + X, (12)

Initidly X was assumed to be 50 % of the particulate COD. However, this was adjusted during the model
calibration (see below).

Nitrogen components

For the nitrogen fractions a smilar gpproach was used for both influent and effluent characterisation. It was
assumed that the influent contains negligible concentrations of nitrate (Syo). The totd Kjeldahl nitrogen
could then be fractionated according to Eq. 13 (Henze et al., 1987).

TKN =Xy +Xnp + Su + Sup + S (13)
Ammonia nitrogen (Syw)
The andytically measured NH,-N concentration was considered to be equal to Syy.
Soluble biodegradable organic nitrogen (Syp)

Only TKN measurements were available. It was assumed that the ratio of soluble to totd TKN was
proportiona with the ratio of CODsol to CODtot. Thus, the soluble Kjeldahl nitrogen (SKN) can be
approximated via Eqg. 14, and by assuming that the nitrogen content of inert soluble organic matter (ins))
equals 1.5% (Henze et al., 1995) the concentration of Syp can be determined via Eq. 15.

CODsol
SKN = XTKN =S, + + 14
CODIOL Swi + Sup * Swn (14)
Swp =SKN- ing %5 - Syy (15

Sowly biodegradable organic nitrogen (Xnp)

The nitrogen content of inert suspended organic matter (inx) IS initidly assumed to be 1% (Henze et al.,
1995) resulting in EQ. 16 for the determination of Xyp.
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4.3.3. Sludge composition

The average results of the dudge compostion andysis, based on ten measurements of the COD, SS and
VSS content of the activated dudge and recycle dudge, are given in Table 3. The measured COD/VSS
ratio is dightly higher than typica vaues, dthough Stokes et al. (1993) observed smilar vaues. This highly
reduced matter content could be due to indusrid discharges (eg. discharge of fat from the
daughterhouses).

Table 3. Andysisreaults on activated dudge and recycle dudge (average and 95% confidence intervd,
resulting from 10 measurements)

sS(g) VSS/SS | COD/SS | CODIVSS | TKN/COD (%)
Acivaleddudge | 401+£1.20 | 0.70+0.02 | 1.38+0.26 | 1.99+ 036 | 3.90+ 1.31
Recydedudge | 1005+527| 069+ 002 | 1.37+£0.12 | 1.98+0.17 | 345+138

4.3.4. Kinetic characterisation

In Fig. 12 atypica respirogram of a westewater and a respirogram obtained after addition of wastewater
plus extra ammonium are illustrated. It is obvious that the wastewater respirogram can not be separated
clearly into two parts, i.e. one part that describes the oxygen consumption due to COD degradation and
one part that describes the nitrification. Thus, the wastewater respirogram done is not informative enough
for the identification of both the nitrification kinetics and the degradation kinetics related to COD removd.
Therefore optimal experiments were desgned where extra ammonium was added together with the
wadtewater to smultaneoudy identify both processes from one set of experimenta data. For a complete
decription of the lab-scade experiments and ther interpretation, including the estimation of kinetic
parameters, the reader is referred to chapter 7.
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Figure 12. Example of respirograms obtained from respirometric tests with wastewater and wastewater
mixed with ammonium

The respirograms were in general not informative enough to describe the degradation of COD in the
wastewater via Monod kinetics, as described in Eq. 4 (no zero order respiration rate plateau was reached
in the experiment). Consequently, the degradation of COD was instead described via a first order model

(EQ. 17), where thefirst order rate constant k replaces the Monod parameter combination Mhat .
S

1' YH

rO,ex -

XX gy XSg(t) (17)

H

4.4. Step 7-9: Steady state model calibration

For the steedy state mode cdibration a smple WWTP configuration was constructed in WEST++ (Fig.
13). The steady state configuration consists of one aeration tank (V = 2600 nt’), a point-settler, an internal
recycle line (V = 400 nt), and a constant average dudge waste flow from the recycdle line.

Combiner
iy S ;ﬁ: i 20
Inflow 1 Activated T et Outflow
sludge tank
D-u: ¥ > Waste flow
T Splitter
Recycle line

Figure 13. Treatment plant configuration used for the steady state model cdibration
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As mentioned above, the main am of the steady state modd is to fit the modelled Judge production to the
dudge production caculated from plant data collected during the messuring campaign (based on waste
flow data and dudge concentration measurements). This is done by adjusting parameters responsible for
long-term behaviour, i.e. the decay rates by and b, together with the influent concentration of X. The
experimental value of the decay rate determined based on the lab-scale test was 0.41 d* (corrected for
temperature and transformed to the death regeneration concept, as described in Eq. 5), and was used asa
guideline for the modd cdlibration. The influent for the steedy state modd was obtained by averaging the
dynamic influent data. Initidly, these averages were cdculated using only the dry wesether flow data (influent
data from 11/19/98 at 10.00 am. until the end of the measuring campaign, and with the wastewater
characterisation as described above). For this period of the measuring campaign a tota dudge production
of 10342 kg SS was calculated, with an average waste flow rate of 241 nv/day. Converting into COD
units, using the SSto COD conversion factor of 1.38 resulting from the COD anayses done on the recycle
dudge samples, the dudge production was caculated to be equivalent with 14065 kg COD. However,
during the initid cdibration of the seady state modd only about haf of this dudge production could be
predicted no matter the values applied for by and ba. Adjustment of the specific growth rates did not solve
the dudge balance problem ether. The smulated average dudge concentration in the agration tank and the
recycle line were much lower than the measured concentrations. It was tried to increase the model dudge
production by assuming that al particulate COD conssted of X, (instead of 50% as initialy assumed), but
the dudge balance did not improve sufficiently to solve the problem.

The resulting digtribution of the different COD components in the influent is summarised in Table 4. Initidly,
X, consisted of 30% of the total COD and Xs of 42 %, assuming that Xs consisted of S« plus 50% of the
particulate COD, as described above.

Table 4. The average COD composition of the influent during the measuring campaign

COD component %

S 12%
Ss 16 %
Xs 22 %
X 50 %

It was then tried to find other reasons for the imbalance in the dudge production. As mentioned above (Fig.
5 and 7) the COD and SS concentrations together with the influent flow (Fig. 3) were very high during the
fird 2 days of the measuring campaign due to the rainfdl. This indicates that the primary darifiers did not
retain the solids sufficiently during the rain event. This high load during the rain event could be dueto aflush
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effect in the sawers. This extraload of COD and SS contributed significantly to the dudge production, and
this extra dudge production was most probably only wasted during the following dry weether flow days.
To take this into account for the dudge baance during the mode calibration it was therefore decided to
include the data measured during the rain event for the caculation of the average influent compaosition.

The dudge production too was reca culated to include the data of the rain event. A tota dudge production
of 14364 kg SS (19535 kg COD) was now obtained with an average waste flow rate of 248 n/d. A new
series of deady sate smulations resulted in a dudge production of 19177 kg COD, which was
comparable to the dudge production measured a the WWTP (with the wastewater composition of Table
3).

The find cdibrated vaue of by was 0.5 d* which is higher than the default value for 10 °C (Henze et al.,
1987) but in accordance with the experimental value of 0.41 d*. Furthermore, initial adjustments of the
maximum specific growth rates, phaxa and e, Were carried out during the steady state calibration.
However, it should be stressed that find values can only be assigned to these parameters in the dynamic
modd cdibration, which isthe last part of the modd cdlibration procedure (Fig. 1).

The fraction of autotrophic biomass, fza, in the activated dudge of the full-scde ingdlation can be
gpproximated by Eq. 18 (Sinkjse et al., 1994).

N
fBA = YA « qX [ NIT (18)
1+b, 0y MLVSSRV

The caculated fraction became 0.0085 mg CODyr/mg COD. This vaue is very comparable with the
seady state modd calibration that yielded an autotrophic biomass fraction of 0.0086 mg CODyr/mg
COD. The fraction of heterotrophic biomass was caculated smilarly and avaue of 0.217 mg CODyer/mg
COD was obtained comparable to amodd vaue of 0.182 mg CODyer/mgCOD.

4.5. Step 10: Dynamic model calibration

The configuration of the dynamic mode (see Fig. 14) conssts of a plug flow reactor (6 times 4 reactorsin
series of 100 n7 each), a dudge line (2 reactors in series of 100 nT each), a pointsettler, an effluent buffer
tank (V = 3500 n7), and a dudge recycle line (5 reactors in series of 80 nT each). The effluent buffer tank
was added to the configuration to Smulate the liquid retention time in the settlers, however no reactions
were assumed to take place there.
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Figure 14. Mode configuration for the calibrated mode

The recycle flow was controlled a 55 % of the influent flow rate, to Smulate the behaviour of the full-scale
WWTP. To this purpose an influent flow measurement coupled to a proportiona underflow controller was
included in the modd. Furthermore, a waste flow controller (see Fig. 14) was implemented in the model to
smulate the discontinuous dudge waste from the recycle line. This on/off controller was fed with a data
flow that indicated the dudge waste rate (data obtained from plant operation logbook).

