Dynamical Modelling
and Estimation in
Wastewater Treatment Processes

Denis Dochain and Peter A. Vanrolleghem

XBH
Xu 4
Xp
- .'?rj — 5{;}
Sno
!:;'.w aXy Fio— Fw i Xe (v Xe) i* Xy
SN ; — 0. . D o
Xwnp f2| &IJ A‘m?_m dz &z g 3
0 | i _ Fruserf s —_—
1 |L49 _ 0 0 e of 2
A 0 ' ) ad (‘*
0 =0 0 Iy b
_ %ﬂ 0 —-'-E;T*lt 0 0 -
Fa0n =4one L 0 0 Ve 0
Xkl — v —ixy 0 0 1
T8 % 0 0
V0 0 0 g
(m\ { mXpir )
33 fio Jﬁ',r.;l H
I X 4
oy | by Xp H
5 haXy 4
0% kaSyDXE 1T
o7 AxTXEH
\os/ \ oxXoud

Publishing



Dynamical Modelling and
Estimation in Wastewater
Treatment Processes







Dynamical Modelling and
Estimation in Wastewater
Treatment Processes

Denis Dochain

CESAME

Université Catholique de Louvain
Louvain-La-Neuve, Belgium

and
Peter VVanrolleghem
BIOMATH

Universiteit Gent
Gent, Belgium

IWA

Publishing



Published by IWA Publishing, Alliance House, 12 Caxton Stregt, London SW1H 0QS, UK

Telephone: +44 (0) 20 7654 5500; Fax: +44 (0) 20 7654 5555; Email: publications@iwap.co.uk
Web: www.iwapublishing.com

First published 2001
© 2001 IWA Publishing

Printed by TJ International (Ltd), Padstow, Cornwall, UK

Apart from any fair dealing for the purposes of research or private study, or criticism or review, as
permitted under the UK Copyright, Designs and Patents Act (1998), no part of this publication may
be reproduced, stored or transmitted in any form or by any means, without the prior permission in
writing of the publisher, or, in the case of photographic reproduction, in accordance with the terms
of licences issued by the Copyright Licensing Agency in the UK, or in accordance with the terms of
licenses issued by the appropriate reproduction rights organization outside the UK. Enquiries
concerning reproduction outside the terms stated here should be sent to IWA Publishing at the
address printed above.

The publisher makes no representation, express or implied, with regard to the accuracy of the
information contained in this book and cannot accept any legal responsibility or liability for errors or

omissions that may be made.

British Library Cataloguing in Publication Data
A CIP catalogue record for this book is available from the British Library

Library of Congress Cataloging- in-Publication Data
A catalog record for this book is available from the Library of Congress

ISBN: 1900222 50 7



Contents

Preface

1 Dynamical Modelling
Introduction
Classification of Mathematical Models

1.1
1.2

13
1.4
15

1.2.1
1.2.2

Model Constituents
Model Attributes

The Model Building Exercise
Optimal Experiment Design: Basic ldeas
Conclusion

2 Dynamical Mass Balance Model Building and Analysis
Introduction
2.2 The Notion of Mass Balances

21

2.3

221
222
2.2.3
224
2.2.5
2.2.6

Stirred Tank Reactors

A Simple Biological Reactor Model
Biomass Death and Substrate Maintenance
(Liquid and Gaseous) Product Dynamics
Oxygen Dynamics

Models of Reaction Rates

Examples of Biological Wastewater Treatment

23.1
2.3.2
233

2.3.4

Process Models
Anaerobic Digestion: The 4 Population Model
Activated Sludge Process: The Basic Model
Activated Sludge Process: The IWA Activated Sludge
Model No. 1
Two Step Nitrification

34
34
37

38
41



Vi

2.4

2.5

2.6
2.7

2.8

2.9

CONTENTS

2.3.5 Two Step Denitrification

General Dynamical Model of Stirred Tank Reactors

2.4.1 The General Dynamical Model

2.4.2 Examples (Continued)

Multi Tank and Non Completely Mixed Reactors

2.5.1 Seguential Reactors

2.5.2 Fixed Bed Reactor: The Basic Mass Balance
Model

2.5.3 General Dynamical Model of Fixed and
Fluidised Bed Reactors

2.5.4 Settlers

Linear vs Nonlinear Models

Equilibrium Points, Linearisation and Stability

Analysis

2.7.1 First Order Kinetics

2.7.2 Monod and Haldane Kinetics

2.7.3 Linearised Tangent Model of Nonlinear
Models

2.7.4 Stability of Equilibrium Points

A Key State Transformation

2.8.1 Definition of the State Transformation

2.8.2 Example 1: Two Step Denitrification

2.8.3 Example 2: Activated Sludge Process: The
Basic Model

2.8.4 Example 3: Activated Sludge Process: The IWA
Activated Sludge Model No. 1

2.8.5 Example 4: Fixed Bed Reactor Model With a Growth
Reaction and a
Death/Detachment Reaction

Model Order Reduction

2.9.1 Singular Perturbation Technique for Low
Solubility Products

2.9.2 Singular Perturbation Technique for Substrates of
Fast Reactions

2.9.3 A General Rule for Order Reduction

2.9.4 Example: the Anaerobic Digestion

2.9.5 Specific Approach for Model Reduction of PDE
Models

2.10 Connection Between Plug Flow Reactors and CSTRs: A

Laplace Transform Approach

2.11 Conclusions

42
42
43
44
47
48

50

52
58
69

71
72
72

74
75
76
76
78
79
79
81
81
82
83
85
85
87

89
91



CONTENTS

3 Structure Characterisation (SC)
3.1 Introduction
3.2 A Model Case Study
3.3 Structure Characterisation Methods
3.3.1 APriori SC
3.3.2 A Posteriori SC
3.4 Optimal Experiment Design for Structure

Characterisation

3.4.1 Theoretical Background of OED/SC
3.4.2 Application: Real-time OED/SC in a

Respirometer

3.5 Conclusions

4 Structural Identifiability
4.1 Introduction
4.2 Theoretical Framework
4.3 Notion of Structural Identifiability of Linear Systems
4.3.1 A Simple Example

4.3.2
4.3.3
434

The Laplace Method

Some Generalisations and Definitions

A Second-Order Example: The Two
Interconnected CSTRs Model

4.4 Methods for Testing Structural Identifiability of

44.1
4.4.2
4.4.3
4.4.4
4.4.5

Nonlinear Systems

Taylor Series Expansion
Generating Series

Local State Isomorphism
Transformation of Nonlinear Models
A Simple Example

4.5 The Lyapunov-Based Method: An Historical

Perspective with the Monod Model

4.6 Example #2: Respirometer-based Models

46.1

4.6.2

4.6.3

46.4

4.6.5

Identifiability of the First Order Kinetics Model
(Laplace Transform)

Identifiability of the Single Monod Model
(Taylor Series Expansion)

Identifiability of the Double Monod Model
(Nonlinear Transformation)

Identifiability of a Modified ASM1 Model
(Nonlinear Transformation and
Generating Series)