A problem with the nitrogen baance appeared during the rain period, Snce arather high amulated effluent
Swn peak occurred (20 - 25 mg NH,-N/) which was not observed in the measured ammonium data. To
solve the problem, it was assumed that the nitrogen content of the high X load during the rain period was
higher than the assumed 1%. By adjustiment of inx, to 3% during the rain weather period the problem of the
nitrogen balance could be solved, because less nitrogen was thus reessed by hydrolyss and
ammonification. Note, that a fraction of inert nitrogen of 3% is congderably higher than thetypica vaue of
0.5- 1% (Henze et al., 1995).

The maximum specific growth rates pnan and pnaxa Were calibrated to 2.8 d* and 0.31 d* respectively
and the Ks was adjusted to 15 mg CODI.

The parameler combination involving pmaxa identifidble from the lab-scae experiments is given by

(457-Y,) xw (see chapter 4), which in fact is equal to the maximum oxygen uptake rate for

A
nitrification assuming no subdtrate limitations. Thus, away to vaidate the parameters of the full-scale model
with the ones derived from lab-scale experiments (corrected for temperature differences) isto compare the
parameter combination just described. With a pnaa Of 0.31 d™* and an average smulated Xga of about 40
mg COD/l, the smulated maximum oxygen uptake rate becomes 225 mg/l.d. This is in very good
agreement with the parameter combination derived from lab-scale experiments which had an average of
237 mg/l.d (n=21) with a 95% confidence interva of 175-300 mg/l.d. The smulated Sy concentrationin
the aeration tanks was aways higher than about 3 mg N/I (i.e. the minimum measured concentration of the
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find effluent, see Fg. 9). Thus in this case the influence of the haf saturation coefficient, Kyy, is
inggnificant.

In the lab-scae experiments the heterotrophic substrate degradation was described with a first order
expresson since the data were not informative enough to be described with the Monod modd, as
explained above. An evauation of the cdibrated parameters of the full-scale modd versus the lab-scale
parameters can however ill be carried out. The substrate degradation rate was caculated based on both
the lab-scale modd and its parameters on the one hand (Eg. 17), and the Monod modd and its parameters
on the other hand (Eq. 19).

(o= Mhaxt X Ss(t) (19)

Yh Ks+Ss(1)
The calculated profiles can be seen in Fig. 15. The lab-scde parameters are etimated on 16 different lab
tests and the corresponding 95% confidence intervd is given in Fig. 15 as wdl. For the Monod modd the
average Smulated biomass concentration was used for Xgp. It isclear from Eq. 15 that as Ss increases, the
modd result based on the lab-scale parameters deviates from the Monod model. However, important to
notice is that for the smaler S concentrations in the first order region of the Monod moddl, S<Ks, the
Monod prdfile lies within the results of the lab-scale experiments, confirming that a vaue of 2.8 d* for
Mmaxn @nd 15 mg/l for Ks are reasonable. The smulated Ss concentrations in the main part of the aeration
tanks were indeed below the vaue of Ks. Thus, the experimenta first order description of the Ss remova
isredidic.
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Figure 15. Substrate removal rate (dSs/dt) plotted as a function of the substrate concentration for the

Monod mode (used in the calibrated mode!) and the 1% order mode (used for the interpretation of
respirometric data)
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Both the description of the effluent Sy and Ss data are good (Fig. 16 and 17). Only on one occasion do
the amulations result in a S pesk that is not present in the data. This Ss pesk results from a high influent
concentration together with a high flow rate, which could not be modelled adequatdly. One explanation
could be that degradation of S could have continued for a while in the secondary daifiers, while the
model assumes that no degradation reactions take place in the clarifiers. Initidly the modd predicted too
high Syo concentrations in the find effluent. Although the activated dudge system is fully aerated it is likely
that some smultaneous denitrification can take place in the sysem, eg. in the less intendvely aerated
recycle channd. E.g. the NOs-N effluent concentration decreased to about 1 mg N/I on Friday evening and
Saturday morning. This was probably due to an increased residence time in the aeration tank (lower flow)
combined with availability of sufficient readily biodegradable carbon for denitrification entering the WWTP
on Friday afternoon (see Fig. 3). The effluent NOs-N concentration increased again on Sunday and
Monday (Fig. 10) dueto lack of readily biodegradable COD (see Fig. 5).
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Snn (Mg NH2-N/)

Time (d)

Figure 16. Effluent Sy, data (squares) and modd effluent Sy predictions
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Figure 17. Effluent Ss data (squares) and mode! effluent Ss predictions

The saturation coefficient for oxygen, Ko, Was increased dightly to 0.5 mg O,/| to decrease the inhibition
of denitrification by G, and the fraction of denitrifiers, hg, was decreased to 0.6, to make the simulated
Swo concentration in the effluent gpproach the measured vaues. The resulting description of effluent Syo is
not perfect but follows the trend of the data reasonably (Fig. 18). Table 5 shows the complete parameter
ligt for the dynamic modd.
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Figure 18. Effluent Syo data (squares) and mode effluent Syo predictions

307



Table5. Ligt of main parameters for dynamic model (10 °C)

Parameter | Default (10°C) | Cdibrated | Units

Yu 0.67 g cdl COD formed/g COD oxidized

Ya 0.24 g cdl COD formed/g N oxidized

MmaxH 3.0 2.8 d*

Hrmaca 0.3 0.31 d?!

by 0.2 0.5 d*

ba 0.05 0.02 d*

Ks 20 15 g COD/n?

K nn 1.0 g NH4-N/n??

Kno 0.5 g NOs-N/n??

K on 0.2 0.5 g O/t

Koa 0.4 g O/n?

K 1.0 g dowly biodegradable COD/g cell COD.d
Kx 0.01 g dowly biodegradable COD/g cell COD
hq 0.8 0.6 Dimengonless

Table 6. Removd efficiency based on measurements and smulation, expressed as percentage of the

Finaly, the remova efficiencies for CODtot, CODsol, TKN and NH,;-N have been calculated based on
the actuad measured and averaged data on the one hand, and based on averaged results of the dynamic
smulation including the whole measuring campaign on the other hand. From these results, it has been
caculated how close the modd describes the remova of CODtot, CODsol, TKN and NH,-N (see Table
6). As it can be seen from Table 6 the modd describes 94 - 100% of the actud remova, which can be
consdered to be very satisfactory.

observed removd thet is described by the model

Removal efficiency | CODtot | CODsol TKN NH;-N
Measurements 84% 3% 68% 58%
Smuldion 83% 72% 67% 54%
Model description 99% 100% 99% 94%
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4.6. Sensitivity analysis

The parameter vaues of the cadibrated modd given in Table 5 did not seem very different from the default
parameter s&t. Therefore, it was investigated if the parameters that were modified during the model
cdibration were indeed influencing the modd outputs sgnificantly. To this purpose a sengtivity andysswas
carried out with the cdibrated modd, to check the sensitivity of the modd output (effluent Ss, Sy and Svo
concentrations) and the predicted dudge concentration (X) to changesin the model parameters and influent
pollutant concentrations. The sengtivity was evauated using relative sengtivity functions, RSF (see Eq. 20).
The cdibrated model was used as the reference smulation, and the model output obtained after increasing
the value of a specific parameter with 1% was used to obtain the relaive sengtivity functions (Eq. 20).

ReF =Y+ P (20)
y Do

The vdue of the rdative sengtivity function a the beginning of the period with dynamic data was used for
the evauation (= output corresponding to the end of the steedy state smulation). One can comment that
this leads to a Seady State sengtivity anayss. However, it should be added here that a Smilar sengitivity
andyss was done for the period with dynamic data (calculation of the average modd deviation Dy based
on the smulation data obtained for the period with dynamic data). The results of this andyss were rather
smilar to the results of the steady dtate andysis presented here. The results of this evaluation are shown in
Table 7. The influence of a parameter on the mode output was interpreted as proposed by Julien (1997):
For RSF < 0.25 a parameter is conddered to have no sgnificant influence on a certain modd output; if
0.25 £ RSF < 1, the parameter is considered to be influentid; if 1 £ RSF < 2 the parameter is considered
to be very influentid; if 2 £ RSF the parameter is conddered to be extremely influentid. When the vaue of
a parameter and the output change in the same direction, this is indicated with a pogtive sgn in Table 7,
when they move in the opposite direction this is indicated with a negetive sgn.

The dudge concentration is only dgnificantly influenced by the vaue of Yy and by the influent X,
concentration. The latter confirms that a modification of the influent fractionation (the fraction of X was
increased) was indeed one of the most appropriate things to do to increase the dudge concentration in the
system (and consequently also the dudge production) during the steady state moded cdibration. Besides the
dudge concentration, Yy aso influences the output &, Sio and Sy concentrations. However, a the
beginning of the calibration it was decided not to change Yy (and Ya). The sengtivity andyss shows
furthermore thet al but one (h) of the parameters that were modified from their default values in the find
calibrated model (MmaxH, Hmaxa, Bh, ba, Ks, Kon, hg) influence one or severd of the smulated effluent
concentrations. This confirms (at least for 6 out of 7 prameters, pmaxH, Mmaxa, bH, ba, Ks, Kon) that a
modification of these parameter values resulted in a considerable change in the smulated mode output.
Finaly, it should be stressed that both pnaxn @nd pnaxa e very influentid on effluent S and extremdy
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influential on effluent Syy and Syo concentrations respectively. In other words, this confirms that even a
dight modification of the vaue of these parameters, as in the presented modd cdibration, can have an
important effect on the mode output.

Table 7. Results sengitivity anadlyss with the calibrated mode of the Zde WWTP. (+, - = influentid; + +, -

- = vay influentid; + + +, - - - = extremely influentia). See text for a further explanation of the results
Parameter X EffluentSs | Effluent Swo | Effluent Sun
Yy + -- + --

Y A

Mmext --

Mrmaa +++ .-
o +++

ba - +
Ks ++

Knn - +
Kon -
Koa - +
Ka

Kn -- +
Kx

hg

[influent component X Effluent S | Effluent Swo | Effluent Suy
Ss - +
Sn ++ +
X, +

Xs + -- +

4.7. Model reduction

It was investigated whether the number of tanks could be reduced in the hydraulic mode to increase the
caculaion speed of the modd. To evauate the effect of modd reduction, the qudity of the fit between
smulated values and avalable dita was evauated by cdculating the average relative deviation (ARD)
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between model predictions of Sy and available data points (Eg. 21).

ARD =153 M%&OO% (21)
n iz Xi obs 26

For the cdibrated modd ARD was 16.5% when consdering the effluent Sy concentration. For a
reduction of the number of tanks from 24 to 12 in the activated dudge lanes, and from 5 to 3 in the recycle
channd, the same ARD (16.5%) was obtained for effluent Syn. Thus, thismode reduction gave the same
accuracy as the full modd. However afurther reduction of the number of tanks to 8 in the activated dudge
lanes and 2 in the recycle channel gave a significantly worse description with an ARD of 73.5%. Although
the dynamics of the effluent Sy data could till be described, the smulated S concentrations were in
generd higher than the measured data with the last model. The reason for this is amply that the mixing
patterns are more approaching an ideally mixed Stuation compared to the origind modd. In generd, except
for the case of z2ro order degradation kinetics, an idedlly mixed tank results in a lower subsirate removal
efficdency in comparison with an ided plug-flow tank when the same reactor volume is avalable
Conclusively, the mode reduction resulted in a modd that needed about 50% less cdculation time for a
smulation than the origina calibrated modd.

In principle, one could imagine that if the value of pmaxa iSincreased then asimilar modd fit for the reduced
8 tanks in series model could be reached as for the calibrated model, snce an increase of Pmaxa Would
decrease the outlet Syn(0). Thus this means that a “wrong” hydraulic characterisation could be
compensated by a change of parameter values.

5. Discussion

In this sudy it was stressed that the purpose of the modd should determine how the modd is calibrated,
eg. which information is needed and to which level the modd should be cdibrated. A systemdtic and
generd mode cdibration procedure was proposed, and illustrated for a combined municipa-indudrid
WWTP. ASM1 was applied in the case under study, but the proposed genera modd calibration
procedure is gpplicable for any activated dudge modd!.

The purpose of the case study was to obtain a good description of the biologicd N remova, since the
model was to be used for process optimisations focusing on an improvement of the N-remova capacity,
including start-up of denitrification (Gernaey et al., 2000c). Therefore, it was aso important to describe the
variation in readily biodegradable COD. Biodegradation of COD will influence the N components in the
activated dudge system, e.g. because Sy is incorporated into new biomass and Syo is consumed during
denitrification. It was observed that the presence of readily biodegradable COD in the influent was mainly
related to indudtriad activity, resulting in a lack of biodegradable COD during the weekend. For future
implementation of denitrification in the WWTP this may cause problems in maintaining the denitrification
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efficiency during weekends. This weekend effect was reported previoudy for another Flemish municipa
WWTP by Coen et al. (1997).

In this study it was obvioudy important to have a good description of the hydraulic patterns to describe the
dynamics of the system adequately. Indeed, a mode reduction study showed that the number of tanks
could be haved, from 24 to 12, dill giving the same description of the effluent data with the same
parameter set as the calibrated modd. However, it dso became clear that a further mode reduction would
not be possible wthout a compensating change in the kinetic parameters. In other words, for a further
modd reduction (a decrease of the number of tanks beow 12) erors in hydraulics have to be
compensated by “wrong” biologica parameters deviating from the lab-scale results, e.g. increase of Mpaxa
to decrease the effluent Sy concentration. Thus, in case a hydraulic mode would not have been available
at al, eg. the hydraulics were described with a 4 tanks in series modd, the cdibrated parameter set might
have been rather different and not corresponding at dl to the results of the lab-scde experiments. Thisis
immediatdly linked to the importance of evauating the key kinetic parameters with lab-scale experiments.
In this case study the decay rate and the two specific growth rates Myxa and Maq Were determined. It
was illustrated how to compare these parameters obtained from lab-scale experiments with the parameters
of thefull-scde modd, thereby verifying thet the parameters of the full-scale mode were redlidtic.

Thus, as just described above the information obtained from different tests for hydraulic, dudge settling (if
needed) and biological characterisation help to frame the modd cdlibration, and in fact reduces the
gpparently high degree of freedom of the model parameters significantly.

For this case study, it could be questioned, however, whether it was necessary to determine some kinetic
parameters in lab-scae experiments, since the resulting cdibrated parameters were not far from the ASM 1
default parameter set (Henze et al., 1987). Stll, even in this case the lab-scde results gave extra
confirmation on the parameter set of the calibrated modd, thereby increasing the qudity and confidence of
the modd cdibration. Moreover, the sengtivity andyss dearly showed that the caibrated model was
indeed sengtive to changes of the parameters that were modified during the modd cdibration procedure.
Two of the mogt influentid parameters were Pmaxa and pPmaxd, Which confirmed that even the amal
deviations of these parameters from their default vaues (Henze et al., 1987) in the cdibrated model has a
consderable influence on the modd output. 1t should be sressed that such a sengtivity andysis is case
specific, since the reaults of the analyss can be influenced by the data set that is studied. This can be
illugtrated with the parameter Kyy. The calibrated model presented here is not sengitive to a change of Ky
because the Sy concentrations in the plant are dways considerably higher than the vadue of Kyy (1 mg
N/1). However, one could imagine that the influence of Ky could be larger for a mode that describes a
trestment plant with amost complete nitrification (e.g. effluent Sy, concentration around 1 mg N/I).

It was clear from this study that there is an interaction between wastewater characterisation and cdibration
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of the full-scale modd to the avalable data (effluent and dudge wadted). For indtance, the influent
concentration of X, and Xs were adjusted during the steady state model cdibration to be able to describe
the dudge production data. In this phase it became clear that it was important to include the data of therain
wesether period prior to the dry wegther period, since a high COD load originating from the rain period
contributed significantly to the dudge that was wasted during the following days.

6. Conclusions

A systematic modd calibration procedure was presented and evauated for a combined municipal-indudtria
WWTP. It was underlined that it is very important to define the purpose of the modd carefully since this
will determine how to gpproach the mode cdibration. In this study it was clearly illustrated how additiond
information obtained from tests specificdly designed to describe the hydraulics and the biology of the
system help to decide on redlistic model parameters during the model caibration procedure.

The am of this study was to obtain a good description of the N remova capacity, since the model was to
be applied for process optimisation in a later stage. It was thus important to have a good description of the
process dynamics. Therefore, the hydraulic behaviour of the syssem was investigated, resulting in a 24
tanks-in-series mode to describe the plug flow aeration tank. 1t was shown thet this hydraulic model could
be reduced to a 12 tanks-in-series modd, yielding a 50% reduction of the calculation time for the scenario
smulations. Two of the most important parameters to adjust to correctly describe the dynamics were the
specific growth rates, as was aso evidenced by a sengtivity andyss carried out with the cdibrated modd.
Consequently, additiond information on the specific growth rates derived from lab-scale experiments is
important to confirm that the calibrated parameters of the full-scale modd are redlitic.
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Chapter 9

Conclusions and perspectives

The task of modd cdibration is often rather time-consuming and the time and resources needed for a
reliable cdibrated moded, that can be applied for different purposes, is very often under-estimated. In this
thesis it was aimed to set-up a more methodologica gpproach for mode calibration with specid focus to
the investigation, illustration and solution of the problems encountered when deriving information from lab-
scae experiments.

The study focused especidly on the development of a generd methodology to gpply optima experimentd
design on lab-scae experiments with activated dudge aiming a accurate parameter estimates for biologica
models. The concept of the proposed method can beillustrated by Fig. 1.

Theoretical identifiability

\ Experimental constraints
/A

Practical identifig

Figure 1. Conceptud idea of parameter identifiability and optima experimentad design

The firg sep in this conceptua methodology consdts of a thorough analyss of the purpose of the
experiment, i.e. which experimental response is sought. This purpose determines the conditions under
which the experiments should idedly be carried out. Each point in Fig. 1 corresponds to a set of
experimental conditions leading to an experimenta response with a certain information content. If these
experimental conditions are in accordance with the defined purpose, the point will lay within one of the
defined regions (A - D) in Fig. 1. The exact position will depend on the experimenta conditions and on the
information content of the data. The point will, however, be located outside the defined regions if the
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experimental conditions do not comply with the purpose (point E in Fig. 1).