Summary of the Results and Discussion

vii

94
94
95
97
97
100

106
106

109
114

115
115
117
117
117
119
121

121
124
125
126
127
127
128

132
135

136

137

140

142
146



viii

CONTENTS

4.7 General Structural Identifiability Results for the
ASM-type Models

4.8 Overparametrisation: An lllustrative Example

4.9 Conclusions

Practical Identifiability and Optimal Experiment Design
for Parameter Estimation (OED/PE)
5.1 Introduction
5.2 Practical Identifiability
5.2.1 Theoretical Framework
5.2.2 Confidence Region of the Parameter Estimates
5.2.3 Sensitivity Functions
5.3 Optimal Experiment Design for Parameter Estimation
(OED/PE)
5.3.1 Theoretical Background of OED/PE
5.4 Examples of OED/PE
5.5 Application: Real-time OED/PE in a Respirometer
5.5.1 Degrees of Freedom and Constraints for
OED/PE
5.5.2 OED/PE for the Single Monod Model
5.5.3 Experimental Validation of OED/PE for the
Single Monod Model
5.6 Optimal Experiment Design for the Dual Problem of
Structure Characterisation and Parameter
Estimation
5.7 Conclusions

Estimation of Model Parameters
6.1 Introduction
6.2 Introductory Examples
6.2.1 Example 1: Estimating the Mean of a Data Set
6.2.2 Example 2: A Simple Nonlinear Parameter
Estimation Problem
6.3 Preliminary Steps in Parameter Estimation
6.3.1 Selecting Data Subsets for Estimation and
Validation
6.3.2 Selection of Parameters to be Estimated
6.3.3 Differentiating Linear and Nonlinear
Parameters
6.3.4 Use and Misuse of Linearised Forms of
Nonlinear Models
6.3.5 Reparameterisation of Models with Nonlinear
Parameters

148
148
151

155
155
157
157
159
159

163
164
166
168

168
169

180

185
187

188
188
189
189

193
194

194
195

197

198

200



6.4

6.5

6.6

6.7

6.3.6
6.3.7

CONTENTS

Initial Estimates of the Parameters
Inequality Constraints on the Parameters

Error Characteristics

6.4.1
6.4.2
6.4.3

6.4.4

Measurement Errors and Residuals

Autocorrelated Residuals

Estimation of the Measurement Error
Covariance Matrix

Errors-in-Variables Problems

Objectives in Parameter Estimation: Estimators

6.5.1
6.5.2

6.5.3
6.5.4
6.5.5
6.5.6
6.5.7
6.5.8
6.5.9

Maximum Likelihood Estimation

Weighted Least Squares (WLS),d
Estimation

Ordinary Least Squares (OLS) Estimation

Bayesian Estimation

Robust Estimation

Alternative Objective Functions

Selecting a Set of Feasible Parameters

Multi-Objective Functions

Multivariate Estimation

6.5.10 Multiresponse Estimation
Minimisation Approach

6.6.1
6.6.2
6.6.3

6.6.4

6.6.5
6.6.6

Linear Parameter Estimation

Nonlinear Parameter Estimation

Local Minimisation Algorithms Using
Derivative Information

Derivative-Free Local Minimisation
Algorithms

Global Minimisation Algorithms

Comparison of Different Minimisation
Algorithms

Evaluation of Parameter Estimation Quality

6.7.1
6.7.2

6.7.3
6.7.4
6.7.5
6.7.6

Residuals Analysis

Parameter Estimation Error Covariance Matrix
Determination

Confidence Regions

Significance of a Single Parameter

Significance of the Parameter Set

Correlation Among Parameters

6.8 Conclusions

Recursive State and Parameter Estimation
Introduction

7.1

201
203
206
206
206

208
210
215
215

216
217
218
218
219
220
222
224
224
225
225
226

229

232
236

238
239
240

241
244
247
248
248
249

250
250



7.2

7.3

7.4

7.5

7.6

7.7

CONTENTS

State Observability

7.2.1 Example #1: Two Step Nitrification Process

7.2.2 Simple Local Observability Tests

7.2.3 Example #1: Two Step Nitrification Process
(Continued)

7.2.4 Example #2: Simple Microbial Growth Process

Classical Observers

7.3.1 The Basic Structure of a State Observer

7.3.2 Extended Luenberger Observer

7.3.3 Extended Kalman Observer

7.3.4 Application to the General Dynamical Model

7.3.5 Performance of Classical Observers in
Presence of Model Uncertainties

Asymptotic Observers

7.4.1 Asymptotic Observers for Single Tank
Bioprocesses

7.4.2 Asymptotic Observers for Multi-Tank Reactors

7.4.3 Asymptotic Observers for Tubular Bioreactors

7.4.4 Asymptotic Observers as a Tool for Model
Selection

Observers for Processes with Badly Known Kinetics

7.5.1 State Observer with the Unknown Parameters as
Design Parameters

7.5.2 Adaptive State Observer

7.5.3 Generalisation

On-line Parameter Estimation

7.6.1 The Observer-Based Estimator

7.6.2 The Recursive Least Squares Estimator

Conclusions

Appendix A: Glossary

Al
A.2

Model Constituents
Model Attributes

A.3 Terms of Model Building

Appendix B: Nomenclature

B.1
B.2
B.3

Greek Letters
Indices
Abbreviations

References

Index

252
254
255

256
256
258
258
259
260
260

266
268

269
278
281

287
201

291
293
298
299
299
306
310

312
312
313
315

317
319
320
320

322
341



Preface

The present book has a rather long history that dates back to a meeting of the
European COST action 682 in San Sebastian, Espana in September 1994. At that
time, the action was entitled “Optimizing the Design and Operation of Biologi-
cal Wastewater Treatment Plants Through the Use of Computer Programs Based
on a Dynamic Modelling of the Process”. Later on, it has been renamed with a
more comprehensive title: “Integrated Wastewater Management”. The first title
was given by our hosts in San Sebastian, i.e. Jaime Garcia-Heras and his group
at the CEIT who were at the origin of this COST action. This particular meeting

is certainly memorable for those who were lucky enough to participate. But for
us, it was also the occasion to launch the idea of writing a book on identification
in wastewater treatment processes. Indeed we had the feeling that this matter was
a key topic in wastewater treatment for many reasons: the models of WWTP are
complex; their dynamics are often badly grasped, a characteristic shared with the
other biological processes but with the specific aspect that both the kinetics and the
hydrodynamics may be badly defined; the data necessary for model identification
suffer from a lot of drawbacks, they are basically too rare in terms of the number
of measured variables and in terms of time distribution, and they are often not in-
formative enough to perform a reliable model identification. And we had realised
that there was no monograph that could fit to the needs of the practitioners and
to the students in WWTP engineering. Available textbooks were too mathemat-
ically involved and/or not dedicated to the specific problems encountered in the
identification of WWTP, or they were too much practice oriented and gave insuf-
ficient insight in the quantitative methods used. What was left was a large body of
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detailed papers and a few good review papers. We all know how difficult it is to
get a comprehensive understanding of a topic as wide as WWTP modelling and
estimation.

To start the writing we had basically already some good material coming from
our individual and mutual scientific experience. We already had the chance to test
the basic ideas of the book in a course that we had been asked to offer at a general
meeting of the same COST action a few months before in Kollekolle, Denmark.

After six years of intensive writing, we are now able to deliver a manuscript
that aims at gathering the main aspects of dynamical modelling, model building
and selection, experiment design, parameter and state estimation in a comprehen-
sive and pedagogical presentation. This is at least our intention. We have tried to
select at each step (W)WTP examples that are drawn from our experience in these
fields.