In Fig. 1 the region to invedtigete fird is the region defining the theoreticd identifiability of the modd for
which accurate parameters are sought. This region, outlined by the outer circlein Fig 1 (A — D) framesthe
experimental conditions that alow theoreticaly to obtain unique parameter vaues from the selected and
available measurements. The bound on this region is consdered to be a hard, ultimate one since the
theoretical identifigbility is entirdly defined by the structure of the modd under sudy and the chosen
measurements.

On the other hand, the practica identifiability region (indicated by A and B in Fg. 1) isrdated to the quaity
and thereby the information content of the experimenta detar Even when the theoretical identifiability
andysis has shown that some given parameters are identifiable, they may not be practicaly identifigble, for
ingance if the data are too noise corrupted (Holmberg, 1982). Therefore, the practica identifiability region
is a sub-set of the theoreticd identifiability region. Furthermore, this region is not fixed at a certain postion
but can be located e sawhere within the theoretica identifigbility region in case the actud modd parameter
vaues or the collected data and their properties, e.g. the noise level on the data, change.

At lag, the region (C — A) indicates that in addition certain congtraints can be imposed on the experimenta
conditions, to ensure that the experiment fulfils a defined purpose.

The optima experiment (A) is now determined as the one for which the experimental conditions belong to
the intersection of the three regionsin Fig. 1: practicdly identifiable, theoreticaly identifiable and obeying to
the experimenta condraints.

These conceptud ideas on a methodology for optimal experimenta designs are very genera and can be
applied to any case where the aim is to obtain accurate parameters from an experiment (lab-scae aswell
asfull-scale).

In this study the conceptua methodology was investigated and illustrated for |ab-scde experiments with the
purpose of obtaining accurate parameter estimates of activated dudge reaction kinetics and wastewater
component concentrations. Two case studies were carried out. The first one focused on the classcd

example of the two-step nitrification process, and the second case study aimed at characterisation of

combined COD degradation and nitrification kinetics. For determination of the optima experiments the
theory of Optimal Experimenta Design (OED) was gpplied. The cornerstone in OED is the Fisher

Information Matrix (FIM) which under some conditions equas the parameter estimation error covariance
matrix (COV). The essence of most OED is basicaly to reduce the COV, and different optima
experimentad design criteria have been defined based on different scaar functions of the FIM (e.g. Water
and Pronzato, 1990; Munack, 1989 and 1991). In generd, of course, different other experimental design
procedures for optimisation of experiments can be applied depending on the purpose and modd under

study.
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Since measurements are the basis on which parameter estimation is conducted, the study started by
focusng on the available measuring techniques. After a thorough literature review, it was concluded that
respirometric and titrimetric methods were the most powerful data generators for the processes that were
sudied. To maximise the data quality, a methodology of combined respirometric-titrimetric measurements
was developed and evauated (see chapter 3) and applied in this study. With respect to the respirometric
method one of the hybrid respirometer principles proposed by Vanrolleghem and Spanjers (1998) was
implemented. The hybrid respirometer conssts of an open aerated vessd and a closed non-aerated
respiration chamber. It is operated with two oxygen eectrodes resulting in two sources of information on
the oxygen uptake rate, both collected at a high frequency. The obvious advantage of this respirometer is
that the oxygen uptake rate (ro) can be obtained by making a Smple oxygen mass baance over the
respiration chamber, without the need to estimate the oxygen transfer coefficient (K a).

Especidly for characterisation of the nitrification process titrimetric data are straightforward to interpret
(e.g. Gerneey et al., 1997a) due to the well-defined proton production during the firgt nitrification step. In
chapter 3 the potentia of this method for characterisation of organic carbon compounds was illustrated
with acetate. However, an gpplication of this titrimetric method for organic carbon and wastewater COD
characterisation may eventudly not be without problems due to the more complex and compound
dependent titrimetric effects caused by the degradation of organic matter. Further work is currently donein
this direction (Gernaey et al., 2000a, 2000b), but it was, however, out of the scope of this thessto
andyse this subject in more detall.

It was dready noticed in chapter 3, and investigated in more detail in chapter 5, that the accuracy of the
parameter estimates increased significantly when combined measurements (respirometric and titrimetric
data) were conddered for characterisation of the nitrification kinetic parameters rather than single
measurements (respirometric or titrimetric data). For example the accuracy of the parameters mn.a1 and
K sa1 improved with about 50% when combined ro and Hp data were used compared to measurements of
ro done. In chapter 5 the accuracy was evauated based on (i) the measurement errors, (i) model errors
and (iii) the complexity of the parameter estimation as characterised by the rate of convergence of the
estimation agorithm towards a minimum. Here it was concluded that epecidly parameter estimation based
on Hp data was very accurate and fast convergence was obtained. The same holds for ro data, but in that
case the accuracy of the parameters was lower. However, in general, the accuracy based on S datawas
much higher. This was clearly caused by the much lower measurement noise compared to the p data.
Furthermore, a dgnificant improvement in accuracy was observed when two dissolved oxygen
measuremens were avalable (So1 + S 2) compared to a sSingle measurement (S 1). This confirms the
gatement made by Vanrolleghem and Spanjers (1998) that basicaly two independent measures of the
respiration rate can be obtained in the hybrid respirometer, thus duplicating the information on the kinetic
parameters. The added value of Hp to combined S ; and S, measurements was not significant, because
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it did not improve the parameter accuracy any further. However, the complexity of the parameter
estimation procedure incressed sgnificantly when based on & data only with a much dower rate of
convergence towards the fina parameter estimates. It was therefore suggested that parameter estimates
based on Hp and/or o could be applied as initid vaues for the more complex parameter estimation based
on S data, in case the highest possible parameter accuracy is aimed for.

The next gep in the thesis, after having developed and evauated the measuring methodology, was to
andyse the theoreticd identifigbility of the modds that were gpplied for data interpretation (chapter 4).
Agan, the nitrification process was sdected as the example under study due to the possbility of
characterising this process via combined respirometric-titrimetric measurements. In chapter 4 athorough
dudy of the theoretical identifiability of the two-step nitrification mode based on Monod kinetics was
undertaken considering respirometric outputs (dissolved oxygen or oxygen uptake rates) from two types of
repirometer and titrimetric outputs (cumulative proton production). In the andysis two modd structures
including presence or absence of biomass growth were investigated for the interpretation of long- and
short-term experiments respectively. The theoreticd identifiability was studied by the series expansion
methods. both the Taylor and generating series methods were gpplied. It was illugtrated in the andys's of
the hybrid respirometer that the generating series method was more powerful than the Taylor series
expanson when an input is considered, sinceit resulted in Smpler equations with respect to the parameters.
Thisisin accordance with Walter (1982).

From this sudy of the nitrification process it gppeared that the parameter identifiability improves
ggnificantly when combined respirometric and titrimetric data are available. It was proven that the yield of
the firg nitrification step (Y a1) becomes uniquely identifiable. This was not a complete surprise since in
generd the yidd coefficient relates amounts of produced biomass to amounts of degraded substrate. The
posshility for a unique identification of Ya; isimportant, Snce it meansthat al parameters that are typicaly
identified in combination with the biomass yidd coefficient when consdering respirometric measurements
alone (Dochain et al., 1995), could now be uniquely identified. An exception to this is the maximum
specific growth rate, which in case no biomass growth is consdered (i.e. short-term experiments), would
only be identifigble as a parameter combination involving the biomass concentration. However, in case
biomass growth is consdered (i.e. long-term experiments) dl parameters become uniquely identifiable with
combined respirometric-titrimetric measurements.

The mogt important result of the theoretica identifiability analysis reported in chapter 4 was that the results
could be generdised. Indeed, an important disadvantage of the series expanson methods to evauate the
theoreticd identifiability is that the user initidly has to “guess’ which parameter combinations may be the
“right”, i.e. theoreticaly identifiable, ones. If the problem is not solvable with this “guess’, other parameter
combingtions may have to be assumed resulting in an iterative time-consuming tria and error procedure. It
appeared, however, that by goplying a st of ample generdisation rules the theoreticd identifiable
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parameter combinations could be assessed directly, only based on (i) knowledge of the process under
sudy, (i) the measured component(s) and (iii) the substrate comporent(s) that is degraded. The
generdisation was proven to work with several examples, dso taken from literature data. This result
sgnificantly reduces the time consuming task of analysing the theoretica identifigbility of modes described
by Monod growth kinetics in ASM1-like matrix presentations. Thus the generdisation of theoreticaly
identifiable parameter combinations may become a powerful tool in future identifiability studies Snce it can
help the users to obtain the identifiable parameter combinations directly without the need to go too deeply
into the mathematical background of theoreticd identifiability. This study of theoreticd identifigbility has
focused on Monod models. However, it may be possible to extend the generdisation rules, to aso cover
the theoreticdly identifiable parameter combinations of nortMonod kinetic modes. Thiswould for sure be
atopic thet is worth investigating further.

The practica identifigbility of a specific nitrification example was investigated in more detail in chapter 5.
The invedtigation was carried out by evauation of the output sengtivity functions and the corresponding
FIM. Loca parameter identifiability requires that the rank of FIM is full. This can, for ingance, be
investigated by caculation of the determinant of the FIM, i.e. if the Det(FIM) * O the parameters are
locally identifiable (Spriet and Vansteenkiste, 1982; Soderstrom and Stoica, 1989). In this study it
appeared that the FIM became singular, when caculated on the basis of output sensitivity functions with
repect to dl parameters that are theoreticaly identifiable considering combined respirometric — titrimetric
measurements, i.e. including the sengtivity function of Ya;. The reason for the sngularity was that the output
sengtivity functions of the respirometric or titrimetric output with respect to Mhaxa1 and Yas, as expected,
were proportiona. By definition this results in a sngular FIM. However, the theoreticad identifiability
andysis in chapter 4 had clearly shown that the Ya; becomes identifiable with combined measurements.
Moreover, by investigation of the sum of squared error objective function as a function of the parameters
Mhaxa1 @Nd Y a1, it was clearly observed that the Y4, was practicdly identifiable adthough strongly correlated
with Mhaa1. The FIM approach was obvioudy not able to dedl with this and the FIM analysis gave a too
pessmigtic picture of the practicd parameter identifiability. Thus, in further sudies of practicd identifiability
using FIM properties, the theoretica result that Y, becomes uniquely identifiable could not be included.

Hence, this work clearly illustrated some limitations in the application of FIM as a measure of practica
identifiability and care should be taken in using the FIM as a measure of identifiability since the method may
not be sengtive enough.

Another problem related to the gpplication of the properties of the FIM in different optima experimenta
design criteria was encountered and analysed in depth in chapter 6. Different optima experimentd design
criteria have been developed based on scalar functions of the FIM (e.g. Goodwin, 1987; Munack, 1989,
1991). Initidly, the study reported in chapter 6 aimed at evaluaing whether rescaling of parameter units
could be used to improve the numerica properties of the FIM giving a more stable inverson and thereby
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more reliable assessment of the parameter estimation error covariance matrix. The condition number (i.e.
the ratio between the largest and the smallest eigenvaue of the FIM) is a measure of the “robustness’ of
the inversion. It was found that improvements in condition number up to a factor 10™ could be obtained
just by rescaing the time unit of the parameters. In addition, it was found that in some cases it is possble to
reach the most optima condition number (=1). This result has some serious implications for optimd
experimenta design methodology and certainly stresses that care should be taken with scaling of parameter
units snce the FIM is dependent on the actud parameter vaues. Via a Smple parameter estimation
example of a angle subgtrate batch modd with Monod kinetics it was proven that both the A-, modA-, E-
and modE-criteria were affected by rescaling, and that only the D-criterion (which focuses on maximisation
of the determinant of FIM) was unaffected by rescaling. The invariance of the D-criterion with respect to
parameter rescaing was in fact dready addressed by Goodwin (1987) and repeated in Water and
Pronzato (1999). However, as far as known, no evauaion was made with respect to the remaining
criteria. The rescding is especidly critica for the modE criterion that focuses on the optimisation of the
condition number of the FIM. In the work of Munack (1989), Bdtes et al. (1994), Versyck et al. (1997)
and Versyck and Van Impe (1999) feeding rates to fed- batch systems have exactly been optimised based
on the modE criterion. In the work of Versyck et al. (1997) the optimum of the modE (=1) was obtained.
Although these results can not be questioned, it must be stressed that it may be possible in some cases to
obtain the optimum vaue for this criterion just by parameter rescaling, which, of course, has nothing to do
with optimal design of an experiment.

Following the investigation of different aspects and details of the theoretical and practica identifiability, the
focus was turned to the conceptua procedure for optimal experimenta design (Fig. 1). The concept was
specidly outlined for FIM based optima experimenta designs. This procedure consisted of 9 steps, and
the procedure was applied in practice for two smple case studies in chapter 7. In both case studies, the
purpose was to obtain parameter estimates that were as accurate as possible, and in addition these
estimated parameters should be representative for the full-scae system under study.

Some emphasis was put on the definition of the experimenta conditions that would lead to the desired
experimenta response for which parameters would be theoreticdly identifiable. For instance, one of the
important factors to be considered was the ratio between the initial substrate and biomass concentration,
S(0)/X(0). The influence of this ratio on the experimenta response was discussed in detall in chapter 2. It
was discussed there that it could be more reevant to focus on the change in substrate concentrations or
load, DS, which the organisms are subjected to. It is typicaly recommended to work under low S(0)/X(0)
ratio, or expressed in another way low DS, to obtain responses that are representative for the physiologicd
date of the biomass prior to the experiments (Grady et al., 1996), i.e. the physologica state of the
biomass in the activated dudge plant in order to obtain what are caled “extant kinetic parameters’. This
S0)/X(0) ratio may have an important influence on the resulting experimenta responses and may influence
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both the observed biomass yield and the kinetic parameters. Dragtic changes of the environment may
eventualy even lead to biomass population shifts. The latter gpplies especialy to organic substrate (COD),
which can flow into different mechanisms depending on the environmenta conditions. For nitrification on
the other hand, a too high change in subgtrate load may lead to subdrate inhibition of the nitrification
process.

In case study 1 the am was to design a smple experiment that alowed for smultaneous characterisation of
the reaction kinetics of both nitrification steps. The experimenta degree of freedom to be optimised was
sdlected as the addition of an optima amount of nitrite together with the ammonium a the beginning of the
experiment. The purpose of the second case study was to design an experiment that would alow for a
Smultaneous characterisation of the reaction kinetics for both the first nitrification step and the degradation
of readily biodegradable wastewater COD. In the second case study the experimental degree of freedom
was defined as the optimal amount of ammonium to be added initidly together with the wasteweter.

In both case studies the experiment was optimised via gpplication of the D-criterion (maximisation of
Det(FIM) or in other words minimisation of the generdised parameter covariance), and it was thoroughly
investigated and evaduated how the confidence intervas on the estimated parameters improved in the
optimal experimenta designs. For the first case study the main improvement in parameter accuracy (about
50%) compared to the reference experiment was found for the parameter myaa2. This was in agreement
with the purpose of the optimal experiment, where the optimised experimenta degree of freedom was the
initidl amount of nitrite (Syo2(0)) added. Indeed, an increase of Syo2(0) results in more information on the
maximum respiration rate of the second nitrification step, and thereby on the parameter Mhaxao. Moreover,
a sgnificant improvement in accuracy (about 20 - 30 %) was obtained for the parameter Ksao. In the
second case study, a reduction of about 50% of the confidence intervas of the kinetic parameters related
to the firgt nitrification step, Mhaxa1 and Ksaz, was found. Furthermore, the accuracy of the parameter
related to the first order degradation of COD improved with about 20%. These results were dso in
accordance with the am of the study where the experimenta degree of freedom was chosen as the
additionad amount of ammonium, Sy+(0), to be added together with the wastewater. Indeed, an increase of
Swn(0) focuses on a better separation of the nitrification process from COD degradation in the respirogram
to dlow for a better identification of both processes.

These theoretica predictions were vaidated with independent parameter estimations based on experiments
that were carried out according to the optima experimenta design. In both case studies it was found that
rather amilar experiments conducted with the same dudge source and wastewater lead to highly
reproducible parameter estimates. However, rather large differences (up to a factor 2) in parameter
estimates were found for experiments in both case studies, when using dudge oollected at different days
within the same week. Congdering that the parameter estimates are highly accurate and reproducible, it
was concluded that either the dudge parameters or, in the second case study, the wastewater varied
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ggnificantly, even over such a short-term period.

Interesting to discuss is how sendtive the proposed optima experimenta design is towards changes of
reaction kinetics or changes in wastewater substrate concentrations. This was investigated in both case
studies. It was found that some safety margin exigts for the experimenta design, which means that it is
rather robust againgt parameter variations. However, for the two step nitrification case it was for example
found that a combination of alow Myxa: and high Myaa2 Was critica and could result in experimentd data
that would not dlow to practicadly identify the kinetic parameters of both nitrification step. One example
was recorded where the optima experiment indeed would have resulted in very inaccurate parameter
estimates.

In the second case study dealing with combined COD degradetion and nitrification, a more systematic
sengtivity study was caried out to evauate the effect of changes of parameters and subdrate
concentrations on the parameter estimation accuracy. In that study it was concluded that changesin the first
order degradation rate of the wastewater COD especialy influenced the accuracy of the estimation of initia
substrates (in this case Ss 1(0) and Syn 2(0)). On the other hand changes of Mgz influenced the parameter
accuracy of Ksa: significantly and changes of the initid substrate concentration Syn(0) had the least effect
on the overdl variances as quantified by the Det(FIM).

The conclusion of the sengtivity study was that depending on the acceptable accuracy of the parameter
esimates, the optima experimenta designs may need frequent updating to ensure the practica parameter
identifiability, or more robust experimental designs must be devel oped.