Obviously the scientific experience that we have gained in these fields is due
to many people with whom we have interacted. These include scientific collab-
orators and students. From the interaction with each of them we have been able
to gather the scientific expertise compiled in the present manuscript. We hope
that we have not forgotten anyone in the list below: Spyros Agathos, Jens Alex,
Kokou Avowlanou, Eduardo Ayesa, Jean-Pierre Babary, Georges Bastin, Danielle
Baetens, Willy Bauwens, Bruce Beck, Ahmed Benhammou, Olivier
Bernard, Herwig Bogaert, Geert Boeije, Jean-Francoiste&u, Benjamin
Bonnet, &dric Bonvillain, Bouchaib Bouaziz, Sylvie Bourrel, Juan Canals,
Bernard Capdeville, Bengt Carlsson, Ronald Carrette, Jacob Carstensen, Gilda
Carvalho, Chantal Cenens, Filip Claeys, Filip Coen, John Copp, Diedert
Debusscher, Bob De Clercq, Bart De heyder, Carl Demuynck, Dirk De Pauw,
Martijn Devisscher, Jeremy Dudley, Maxime Estaben, Amaya “Cindirella” Franco,
Chantal Fronteau, Jaime Garcia-Heras Antoine Genovesi, PatéckirG Krist
Gernaey, Sylvie Gillot, Jean-Luc GaeizSandra Gegoire, Koen Grijspeerdt, Serge
Guiot, Willi Gujer, Zakaria Hadj-Sadokgidbme Harmand, Poul Harrerés, Sef
Heijnen, Chris Hellinga, Mogens Henze, Lisa Hopkins, Steven Isaacs, Ulf
Jeppsson, Sabine Julien, Asma Karama, Karel Keesman, Bas Kops, Peter Krebs,
Patrick Labat, Luis Larrea, Juan Lema, Paul Lessard, Carl-Fredrik Lindberg,
Stefano Marsili-Libelli, Jurgen Meirlaen, Henri Naveau, Fatiha Nejjari, Bart
Nicolai, Ingmar Nopens, Jacques Nyns, Gustaf Olsson, Etienne Pauk Radss,
Marco Pengov, Davide Perez Alvarino, Michel Perrier, Britta Petersen, Martin
Pleau, Monique Polit, Marie-N#le Pons, Ana Punal, Isabelle Queinnec,
Wolfgang Rauch, Peter Reichert, Enrique Roca, Alberto Rozzi, Manfred Schuetze,
Ivan Simeonov, Laszlo Somlyody, Henri Spanjers, Jan Spriet, Dirk Stevens,
Jean-Philippe Steyer, Hans Stigter, Imre Takacs, Nadia Tali-Maamar, Olivier
Thas, Vincent Van Breusegem, Marc Van Daele, Bart Vanderhaegen, Alexis
Vanderhasselt, Marijke Van de Steene, Hans Vangheluwe, Henk Vanhooren, Jan
Van Impe, Mark van Loosdrecht, Lieven Van Vooren, Frederik Verdonck, Lode
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Vermeersch, Willy Verstraete, Karina Versyck, Stefan Weijers, Aris Witteborg,
Zhiguo Yuan and all the ones we have forgotten to mention here.

Several people have carefully read early versions of (parts of) the book: in
particular we would like to thank the sometimes tedious efforts of Jean-Philippe
Steyer and Michel Perrier who read unachieved bits of text.

Another person has played an important role in the writing of the present
monograph, in particular via numerous discussions on the topic and his sensible
comments: Paul Lessard. The first time we met him was at the already mentioned
COST action meeting in San Sebastian. By that time, Paul was on sabbatical leave
at the INSA of Toulouse in France. Since then, both of us have developed intense,
friendly relations with Paul. We have both been impressed by his scientific rigour
and his comments have always been highly welcomed.

Denis Dochain and Peter Vanrolleghem
Montréal and Gent, 1 May 2001
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1
Dynamical Modelling

1.1 Introduction

As for any industrial process, models in biological wastewater treatment have al-
ways played an important role in the process design and in the determination of
optimal operating conditions. Modelling of biological wastewater treatment pro-
cesses is certainly a very active research area today. The models, originally devel-
oped for characterising the carbon removal in Continuous Stirred Tank Reactors
(CSTRs), are constantly reviewed and revised in order to reflect the improvements
achieved in the knowledge about the mechanistic behaviour of the involved pro-
cesses. However, the lack of understanding of the underlying biochemical pro-
cesses has always been a major limitation for the optimisation and effluent quality
control in biological wastewater treatment processes. Hydrodynamics also play an
essential role in the dynamics of wastewater treatment processes. In simple situa-
tions like CSTRs, these are well known and characterised. Yet in many instances,
the behaviour of wastewater treatment processes deviates from the ideal simple
CSTR. For instance, the complete mixing assumption may fail to be fulfilled in
practical operation: the stirring system may not be sufficiently efficient to have a
homogeneous medium in the tank. Also, the large dimensions of the plants imply
that the matter may have a long way to go between the plant input and output:
then transport delays cannot be neglected anymore. The hydrodynamics become
an even more complex matter in other reactors than the CSTR (fixed or fluidised

(© 2001 IWA Publishing. Dynamical Modelling and Estimation in Wastewater Treatment Processes
by Denis Dochain and Peter Vanrolleghem. ISBN: 1 900222 50 7



2 DYNAMICAL MODELLING

bed reactors, airlift loop reactors, settlers,...). This advanced reactor technology is
increasingly operated for wastewater treatment plants.

The above means that better understanding of the complex biological processes
(like nitrification, denitrification or phosphorus removal in activated sludge pro-
cesses or the role of hydrogen in anaerobic digestion) as well as of the hydrody-
namics of the reactors in which the processes are operated, appear to be essential to
improve the operation and control of wastewater treatment plants. The objective of
this book, and of Chapter 2 in particular, is to introduce some modelling concepts
and, when possible (for some classes of processes), systematic model formalisms
which will be useful in the context of parameter identification and monitoring of
biological wastewater treatment processes.

Mankind is using models in nearly every aspect of human life as the princi-
pal vehicle to describe reality. In wastewater treatment, they are currently used in
manifold applications, e.g.

1. to increase the understanding of the underlying bioprocess mechanisms;

2. in the design of (full-scale) processes, and of control and operating strate-
gies;

3. for the training of operators and process engineers.

In these examples the mathematical model can only be successfully applied
if it is a proper description, in terms of both model structure and model para-
meters, of the underlying process. Theoretical (deductive) modelling is most often
not enough. There is also a need for identification of the model from experimental
data (induction).

The goal of model identification is to find and calibrate a model for the system
under investigation that is adequate for its intended purpose.

Although mathematical models can be classified according to many different
criteria, an interesting classification is to distinguish betwemdels for under-
standingandmodels for prediction/forecastir{§3].

Models applied for understanding aim to increase knowledge of system be-
haviour. The objective is to develop a simple, though universal model of the system
under consideration that gives an adequate description of reality as it was observed
[213]. The use of models for the purpose of understanding is most frequent in re-
search and education. These models may not reach the goal their name implies:
full understanding is often too ambitious. These models should therefore be con-
sidered no more than a (dense) description of hypotheses or conjectures that are
acceptable explanations of process behaviour. Such models will hold as long as
there are no significant deviations between model predictions and measurements
as the model is put into jeopardy under different conditions [41]. In other words, a
model for understanding can never be validated, it can only be disproved or con-
firmed [121]. The confidence in the model assumptions (and the mechanisms they
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encapsulate), however, increases as the model passes more and more severe tests.
The bottom line is that accepting a hypothesis never means that the hypothesis is
proved, but only that it was not possible to contradict the hypothesis with the aid

of the available data.