The gdtuation of frequent updating versus robus OED will be consdered in more detail below. As
mentioned above in the presentation of the conceptua methodology the region of practica identifiability
may move but, as long as the modd structure does not change, only within the hard bound region of
theoreticd identifiability. This adaptation of the optima experimentd design isillugtrated in Fig. 2. To make
the discusson more concrete in the example used in Fig.2, on can imagine that the ratio between the
ammonium content of the wastewater Sy and the wastewater character, expressed by the first order
degradation rate k, changes. Indeed, in case study 2 short-term variations were observed for both the
parameter k and the ammonium concentration in the wastewater. Suppose now that a modd was
cdibrated under some experimental conditions, and that these parameters were used to design the next
experiment. However, in the mean time the system has changed its properties, e.g. change of k or Sy, and
the experiment conducted according to this design will lead to an experimenta response that may not alow
an accurate esimation of the parameters. In Fg. 2, it isillustrated how the region of practicd identifiability
moves within the region of theoreticd identifiability in case the parameters, here ether Sy or k, change.
Thus, in this Stuation, the optima experiment, illustrated by experiment A, will have to be adapted. One
can even imagine that the parameters change to such an extent that the experiment no longer complies with
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the experimental condraints, as illustrated in Fig. 2. This can be exemplified with the Stuation where a
practicd identification of the parametersis only possible under such experimenta conditions that the dudge
IS no longer reacting as it would do in the full-scale system. Thus, “intringc” parameters are obtained
instead of extant parameters.

The direction in which the practica identifiability region moves may be predictable based on e.g. the dudge
history or daily variations of e.g. wastewater composition. Idedly, the adjustment of the optima experiment
should be carried out s0 often that the regions of practica identifiability overlgp to obtain the most religble
update. Thisisillustrated in Fg. 3.

As an dternative to the frequent update of the optima experimenta design, a more robust experimental
design can be agpplied, illustrated in Fig. 4. In the two studied cases a robust experiment would be one
where a large amount of ether Syo, or Sy is added initidly, but sill alowing the experiment to comply
with the defined experimenta conditions and congraints. As an example the added amount should be such
that no biomass growth or other changes in the experimental response occur. In such robust experimental
design the accuracy of parameter estimates may be lower, but the adaptation of the design will not have to
take place as frequently. Thus, a compromise between accuracy and adaptation frequency will have to be
made.

N Ratio 2

Theoretical identifiability

\ Experimental constraints

D B Ratio 1

E

Practical identffiabity moves

>
k

Figure 2. The region of practica identifigbility movesin case the rate between Sy, and wastewater
character, expressed by the degradation rate k, changes

325



NH

Theoretical identifiability

~

tio 1

Practical idehtifiability’move E

Experimental constraints

>
k

Figure 3. Frequent update of the region of practica identifiability in case the rate between SNH and
wastewater character, expressed by the degradation rate k, changes

NH

Theoretical identifiability

~

D

Practical idgntifiability

Ratio 1

Experimental constraints

>
k

Figure 4. Robust experimental design for practical identifiability in case the rate between SNH and
wastewater character, expressed by the degradation rate k, changes

In this study the D-criterion, which focuses on maximisation of the determinant of FIM (Det(FIM)), was
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applied to optimise the experiment. A more extended OED-criterion could however be crested in which
the sengtivity of the OED to parameter or wastewater changesis leading to increased pendtiesto ensure a
robust experimental design. Moreover, in this study one of the required experimental conditions was that no
biomass growth must take place during the experiment, e.g. low S(0)/X(0) and low DS were strived for.
Such conditions could aso be incorporated into a combined objective function of the OED together with
the Det(FIM). For example in the study of Baltes et al. (1994) acritica biologica criterion with regard to
baanced growth was defined and incorporated into the objective function of the OED. Certainly,
development of combined OED criteria opens perspectives for more advanced and reliable experimental
designs in which the classcal OED criteria, eg. Det(FIM), which includes parameter accuracy done, can
be combined with different other constraints focusing for example on specific biologica factors.

In the last part of the thess the focus was on evauating an ASM1 mode cdlibration procedure for a
combined municipa-industriadl WWTP. A systematic model cdibration procedure was defined in chapter 2,
based on a thorough literature review. The kind of information that is needed, and the way model
cdibrations have been approached in literature. It was stressed that the purpose of the model cdibration is
determining how the cdlibration can be approached in a step-wise way. In the full-scale case under study it
was important to have a detailed description of the process dynamics, since the model was to be used as
the basis for optimisation scenarios in a later phase (Gernaey et al., 2000c). Therefore, a complete model
cdibration procedure was applied in this case including : (1) adescription of the hydraulicsin the system via
atracer test, (2) an intensive measuring campaign and (3) supporting lab-scale experiments to obtain and
confirm kinetic parameters for the modd. In this moded cdibration it was clearly demonstrated how the
information obtained from different tests for hydraulic, dudge settling (if needed) and biologicd
characterisation can help to frame the modd cdibration, and in fact reduce the apparently high degree of
freedom of the modd parameters Sgnificantly.

In this study, the calibrated parameters Mpawa, Muaxn @nd by were compared to the parameters obtained
from lab-scale experiments. It was illustrated how these parameters could be compared to the parameters
of the full-scale moded, thereby verifying via lab-scale experimental data that the parameter vaues of the
cdibrated full-scae modd were redidtic.

In the literature review in chapter 2 it was discussed in detall which wastewater components and
parameters are most relevant to be characterised via lab-scde experiments for an ASM1 model
cdibration. This discusson included the problem of trandferability between lab-scde and full-scde
observations and potentialy different mode concepts. Here it was deduced that it may be revant to
determine the parameters Mhaa, Mhat, Ng, ba, by and possibly aso Y, and Yu, whereas e.g. the half-
saturation coefficients derived from lab-scale experiments are not representative for the full-scae system,
mainly due to different mixing characteristics. The yields were included in the ligt, knowing that they are not
easy to determine in lab-scale tests and that they are usualy assumed to be rather constant. However, it
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was a0 redised that the yied coefficients have an important influence on nearly al the processes, and
therefore it could be rdevant in some cases to have a more accurate determination of these values.

In this mode cdibration it was chosen to determine Myaxa, Muaxn @Nd by via lab-scale tests, as mentioned
above, wheress the determination of the anoxic correction factor for denitrification, h 4 was adjusted during
the modd cdibration. It was not aimed to determine the yield coefficientsin this case.

In the study in chapter 8 the resulting calibrated parameters did not differ a lot from the ASM1 default
parameter set (Henze et al., 1987). Thus, one could question whether it was necessary to determine some
of the parameters in lab-scale experiments at dl. Stll, even in this case the lab-scale results gave useful
confirmation on the validity of the parameter set of the calibrated model, thereby, increasing the quality and
confidence of the modd cdibration. The calibrated modd was evauated via a sengtivity study on the
influence of modd parameters and influent componert concentrations on the modd output. This andyss
clearly showed that the calibrated model was sendtive to changes of the parameters that were modified
during the modd calibration procedure. The two most influentia parameters were Mhaa and My Which
confirmed that even the samdl deviations of these parameters from their default vaues had a considerable
influence on the mode output. Furthermore, this confirmed the importance of having an extra information
source on the values of these parameters via lab-scae tests.

Findly, the focus is returned to the figure outlined in the problem statement that illustrated the problems of
transferability between |ab-scae experiments and the full-scale system (Fig. 5).

Theoretical identifiability

Experimental constraints
Practical identifiabili

E

Figure5. Conceptua idea of parameter identifiability and optima experimenta design in case information
is retrieved from |ab-scale experiments

Viathis figure it was hypothesised that lab-scae experimenta conditions may dlow for alarger region of
practica identifigbility, but problems nay arise whether the obtained parameters are transferable to full-
scae gpplications. Indeed in the study presented in this thesi's we have seen that it was possible to transfer
the vaues of the parameters Myaxa, Mhaxn @nd by from the lab-scale test to the full-scae modd, dthough
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the lab-scde experiment used to validate My Was interpreted with a different mode (first order
degradation kinetics) than the full-scale modd (Monod kinetics). Thus, for these parameters it was possible
to find an optima experiment (A) that yielded vaues that complied with the experimental congtraints on
transferability. However, it has adso been discussed that for some ASM 1 parameters it may not be relevant
or possible to retrieve redigtic parameter vaues from lab-scale experiments. A typicad exampleis the half-
saturaion coefficients which may not describe the same phenomena in lab-scae compared to full-scae
systems, due to the different mixing patterns. Thus, in this caseit is difficult to create an experiment (A) and
the regions of practica parameter identifiability of the lab-scae experiment may not overlgp with the region
of experimenta condraints, as dso illugtrated in Fg. 5. Certainly further research is needed in the direction
of characterisation of the different ASM parameters and components to solve the transferability problems
related to differencesin lab-scale and full-scale behaviours.
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Summary

The activated dudge process is one of the most widespread biologica wastewater purification
technologies. Especidly during the last two decades moddling of biological degradation processes in
activated dudge plants has been an important research topic. Thisthesis deds with cdibration, identifiability
and optimal experimenta design of activated dudge models. The am was to define a more methodologica
approach for modd cdibration with specia focus on the investigation, illustration and solution of the
problems -of both theoretica and practica origin- encountered when deriving information from lab-scae
experiments. The focus in thisthesis is onthe Activated Sludge Model No. 1 (ASM1; Henze et al., 1987).
However, the devel oped methodol ogies are transferable to modd cdlibration applications in generd.

Generdly spesking, a good modd cdibration exercise can benefit from the information derived from lab-
scde experiments. In such lab-scde experiments it is tried to characterise (part of) the kinetics of the
biomass present in the full-scale system under study. In the frame of this thesis a conceptuad methodology
to carry out lab-scae experiments was defined, investigated and illustrated, with the purpose of obtaining
accurate parameter edtimates of activated dudge reaction kinetics and wastewater component
concentrations. For the determination of the optimal experiments the theory of optima Experimental Design
(OED), based on the Fisher Information Matrix (FIM), was applied.

The literature review (chapter 2) begins with a detailed description of ASM1, and a discusson of the
differences between ASM1 and the recently proposed ASM3 (Gujer et al., 1999). However, the main
part of the literature review isfocusng on ASM1 modd cdibration methodology and available methods for
characterisation of wastewater components and of activated dudge reaction kinetics. The different methods
were discussed and evaluated thoroughly. Furthermore, the relevance of characterisng the different
wastewater components and kinetic parameters via lab-scae experiments was discussed and a list of the
most relevant parameters and components was defined. Based on the literature review it was concluded
that especiadly respirometry, and to a lesser extent titrimetry and nitrate uptake rate measurements, are
powerful methods that alow for the characterisation of severd activated dudge kinetic parameters and
wastewater components.

With the literature review in mind, and to maximise the qudity of the experimenta data, a combined
repirometric-titrimetric measurement methodology was developed and evauated (chapter 3). It was
dready indicated in chapter 3, and investigated in more detail in chapter 5, that the accuracy of the
parameter estimates improves sgnificantly when combined measurements are available for the parameter
estimation (respirometry and titration). For example, the accuracy of the kinetic parameters of the first
nitrification step improved with 50% when combined respirometric-titrimetric measurements were available
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compared to a dtuation where only respirometry was gpplied. Furthermore, it was concluded that
especidly parameter estimation based on titrimetric data was very accurate, with afast convergence of the
edimation agorithm towards a minimum. In genera, however, it was found that the parameter accuracy
based on oxygen measurements instead of oxygen uptake rates was the highest.

In chapter 4 the focus was on theoreticd identifiability of the models that are applied to interpret the data
resulting from the developed experimenta set-up (see chapter 3). The nitrification process was used as an
example to sudy the theoreticd identifiability congdering combined respirometric-titrimetric measurements.
Two modd dructures were investigated, including presence and absence of biomass growth for
interpretation of short- and long-term experiments respectively. The theoretica identifigbility was studied
via the Taylor and generating series methods. From this study it appeared clearly that the parameter
identifiability improves sgnificantly when combined respirometric-titrimetric measurements are available,
since the autotrophic yield Y, becomes uniquely identifiable. The most important result of the theoretical

identifiability study was however that the results could be generdised. It gppeared that the theoretica

identifiable parameter combinations for Monod type growth models described in an ASM1-like meatrix
notation, could be obtained directly viaa smple sat of generdisation rules only based on (i) knowledge of
the process under study, (ii) measured component(s) and (iii) the substrate component(s) that is degraded.
Application of these generaisation rules results in a Sgnificant reduction in the often very time consuming
task of assessing the theoretica identifiable parameter combinations. Furthermore, it can help the users to
obtain the identifiable parameter combinations directly without the need to go too deeply into the
meathematical background of theoretical identifiability.

The practicd identifiability was invedtigated in chapter 5 for a gpecific nitrification example. The
identifiability andyds was caried out via an evdudion of the ouput sengtivity functions and the
corresponding FIM. Loca parameter identifiability requires that the rank of FIM is full. In this study,
however, it gppeared that the FIM became singular when it was calculated based on the output sengtivity
functions with respect to dl theoreticaly identifiable parameters, consdering combined respirometric-
titrimetric measurements. The singularity was clearly related to the presence of the output sensitivity function
with respect to the autotrophic biomass yield. However, when investigeting the sum of squared errors
based objective function as a function of the model parameters, it was clearly observed that the yield was
practicdly identifigble. Obvioudy, the FIM was not able to reflect the full information of the available
combined respirometric-titrimetric dataset, and therefore gave a more pessmidic picture of the
identifiability properties than prediced in the theoretical study of chapter 4.

In chapter 6 another problem related to the properties of the FIM in the different OED criteria was
investigated. Different OED criteria have been developed based on different scadar functions of the FIM
(eg. the e@genvadues and corresponding trace and determinant of the FIM). Origindly, the anayss
described in chapter 6 was undertaken to improve the numerica properties of the FIM, dlowing for a
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more stable matrix inverson (the inverse of FIM is the parameter estimation covariance matrix). The
condition number, i.e. the ratio between the largest and the smallest eigenvalues, was used as a measure of
the robustness of the inversion. It appeared that improvements in the condition number up to a factor 10™
could be obtained just by rescaling the time units of the parameters. In addition, it was found that by
rescaing the parameter units it was possible in some cases to obtain the optimal condition number (= 1).
Only the D-criterion (maximisation of the FIM and thereby minimisation of the generalised parameter
covariance) appeared to be unaffected by the parameter rescaling. The rescaling was especidly criticd for
the modE criterion, which focuses on the minimisation of the condition number. Thus, these results have
some serious implications for the optima experimental design methodol ogy.

Finaly, the focus was turned kack to the conceptuad methodology for optima experimenta design in
chapter 7. In this chapter a step-wise procedure was defined for the FIM based OED, and using the
results obtained in the previous chapter as a basis. This OED procedure was illustrated for two case
dudies, firg for the two-step nitrification process and second for a combined nitrification and COD
degradation process. In both cases it was aimed a obtaining accurate parameter estimates, and the issue of
parameter transferability between the obtained lab-scale results and the full-scale WWTP under study was
addressed. Furthermore, some emphass was put on the definition of experimenta conditions that would
lead to the desired experimental response. In both case studies improvements in parameter accuracy of
about 50% were obtained for the optima experiments. These theoretica predictions were vaidated based
on experiments carried out according to the optima experimenta designs resulting from the smulations. In
both case studies it was found that the reproducibility of the parameter estimates was rather high for
experiments carried out with the same activated dudge sample. However, differences in parameter
estimates (up to a factor 2) were found for experiments with dudge collected at different days within the
same week. The sengtivity of the proposed optimd experiments towards parameter changes were
therefore addressed in detal for both case sudies, and the criticd gStuations that would lead to very
Inaccurate parameter estimates were identified. Findly, the choice was discussed between on the one hand
a robust experiment with resulting lower parameter accuracy, and on the other hand a more frequent
update of the optimal experiment.

In the last part of the thesis a systematic model calibration procedure was defined for ASM 1, and applied
on amunicipa-industrid WWTP. Here it was clearly illustrated how the information obtained from different
tests for hydraulic and biologica characterisation can help to frame the modd cdibration, e.g. to choose
redigic parameter vaues. Moreover, the cdibrated modd was evduated via a sengtivity sudy,
investigating the influence of changes of modd parameters and influent component concentrations on the
mode output. This andyss clearly showed that the cdibrated model was senditive to changes of the
parameters that were dso modified during the model calibration procedure. The modd calibration was
findised with a modd reduction, resulting in a 50% reduction of the cdculéion time needed for the
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smulation compared to the origind cdibrated moddl.
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Samenvatting

Het actief dib proces is één van de meest populaire waterzuiveringstechnieken. Voord tijdens de voorbije
twee decennia was het modd leren van biologische afbraakprocessen in actief dib inddlaties een beangrijk
onderzoeksgebied. Deze thesis behanddt de kdibratie, de identificeerbaarheid en optimae proefopzetten
voor actief dib moddlen. Daarbij wordt in deze thess in het bijzonder aandacht besteed aan Actief Sib
Mode Nr. 1 (ASM1; Henze et al., 1987). De methodes die ontwikkeld werden in het kader van deze
thes's zijn echter overdraagbaar naar om het even welk actief dib modd, of zelfs meer algemeen naar
toepassingen waarin de kdibratie van een model een belangrijke rol spedit.

Algemeen wordt aangenomen dat bij de uitvoering van een modelkalibratie voorded kan gehaad worden
uit de informetie die afgeleid wordt uit experimenten op laboratoriumschadl. In dergelijke experimenten
wordt getracht om (een dedl van) de kinetische parameters te karakteriseren van de biomassa aanwezig in
de volschdige ingdlatie die moet gemoddleerd worden. In het kader van deze thess werd een
conceptuele methodiek om dergelijke experimenten op laboratoriumschad uit te voeren gedefinieerd,
onderzocht, en concreet toegepast, met as dod het verkrijgen van accurate parameterschattingen met
betrekking tot de actief dib reactiekinetiek en de concentratie van afvawatercomponenten. Voor de
bepaing van de optimale proefopzet werd de optimale proefopzet theorie (“optima experimenta design”,
OED), gebaseerd op de Fisher Informatie Matrix (FIM), toegepast.

Het literatuuroverzicht (hoofdstuk 2) start met een gedetailleerde beschrijving van ASM1, en een discusse
die de verschillen behandelt tussen ASM1 en het recent voorgestelde ASM3 (Gujer et al., 1999). Het
belangrijkste ded van het literatuuroverzicht is echter gewijd aan de kdibratie van ASM1, en de
beschikbare methodes voor het bepalen van afvawatercomponenten en de actief dib reactiekinetiek. De
verschillende methodes werden in detail besproken en geévalueerd. Verder wordt ook de relevantie
besproken van het bepaen van de verschillende afvawatercomponenten en kinetische parameters. Op
basis van het literatuuroverzicht werd bedoten dat voord respirometrie, en in mindere mate titrimetrie en
metingen van de nitraatverbruikssndheid, vedzijdige methoden zijn die todaten om hed wat verschillende
actief dib kinetische parameters en afvawatercomponenten te bepalen.