The prediction of either future or hypothetical system behaviour is one of the
basic tasks in practice. Models applied for prediction aim at providing an accurate
and fast image of a real system’s behaviour under different conditions than the ones
prevailing during model building. The model used can either aim at forecasting
future states of the system (simulation with new inputs) or at predicting system be-
haviour under hypothetical scenarios (simulation with new parameter values). The
latter mentioned application is most frequent in design. It is important to stress
that prediction, e.g. in control applications, is possible with calibrated so-called
black boxmodels without understanding the basic mechanisms of the system. This
approach is sometimes even preferable as the development time of such models is
substantially lower.

Before going any further, let us draw the attention of the reader to the following
key points:

1. The models that we shall derive atgnamicalmodels, i.e. models aimed
at describing the time evolution of the processes. §taéc or steady state
models will then be deduced as a particular case (when there is no time
variation, or more precisely the time derivatives are equal to zero). This ap-
proach is essential for us, especially in the context of system analysis, and
its use for process monitoring and control: static models are a particular case
of dynamical models, and not the opposite. A typical example of this “tradi-
tional” attitude is the dynamical modelling of settlers (see Chapter 2): from
the solid flux theory a basically static model has been derived without any a
priori reference to dynamics. It is only in a second step that the results have
been incorporated in dynamical models for settlers. Unfortunately, because
of the above argument, this can possibly make the applicability of such mod-
els for representing the time evolution of the process questionable.

2. Because the use of physical laws (“first principles”) is a priori the best refer-
ence for deriving reliable models, we shall start the modelling by introducing
the notion of mass balances. As we shall see, a fundamental aspect of any
reactor dynamical model is that its dynamics is composed basically of two
terms, transport dynamics (including hydrodynamics and mass transfer), and
conversion (i.e. the specific influence of the biological reactions).

Before going into the mathematical derivation of the dynamical models, let
us first introduce a classification of mathematical models that will (can) be used
for parameter and state estimation (Section 1.2), and consider the question of
model building (Section 1.3). The basic ideas of optimal experiment design, i.e.
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how to design experiments so as to obtain the best data possible to solve properly
the model building exercise, will be introduced in Section 1.4. Finally, because
people active within the field of water quality management have very different
backgrounds and jargon [51], a glossary with terminology typically used in this
discipline has been put in the Glossary.

1.2 Classification of Mathematical Models

The abstract representation of a real system by the ideas on its constituents and
functional relationships is calleda@nceptual model Mathematical formulation

of these ideas leads to a mathematical model that can be used to give quantita-
tive answers to questions on its behaviour under given external conditions. Such
mathematical models are referred to simply as “models” in this book. Because en-
vironmental systems are much too complicated to be described in detail, models
must be drastically simplified descriptions of reality. Since the aspect of a system
that is relevant depends on the question to be answered, a unique model for an en-
vironmental system does not exist, but different models must be used for different
purposes, and even in a given context several adequate descriptions are possible.

1.2.1 Model Constituents

Ultimately, a model is a ‘machine’ that transforms inputs (u) to outputs (y) by de-
fined relations [52], [60], where u and y are, when discretised, sequences of either
scalars or vectors. (In continuous time formulation inputs u may be also a vector of
forcing functions from outside forces.) The features of the input-output relations
determine the basic structure type of the model, which is either an input/output
or a state-space description [52]. The outputs are these variables the model user
is interested in. The inputs of a model consist of disturbances and manipulated
variables that affect the outputs.

An input-output model is, strictly speaking, only the set sansfer functions
(g) that transform the inputs u directly to outputs y. An example of such a model
(in discrete time formulation) where the outpuat timety depends on past and
present inputsi(t;), is:

B(Q)
tk) = ——u(t 1.1
y(tk) AQ) (t) (1.1)
whereA(q) andB(q) are polynomials in the backward shift operadggi.e.
g7 (y) = y(ti-)) (1.2)
AQ) =1+aqg t+aq2+...+a,q" (1.3)
B(@) =bo+b1g™t +bq 72+ ...+ bpg ™" (1.4)

The order of the polynomials andm and the model parameteais andb; are to
be estimated from a set of input-output data to make the model complete.
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Alternative black box models are artificial neural network models that have
been shown to be capable to describe any nonlinear input-output mapping. This
feature has attracted a lot of attention and intense research is going on for their use
in biotechnological applications. More details are given in te Braxlet [246].

The most important feature ofstate-space modeis the introduction oftate
variables (vector x) which act as mediators between the inputs and the outputs.
These state variables are additional model constituents and the system description
is consequently addressed as internal. It is characterised by the fact that x is ob-
tained from present and past x and u by means ofthte-transition equation
and y is generated from x by means of gieservation equation

The state of the system (as described by the model) is defined as the values
of the state variables at any instant of time. Note that by definition it is neither
required that state variables are measurable nor that they are meaningful in terms of
natural science (although they frequently are the latter). It should also be stressed
that the equations of a model can be formulated as either algebraic or differential
equations.

In many cases, the dynamics of the state variablesnsidered important for
the adequate description of the process can be described by the following state-

space model:

% = Ax+ Bu, Xx(t=0)=xg (1.5)

and the output observatioysare given by
y =Cx (1.6)

In this modelA, B andC are matrices containing the characteristic parameters of
the system.

Nonlinearities of the bioprocesses, however, often ask for a different represen-
tation than the linear one given above. A more general model is:

?T)t( — f(x,U,t,6), X(t=0)=xo (1.7)

y=h(x,u,t,0) (1.8)

One can observe the nonlinear relatidnandh between the state variables, inputs
and outputs and the model parameters

Whereas the dynamics of stirred tank reactors (STRs) are characterised by or-
dinary differential equations (ODEs)(like (1.7)), the dynamics of non completely
mixed reactors (fixed bed reactors, settlers...) are generally speaking characterised
by a presence of spatial gradients, i.e. a dependence of the key variables (typically
the process component concentrations) not only on time but also on the spatial
position in the tank: their dynamics are described by partial differential equations
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(PDEs)(see Section 2.5). The systems described by ODEs are called “lumped para-
meter systems”, while those described by PDEs are called “distributed parameter
systems”. We shall discuss PDEs in detail later, but let us anticipate with a sim-
ple illustrative example: the mass balance equation in a plug flow reactor of the
concentration of a reactartinvolved in one reaction with first order kinetics. The
dynamics are then described by the following PDE:

aX aX
Xt =0,2) = x0(2) (1.10)
X(t,z=0) = Xxjn(t) (2.112)

wherez is the space variable (& z < L, with L the reactor length)y is the
fluid superficial velocitykg is the kinetic constant, ankl, is the inlet reactant
concentration. Note that:

e X does not only depend on tintébut also on space (otherwise the partial
derivatives would be meaningless);

o the model needs boundary conditions to be complete (here only one is nec-
essary since the derivative with respectis of order 1).