Met de conclusies van het literatuuroverzicht in het achterhoofd, en met het oog op het maximaiseren van
de kwadliteit van de experimentele data, werd een gecombineerde respirometrische-titrimetrische methode
ontwikkeld en grondig geévaueerd (hoofdstuk 3). Reeds in hoofdstuk 3, en later in meer detail uitgewerkt
in hoofdstuk 5, werd erop gewezen dat de accuraatheid van de geschatte parameters significant toeneemt
wanneer de gecombineerde datasets beschikbaar zijn voor het schatten van parameters (respirometrie en
titrimetrie). Zo verbeterde de accuragstheid van de kinetische parameters van de eerste stgp van het
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nitrificatieproces met 50% wanneer gecombineerde respirometrische-titrimetrische data beschikbaar
waren, dit in vergdijking met een Stuatie waar aleen respirometrie werd aangewend. Verder kon ook
bedoten worden dat voora de schattingen gebaseerd op titratiedata hedl accuraat waren, met een sndlle
convergentie van het gebruikte schattingsa goritme naar een minimum in de kwadratensom. Meer dgemeen
werd geconcludeerd dat de accurastheid van de parameters bekomen op basis van opgeloste
zuurgtofmetingen in plaats van zuurstofopnamesnelheden beter was.

In hoofdstuk 4 wordt aandacht besteed aan de theoretische identificeerbaarheid van de modellen die
gebruikt worden voor de interpretatie van de data die gegenereerd werden met de ontwikkelde
proefopstelling (zie hoofdstuk 3). Het nitrificatieproces werd as voorbeeld gebruikt voor het bestuderen
van de theoretische identificeerbaarheid wanneer gecombineerde respirometrische-titrimetrische data
beschikbaar zijn. Twee mode structuren werden onderzocht, respectievelijk een model met en een model
zonder biomassa aangroei. De theoretische identificeerbaarheid werd bestudeerd via de Taylor en de
“generating series’ expandgemethoden. Uit deze studie voor het nitrificatieproces bleek duiddijk dat de
identificeerbaarheid van de parameters sgnificant toeneemt wanneer gecombineerde respirometrische-
titrimetrische metingen beschikbaar zijn, aangezien de autotrofe cadopbrengstcoéfficiént Y, identificeerbaar
wordt. Het belangrijkste resultaat van de theoretische identificeerbaarheidsstudie was echter dat de
resultaten konden veralgemeend worden. Voor Monod groeimodellen die uitgeschreven worden in een
matrixnotatie, zods in ASM1, bleek dat de theoretisch identificeerbare parametercombinaties direct
konden bekomen worden via een beperkt aantal algemene formules, louter op basis van (i) kennis van het
te bestuderen proces, (ii) de gemeten component(en) en (iii) het substraat dat wordt afgebroken.
Toepassing van deze dgemene formules resulteart in een sgnificante vermindering van de energie en tijd die
moet gel nvesteerd worden in de vaak hed tijdrovende taak die het bepalen van de theoretisch
identificeerbare parametercombinatiesis.

De praktische identificeerbaarheid werd bestudeerd in hoofdstuk 5 voor een specifiek nitrificatievoorbed d.
De dudie van de identificeerbaarheid werd uitgevoerd via een evaudtie van de output sensitivitaitsfuncties
en de daarmee overeenkomende FIM. Lokae identificeerbaarheid van de parameters vereist dat de rang
van de FIM volledig is. In deze studie bleek echter dat de FIM singulier werd wanneer de FIM werd
berekend op basis van de output senditiviteitsfuncties voor dle theoretisch identificeerbare parameters, en
in de veronderstdling dat gecombineerde respirometrische-titrimetrische metingen beschikbaar zijn. Het feit
dat de FIM sgngulier was, werd duideijk veroorzeakt door de aanwezigheid van de output
sengtiviteitsfunctie met betrekking tot de autotrofe celopbrengstcoéfficiént Ya;. Wanneer echter de op
basis van de som van kweadratische fouten bekomen dodfunctie werd bestudeerd ds functie van de
model parameters, bleek duidelijk dat de celopbrengstcoéfficiént toch praktisch identificeerbaar was. De
FIM was dus niet in Saat om dle informatie aanwezig in de gecombineerde respirometrische-titrimetrische
dataset optimad te benutten, en gaf daarom een meer pessmistisch beeld van de identificeerbaarheid dan
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werd voorspeld in de theoretische studie uitgevoerd in hoofdstuk 4.

In hoofdstuk 6 werd een ander probleem gerelateerd tot de elgenschappen van de FIM en de verschillende
OED criteria onderzocht. Verschillende OED criteria werden ontwikkeld op basis van verschillende
scdaire functies van de FIM (vb. de eigenwaarden en het spoor en de determinant van de FIM). De
andyse in hoofdstuk 6 werd gestart met het oog op het verbeteren van de numerieke elgenschappen van
de FIM, wat moest todaten om een meer sabidle matrixinversie te bekomen (inversie van de FIM gesft de
parameterschatting covariantiematrix). Verbeteringen in het conditiegetal tot een factor 10" konden
bekomen worden door gewoon de tijdseenheden van de parameters te herscha en. Daarenboven bleek dat
het herschden van de eenheden van de parameters in sommige gevdlen todiet om het optimed
conditiegeta (= 1) te bekomen. Verder werd ook duiddijk dat zowel het A, modA, E en modE OED
criterium bef nvloed werden door het herschden van de parameters. Alleen het D criterium bleek niet
bei nvlioed te worden door de parameterschaling. De parameterschaing had voora een belangrijke invioed
op het modE criterium, dat gesteund is op de minimdisatie van het conditiegeta. Deze resultaten hebben
dus erngtige implicaties voor de OED methodologie.

Uitenddijk werd in hoofdstuk 7 opnieuw ingegaan op de conceptuel e methodologie voor het bekomen van
optimale proefopzetten. In dit hoofdstuk werd een stapsgewijze procedure gedefinieerd voor ontwikkeling
van FIM gebaseerde optimae proefopzetten, daarbij gebruik makend van de resultaten die bekomen
werden in het vorige hoofdstuk. De procedure voor het bekomen van de optimae proefopzet werd
concreet uitgewerkt voor twee gevalstudies. Eerst werd het tweestapsnitrificatieproces bestudeerd, daarna
een gecombineerd proces bestaande uit nitrificatie en CZV abragk. In beide gevalen werd ernaar
gestreefd accurate parameterschattingen te bekomen. Tevens werd het probleem behandeld van de
overdraagbaarheid van de parameters tussen de op laboratoriumschaal behaalde resultaten en de
praktische Stuatie van de volschdige actief dib waterzuiveringangdlatie. Verder werd aandacht besteed
aan het definiéren van experimentele condities die resulteren in de gewenge experimentele respons. In
beide gevastudies werden voor het optimae experiment verbeteringen in de accurastheld van de
parameters van 50% bekomen. Deze theoretische voorspelingen werden gevaideerd op basis van
experimenten die werden uitgevoerd in overeensemming met de optimale proefopzet die eerder ds
resultaet van de smulaties naar voren kwam. Voor beide gevadstudies was de herhaalbaarheid van de
parameterschattingen betrekkdijk hoog voor experimenten die uitgevoerd werden met hetzelfde actief dib
mongter. Grotere verschillen in geschatte parameters (tot eenfactor 2) werden echter gevonden voor actief
dib mongters die op verschillende dagen binnen dezdfde week genomen werden. De gevodigheid van de
voorgestelde optimae proefopzetten voor veranderingen van de parameters werd daarom uitvoerig
bestudeerd voor beide gevastudies, en de kritische Studties die zouden resulteren in weinig accurate
geschatte parameterwaarden werden gei dentificeerd. Tendotte werd de keuze besproken tussen aan de
ene kant een robuust experiment met de daarmee overeenstemmende lagere accuraatheid van de geschatte
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parameter en, aan de andere kant, een meer frequente aanpassing van de optimale proefopzet.

In het laaiste ded van de thesis werd een systematische modelkaibratieprocedure gedefinieerd voor
ASM1, en in praktijk toegepast voor een gecombineerde huishouddijk-indudride ectief dib
waterzuiveringanddlaie. Er werd duiddijk aangetoond dat de informatie die werd bekomen uit
verschillende experimenten voor de hydraulische en biologische karakterisering, een bijdrage kan leveren
bij het kiezen van redlistische waarden voor de mode parameters. Daarnaast werd het gekalibreerde model
verder geévadueerd via een sengtiviteitsanalyse, waarbij onderzocht werd hoe de output van het mode
bei nvioed wordt door veranderingen van de waarden van de parameters in het modd. Deze andyse
toonde duiddijk aan dat het gekdibreerde modd gevoelig was aan veranderingen van die parameters die
ook gewijzigd waren tijdens de modekalibratie De moddkdibratie werd vervolledigd met een
moddreductie. Deze laatste resulteerde in een reductie van de benodigde rekentijd voor de smulaties met
50%, in vergdijking met het originele gekdibreerde model.
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