The picture of mathematical models is only complete if one also consideys
box models. These are mainly considered as models in which part of the model
structure is based on a priori knowledge of the process while another part consists
of black box descriptions such as empirical rules. Such hybrid models combine the
advantages of both approaches: identifiability and extrapolative power [50] [248].

Fuzzy models may also be considered grey box models though in a different
sense. This is because these models incorporate insights in the internal working
of the processes under study in a qualitative way. Therefore these models are par-
ticularly useful for description of systems where the process mechanisms are not
(yet) completely understood. The mathematics of fuzzy set theory and some appli-
cations are introduced in te Braa&eal. [246].

Irrespective of themodel structure, the mathematical equations that relate
inputs to outputs contain three types of constituents, thaénébles, constants
andparameters Inputs, outputs and states are seen as variables in the equations.
The difference between constants and parameters is less evident and gave rise to
some confusion in modelling terminology. In the following we denote all model
constituents that never change their value throughout all possible applications of
the model as constants (etge, g,...).

A parameter, on the other hand, is a model constituent whose value may vary
with the circumstance of its application. Hence, the value needs to be determined
for each particular application of the model.

In some cases this strict definition is not followed for ease-of-use and com-
munication reasons. Indeed, the value of some of those parameters may need to
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be modified during a specific application, e.g. adaptive control. Also, some ‘time-
varying’ models exist in which a parameter is introduced in the model which is a
priori known to be time-varying due to a dependency, e.g. on temperature. How-
ever, for the sake of clarity, this dependency is not explicitly included in the equa-
tions, but it is hidden elsewhere, leading to an apparent time-varying parameter.
For some applications a parameter can be replaced by a function describing its time
and space dependency but in fact that should be seen as a model extension. Henze
et al. [120], [121] incorrectly use the term constant for parameter in the widely
used IWA Activated Sludge Model No. 1 and 2 as they are application dependent.

1.2.2 Model Attributes

The model constituents describe the fundamental elements of a model, while the
characteristics of a model can be addressed by a number of descriptive modelling
terms. These terms are called model attributes. Some attributes have a clear and
stringent definition (e.g. linear versus nonlinear), while others have a weak or rel-
ative definition (e.g. phenomenological versus mechanistic). In the following the
model attributes are referred to as being strong or weak depending on the strin-
gency of their definition. It is obvious that the stronger model attributes are applied,
the better a model is characterised.

Strong model attributes

The model attributedinear and nonlinear relate to the structure of the model
equations. The model may be linear with respect to the variables or to the para-
meters. Thus, a model can be nonlinear in the parameters but linear in the variables
and vice versa. Linearity is a basic characteristic of a model that has quite some im-
pact on the properties of solution, e.g. linear models are frequently used, because
the analytical solution can be found. For nonlinear models numerical solutions are
predominant.

The evaluation of the linearity of a model is conveniently performed by dif-
ferentiating the function with respect to the variable or parameter of interest and
evaluating whether the derivative is still function of the same variable or parameter.
If this is the case, the model is nonlinear in the variable or parameter.

In wastewater treatment processes models are often characterthathasc
in the sense that the variables evolve over time. A model which igymmic is
calledstatic or steady state Thus, dynamic relates to a time dependency in the
model which can be formulated as dynamic input variables and/or state variables.
The output of a dynamic model is often called time series (e.g. [159]).

If the model parameters are constant in time the model is characterised as be-
ing time-invariant . Strictly speaking any model therefore is time-invariant. How-
ever, as discussed above (section 1.2.1), sometimes parameters are conveniently
taken as time varying to increase clarity in the model description, e.g. the temper-
ature dependency of the growth rates is well-known and induces a time-varying
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growth rate but this is not reflected in the specification of the growth rate equation.
A model can have a space-dependency (e.g. a clarifier model). Such models are
referred to aglistributed parameter models. Currently, in wastewater treatment
modelling only time- and space-derivatives are concerned, and dynamic distributed
models are normally formulated as partial differential equations. However, in other
biotechnological applications (and expected to become applied in wastewater treat-
ment modelling in the near future), another type of partial differential equation
formulations is used. In these models time is one independent variable, but the
age of the biomass population is also considered and seen as an independent vari-
able [127]. This leads to another type of distributed parameter model as the state
variables have a time- and age-dependency. In pure culture fermentation biotech-
nology, these models have been ternsedgregated modeldecause biomass is
segregated into different age classes. Similarly particle sizing may be used to seg-
regate the biomass and lead to PDEs.

Models can be termed discrete or continuous, and in most cases these attributes
relate to the model formulation of difference/differential equations with respect
to time, i.e. the correct terminology should dscrete-time or continuous-time
model. Howeverdiscrete-spaceor continuous-spaceare two other model at-
tributes describing a space relationship for up to three dimensions in the model for-
mulation. A continuous-time differential equation is either solved analytically or
discretised into a discrete-time difference equation (according to an Euler, Runge-
Kutta, etc. scheme) which is solved numerically. It should be stressed that most
computer programs apply a discretisation to the continuous-time and continuous-
space differential equations, and the discretised equations are solved as algebraic
equations.

If a model contains elements of randomness, it is cadtedhasticotherwise
deterministic. The uncertainty encapsulated in any model is due to a combination
([289], [21], [23]) of

1. uncertainty in input variables,
2. uncertainty in parameter values, and
3. uncertainty in model structure.

Measurement uncertainty is embedded in these three different forms of uncer-
tainty. In case all uncertainty aspects are neglected, the model is deterministic and
the output is determined uniquely by input and initial conditions. The output of

a stochastic model can be described as a probability density function. The terms
stochastic and statistical are occasionally confused, and the use of statistical as
model attribute should be avoided, since the term statistical is referring to methods
of analysing data. Likewise, the term deterministic is occasionally confused with
mechanistic, physical or white-box implying that deterministic models are always
based on physical, chemical and biological laws. This is not true, however, because
a black-box model may be deterministic as well, e.g. a neural network or a spline.
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Stochastic input to a model is denoted as innovations, realisations, disturbances or
perturbations.

The strong model attributes are highly recommended for characterising models
as the meaning of the terms is well defined. However, the use of additional adjec-
tives such as purely, totally or completely (e.g. ‘purely deterministic nor purely
stochastic model’ in Harrenés and Cartensen [112] has no meaning when the
stringent definitions of the strong model attributes are referred to — in fact, these
combinations should be avoided as they are confusing. The majority of models for
wastewater treatment so far are formulated as nonlinear dynamic continuous-time
deterministic models [219], [137].

Weak model attributes

These terms have less clarity in their interpretation and may in the lack of strong
model attributes potentially lead to confusion. However, provided that the terms
are used correctly these attributes also signify the background of the model. To a
large extent many of the weak model attributes describe almost the same model
property, i.e. the degree of conceptualism, basis in physical, chemical and biolog-
ical laws, simplification level, etc.

Words like mechanistic physical and white-box are used to describe that
the model’s structure is based on physical, chemical and biological laws. A pri-
ori knowledge is the only information source during the creation of such a model,
i.e. a deductive modelling strategy is adopted. The attritratgsparent has the
same interpretation aghite-box, which means that every detail in the model has
a mechanistic explanation. The extremeragluctionist models (should not be
confused with reduced order models, see below) that are based on the attempt to
include as many details as possible. The term causal is also used with the same
meaning as mechanistic, but in some scientific fields a causal model is strictly de-
fined as a model which only depends on past observations and inputs. Thus, the use
of causal as model attribute should be avoidedenomenological, black-box
empirical andheuristic (by rules of thumb) are used as model attributes to de-
scribe that the model is based on empiricism rather than laws. It is data-driven, i.e.
inductive modelling is adopted. A black-box model has not necessarily a structure
compatible with the underlying physical, chemical or biological reality [252]. The
essential feature of black-box models is that they assume no knowledge of physi-
cal or internal relationships between the system inputs and outputs other than that
the inputs should produce observable responses in the output. Hence, the system
is considered ‘black box’ and no use is made of the available a priori knowledge
(Casti [52] denotes it as an external system description), i.e. it omits the consider-
ation of the mechanism by which inputs are related to outputs.

A combination of the mechanistic and phenomenological approach is frequently
calledgrey-box modelling. Holstet al. [128] refer to grey-box models as reflect-
ing a priori knowledge as well as black-box parts, while in Carstepsah [49],
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grey-box models are given two virtues — the properties of parameter interpretability
and parameter identifiability. Ljung [159] refers to this approackemsi-physical
modelling.

Another issue for characterising models is the degree of simplicity or complex-
ity in the model. Asimple model is characterised by few equations and parameters
while acomplexmodel has many equations and parameters, but it remains unclear
when a given model should be termed simple or complex. As a rule of thumb,
mechanistic and phenomenological models are normally formulated with a high
and low degree of complexity, respectively. However, an artificial neural network
is considered to be a black-box model but may at the same time have a high level
of complexity [122]. The terms simple or complex for characterising a model indi-
cates that the model is derived from a basis model or compared to another model.
The confusion occurs when this reference model is not given or just assumed to be
well-known. The level of model complexity/simplicity can also be addressed with
the attributesaggregatedsegregated Jeppsson and Olsson [134] usesduced
order model to describe the model's derivation as bdungped or aggregated.

A model is lumped or aggregated compared to an original or base model when
model variables or equations are united in a simplified description. At this stage
it is good to note that lumping of variables inevitably results in modelling errors.
These errors end up in the simplified model, typically in the parameters thereof.
This aspect will be dealt with to some detail in Chapter 2.

Even though it is obvious to some people that a model is complex based on the
state-of-the-art in modelling today, this fact is very likely unclear to researchers
unfamiliar with the specific topic or researchers within the field 10 years from now.

1.3 The Model Building Exercise

Using the ‘story’ of a model building exercise, a humber of terms involved in
this activity will be introduced within their appropriate context. At the same time

a short review is given on the current state-of-the-art in modelling methodology.
The diagram in Figure 1.1 summarises the aspects of model building which are de-
scribed in detail below. Once the steps in the figure have been fulfilled successfully,
the model can be applied for its intended purpose. These applications typically in-
volve simulation that may be regarded as virtual experimentation with the virtual
reality of the model.

Problem formulation

An often forgotten task in a model building exercise is the clear formulation of the
goal of the model that is to be constructed. While in most cases this task is rather
intuitively performed by the modeller in case he is also the problem supplier, prob-
lem formulation or goal incorporation is much more difficult in case these people
are not the same. In this case, an important effort must be spent to answer such
guestions as desired accuracy of the results, degree of uncertainty in the provided
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answers, time scale of the solution, system boundaries, important variables, en-
vironmental conditions under which questions will be asked for which the model
must give an answer, etc.

Prior knowledge collection

The next task is to collect the available, relevant a priori knowledge from liter-
ature and experts or from a model building environment that supports re-use of
model-encapsulated knowledge [256]. At this (early) stage of the exercise, some
experiments may be conducted or some data collected during previous experiments
may be retrieved and stored in the experimental database.

Frame definition

As soon as these two tasks have been performed once, a first iteration of the model
building can start. Thérame definition phase aims to delineate the conditions
under which a model will be used (e.g. temperature), to choose the class of models
that seems fit for the task (time series, state-space, distributed parameter, stochas-
tic...), to specify the variables that seem important to find a solution to the formu-
lated problem (inputs, outputs, states), the range of time constants that need to be
covered by the model, etc.
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Candidate model set creation

Once the frame is defined, the purposes set and the a priori knowledge collected,
the model builder is asked to create one or more possible candidate models for
the system at hand. Two primary types of reasoning are used to create a candidate
model [20]. The first involves the assembling of all prior hypotheses made on the
mechanisms and phenomena that are believed to govern the system’s behaviour.
This is the synthesis part of the exercise. The analysis part consists of refuting or
confirming these hypotheses on the basis of a set of field data.

Typically during the initial phases of model building, linguistic models are built
using qualitative reasoning. There are however no methods or advices available to
guide the modeller in this exercise. The translation of these conceptual models
into mathematical models is better supported. Textbooks provide plenty of basic
kinetic expressions for the biological, physical and chemical interactions among
the variables of interest. It is of course up to the analyst to extract the proper ones.

While the above task is the creative one of the model builder, the model build-
ing exercise is only half way at this stage. It is equally important to demonstrate
whether a particular candidate model (among many proposals that are being made)
is a good or a poor approximation of reality. This second stage of evaluating the
model against experimental data is best described as sydtantification (the
term used in control theory). Simply stated, system identification may be consid-
ered as modetalibration. However, as stated in Beck [20],

the word calibration suggests an instrument already well-designed and in need
only of small, fine-tuning adjustments. Such a view weakens the role of experimen-
tal observation, relegating it to a minor test on what is the more or less inevitable
path to applying the model with which the model-building procedure was first be-
gun. It encourages the attitude that there is little to be learned from the field data
that was not known before. Our preferred view of system identification is quite the
contrary: itis an integral part of the process of developing scientific theories about
the behaviour of a system; it, too, is about knowledge acquisition and hypothesis
generation.

This statement brings us back to the fact that modelling is an iterative cy-
cle in which experiments play the role of indicating areas of model deficiency
that are subsequently tackled in a new hypothesis generating step. The statement
clearly originated from an environmental systems analyst. Indeed, for most phys-
ical and chemical applications, the a priori knowledge is of such high quality that
the system framework and most of the model structure can be deduced from it.
The modelling methodology developed for these systems is adequate to estimate
the parameters and solve the minor uncertainties in the model structure by us-
ing final validation experiments and eventually iterating a small number of times
through the procedure.

In contrast with this, the inherent characteristics of bioprocesses, i.e. their non-
linearity and nonstationarity, coupled with the lack of adequate measuring tech-
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nigues, is such that this mathematical modelling methodology cannot be applied
without modification [267]: more emphasis must be given to inductive reasoning
to infer a larger part of the model structure from the scarce (or harder to obtain)
experimental data. Consequently, structure characterisation (or model selection)
methods become a more important tool, because the chance of obtaining an in-
valid model is much larger and, hence, the number of modelling iterations may
increase substantially.

Model structure selection

The goal ofclassical model structure selectiorfmodel structure characterisa-

tion) is to select a unique model structure according to the principles of a quality of
fitand parcimony [238], [113]. However, itis also possible to select a set of models
that are attributed different weights reflecting their probability of appropriateness
[79], [214]. Most model structure selection criteria require the parameter values
to be estimated, e.g information criteria such as AIC [6] and BIC [228]. However,
structural selection criteria that only require basic data analysis also exist for par-
ticular applications [238], [261]. A detailed discussion of this model building task
will be given in Chapter 3.

Parameter estimation

Parameter estimationis typically based on the maximisation or minimisation of

a goodness-of-fit criterion such as Least Squares, Weighted Least Squares, Maxi-
mum Likelihood, etc. and aims to provide values for the parameters in the model
and, in case a state space representation is adopted, also values for the initial (and
boundary) conditions of the state variables. Although several powerful estimation
(nonlinearregression algorithms are available (both foecursive andbatch es-
timation depending on the number of data points used for a parameter update, for
details, see Chapters 6 and 7), their success is highly dependent on the experimen-
tal dataset available. The identifiability analysis performed prior to the parameter
estimation can provide answers to the key question whether, given a set of mea-
sured variables, unique parameter values can be obtained. Two types of answers
can be given depending on the applied method. In sasetural (also termed
theoretical or a priori ) identifiability [100] [185] is evaluated the answer is ei-

ther yes or no, respectively meaning that the parameters can be given unique values
or not at all [74]. However, it is not ensured that the data always contain sufficient
information to provide reliable and unique estimates. Methods fopthetical

(also termed asumerical or posteriori) identifiability study allow to evaluate

the information content of the dataset intended for parameter estimation [258].
The basis of these methods is also underlying methods that can provide a solution
to a practical identifiability problem, i.@ptimal experiment design.This design
procedure uses the model for which unique parameters are to be found to calculate
experimental conditions such that sufficient information is contained in the data.
One should note that a structural identifiability problem encountered cannot be
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solved without altering the candidate model or frame definition (e.g. include other
variables in the system descriptioMlodel reduction can lead to models that
become less ‘data-hungry’ and hence their identifiability properties may improve
[134].

Model diagnosis

Once the parameters are estimated it remains to investigate whether the identi-
fied model violates the assumptions made in the frame definition. For instance,
statistical tests of systematic deviations between model results and measurements
(residuals) and their distribution are frequently used [38], [232]. Also, evaluation
whether non-sense parameter values (e.g. negative affinity constants) or initial or
boundary values are obtained can allow diagnosis of potential violation of the ex-
perimental frame.

Model testing

Fitness of a model can be evaluated by comparing its performance with data ob-
tained under different conditions than the ones prevailing at the time of the data
collection performed for model identification. This process of putting the model
in jeopardy [41] or, in other words, straining the model to its limits, may reveal
model inadequacies that may be sufficient to conclude that the model is no longer
fit' for the purpose it was intended for. Hence, the whole model building pro-
cess may have to start all over. Sometimes this may even lead to a reformulation
of the problem as the modelling exercise may have provided considerable insight
in the system under study and its behaviour. This process of putting the model
into jeopardy by confronting it with new data is most often calleddel valida-

tion, but serious arguments are put forward against this term. As a model only
describes part of the reality (the one defined in the frame) in a simplified man-
ner, it is obvious that a model never can describe reality completely. Therefore,
there will always exist experimental conditions for which the model is not valid.
Hence, validation of a model is utopian! A completely other approach is to term
this process of jeopardising the model a mddddification step [53] [212], which

if answered negatively, provides more confidence in the selected model. However,
the term falsification appears too negative and one has therefore looked for other
terminology that is less pronounced (quantitative) as validation but still gives a
qualitative insight in the level of confidence one has in a selected identified model.
The terms put forth for this areorroboration andconfirmation [200]. Finally,

the termverification is frequently interchanged with validation, but in the quite
related field of simulation methodology, verification has a different, but specific
meaning. In this field, verification is the evaluation whether the coding of a model
has been performed correctly, i.e. whether the implemented model equals the cre-
ated model [156]. From this discussion it is advocated to use the term validation
as it is the most widespread used and has no dubious meaning.
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1.4 Optimal Experiment Design: Basic Ideas

This book devotes a lot of attention to the main tasks of a model building exercise,
model selection and parameter estimation. However, these tasks can only be per-
formed successfully if the sources of information, i.e. goal, a priori knowledge and
experimental data, are of sufficiently high quality. Probably the definition of the
objective is not the most difficult task albeit sometimes overlooked and not stated
in a quantitative way. The analysis of the a priori knowledge leading to the con-
struction of the set of candidate models may take some more time as knowledge
must be acquired from the literature, experts and so forth. The main efforts how-
ever are, certainly for bioprocesses, devoted to the collection of data. The design
of the experiments that will provide the data is an increasingly important task for
the model builder for the following reasons:

o the limited resources available, e.g. experimentation time and expenses;

e the increased degrees of freedom that have to be exploited in an optimal
way;

o the trade-off that has to be made between the information content of the data
and the pursued goal;

¢ the requirement of good information content for the data for obtaining reli-
able models.

Goals pursued during an experiment design procedure can be categorised in the
following areas:

e experiment design for a reliable selection of an adequate mathematical model

structure of the process;

o the design of experiments for precise estimation of model parameters;

o the dual problem of structure characterisation and parameter estimation.
These will be considered separately in the rest of the book.

Each of these goals is associated with one or another quantitative function
which will determine the focus of the experimental efforts. Some authors also
suggest to separately consider [159]:

o the optimal sampling frequency;

e the best location of sensors and sampling points in a reactor system.
However, these items should be regarded as a part of the degrees of freedom avail-
able and the constraints to which one has to adhere during the experimental design
process. An experiment design typically consists of three steps:

1. definition of an objective function that is the mathematical translation of the

pursued goal of data usage;

2. enumeration of the available degrees of freedom and experimental constraints;

3. extremisation of the objective function by appropriate variations of the de-

grees of freedom without violation of the applicable constraints.
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Figure 1.2 schematises the procedure used for (automated) optimisation of the
experimental conditions with relation to (w.r.t.) the defined objective function. An
essential feature of the procedure is that a preliminary model is available that is
identified on the basis of previously acquired data. Essentially, the algorithm per-
forming the design performs “simulated experiments” to quantify the potential ef-
fect of proposed experimental conditions on the objective function. Using a (non-
linear) optimisation algorithm that is able to take into account the experimental
constraints, an “optimal” experiment is proposed that is subsequently applied in
real-life. Real-life may be a specific laboratory experiment or a full-scale process
on which some degrees of freedom are available that can be exploited to gather
informative data.

Since the experiment design procedure depends to a large extent on a model
of the process under study, it is evident that a prerequisite to good design is the
availability of a good process model.

Questions that may be of guidance when initiating an experiment design study
are the following ones.
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What to measure? This question stresses the importance of a good system defi-
nition (input, output and state variables...).

Where to measure? This addresses the problem of sensor location.

When to measure? Here the sampling strategy is paid attention to.

Which manipulations? In many cases this is the most important question and
requires creative work related to the design of excitation signals that will
act on the process in such a way that highly qualitative information can be
gathered. Examples are sine-waves, pulses, PRBS (pseudo random binary
sequences [163]), etc.

What data treatment? Though most of the time not considered part of the
experiment design, pretreatment of the data is often applied before
model identification starts. It is therefore part of the collection of data for
model identification purposes. Typical data pretreatment includes noise
rejection, outlier detection/removal and elimination of “uninteresting”
dynamics.

1.5 Conclusion

The objective of this chapter was to introduce the basic concepts of dynamical
modelling. An important issue is the notion of dynamics, necessary to present
the time evolution of processes. In Section 1.2 we have introduced a classifi-
cation of mathematical models in terms of model constitutents (variables, con-
stants and parameters) and of model attributes (in particular, linear vs nonlinear,
dynamic vs static, lumped parameter vs distributed parameter, discrete-time vs
continuous-time, deterministic vs stochastic, white-box, grey-box, or black-box).
Subsequently, we have introduced the different elements of the model building
exercise, from problem formulation to model testing. Finally the basic ideas of
optimal experiment design, i.e. how to design experiments so as to obtain the best
data possible to solve the model building exercise properly, have been introduced
in Section 1.4.
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Dynamical Mass Balance Model
Building and Analysis

2.1 Introduction

The preceding chapter has introduced the basic concepts of dynamical modelling.
In this chapter we shall go deeper into the subject of dynamical modelling. Because
the use of physical laws (“first principles”) is a priori the best reference for deriving
reliable models, we shall concentrate in this chapter on the notion of mass balances
and related derivation and dynamical analysis of dynamical models. It is also worth
noting that the mass balance models will play a key role in the rest of the book.
Section 2.2 will introduce the basic concepts of mass balances (“first princi-
ple™), and apply them to some simple bioprocess dynamics situations. The end of
Section 2.2 will be dedicated to kinetics with a particular emphasis on mathemat-
ical models of the specific growth rate. In Section 2.3, we shall introduce several
process examples, and their dynamical mass balance models in stirred tank re-
actors (STRs). In Section 2.4, we shall extend and generalise the mass balance
dynamical model developed in Section 2.2 and applied in Section 2.3 by introduc-
ing a General Dynamical Model framework for completely mixed reactors (STRS).
This will be further extended to non completely mixed reactors (plug flow reac-
tors, fixed bed reactors, settlers) in Section 2.5. In Section 2.6, we will discuss the
respective notions of linear and nonlinear systems a little further. In Section 2.7,

(© 2001 IWA Publishing. Dynamical Modelling and Estimation in Wastewater Treatment Processes
by Denis Dochain and Peter Vanrolleghem. ISBN: 1 900222 50 7
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we shall concentrate on the notion of equilibrium points, on the linearisation of
nonlinear models around equilibrium points and on their stability properties. The
last sections of the chapter will concentrate on the properties and the analysis of
a model: a state transformation (Section 2.8), a model reduction method based on
singular perturbation theory (Section 2.9), and the use of Laplace transformation
in models described by PDEs (i.e. non completely mixed reactors).

2.2 The Notion of Mass Balances
2.2.1 Stirred Tank Reactors

Basically the reactor in which the wastewater treatment process is operated is a
tank in which one or several biological reactions occur simultaneously. Let us first
consider a stirred tank reactor, as schematised in Figure 2.1. The tank is charac-
terised by a liquid medium volume V, and inflow and outflow radg, and Fqyt,
respectively. Let us consider that one (bio)chemical reaction is taking place in the
tank. The mass balance of a component involved in the reaction, and characterised
by a concentratio in the reactor can be formalised as follows:

Timevariation Mass of th Mass of the
of themassof| | component component
thecomponent| — | thatgoesin| | that goes out
inthetank the tank of thetank
Mass of the
component
+ | producedor (2.1)
consumed b

thereaction

The assumption of perfect mixing in the tank implies that the concentr@tion
is homogeneous in the tank, and in particular its value at the reactor output is equal
to the one anywhere in the tank. We now have all the elements to write the mass
balance equation for the component:

d(vC)
dt

= Fincin - I:outc + V¢ (2-2)

whereC;,, is the component concentration in the influent, anithe rate (per unit
volume!) at which the component is produceg)-br consumed ), i.e. the con-
version rate ofC. As we shall see later, the conversion rates the product of a
(positive) yield coefficient (ideally, a stoichiometric coefficient) with the reaction
rate p, which generally speaking is a positive function of different process vari-
ables, e.g. the reactant concentrations, the product and biomass concentrations, or
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in out

Fic. 2.1. Shematic view of a stirred tank reactor.

the physico-chemical conditions like the temperature or the pH. Let us rewrite the
mass balance equation (2.2) by expanding the left hand side:

dC dv
and by dividing both sides by and moving the second term of the left hand side to
the right hand side, we obtain the differential equation describing the concentration

dynamics:
dC F|n Fout C dV
—=—2Cp—-—C—-———=% 24

d v " v var £? 24)

An important comment at this point is that the dynamics in a reactor is composed

of two types of terms:
e transport dynamics'@cin - @C + %d—\t/);
e conversion £¢).

By defining the dilution raté®:

Fin

D= A (2.5)
a useful alternative formulation of equation (2.4) can be written as follows:
dC
T DCin — DC £ ¢ (2.6)

which covers the following important type of operations of STRs: batch, fedbatch
(which may be encountered e.g. in Sequential Batch Reactors (SBRs)), and con-
tinuous (without and with volume variation). These are shortly described below.
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Batch reactors. In batch reactors, there is no inflow nor outflow:
Fin = Four=10 (2.7)

and equation (2.4) reduces to:

C

4 2.8
o= +0 (28)
which can also be obtained from (2.6) by settiddo zero © = 0).

Fedbatch reactors. In fedbatch reactors, the tank is initially filled with some
amount of reactants and catalysts, and is progressively filled with reactants (this
is what happens in SBRs when the filling occurs, or when additional substrate is
introduced during a denitrification phase): this means that there is an inflow but no
outflow, and the time variation of the liquid voluméis equal to the inflow rate

Fin (total mass balance):

dv
Fout =0, H = Fin (= DV) (2-9)
If we add the above volume equation in (2.4), the mass balance equation (2.6)
fits also to fedbatch operation.

Continuous reactors. In continuous tanks, the reactor is “continuously” fed with
the reactants. Since the tank is filled, the inflow and outflow rates are equal, and

the volume is constant: dv
Fin = Fouts at 0 (2.10)

and once again the mass balance in continuous stirred tanks fits into equation (2.6).

Continuous reactors with volume variationThe above argument corresponds to
the classical continuous stirred tank (CSTR). But it may happen in some process
configurations (like in Figure 2.2 which shows three types of overflow weir designs
(see [188])) that the reactor is basically a continuous reactor (with inflow and out-
flow), but for which during transients (e.g. variations of the influent flow Fatg,
the volume is varying, and the outflow rafg; is different from the inflow rate
Fin. Then the above equations (2.10) have to be replaced by the following ones:
(jjl_\t/ = Fin — Fout (2.11)
More precisely, we can have the following relationship between the (out)flow
rate and the height:
Fout = C+ Nak (2.12)

whereN is the number of weirsg andc are functions of weir type or widttc(is
only different from zero for the Sutro weir), atds a function of the weir design
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FIG. 2.2. \*fnotch, rectangular and Sutro weirs.

(b=2.5, 1.5 and 1 for the V-notch, the rectangular and the Sutro weir, respectively,
(see [231], [187]). Besides, note that:

V = Az= A(zo + h) (2.13)

whereA is the reactor sectiorz, is the total depth, and, the (constant) distance
between the bottom of the tank and the lower edge of the weir. Then if we consider
a tank with a constant sectiok the mass balance equation (2.11) becomes:

dh_ Nay ¢ Fn

dat — A ATA (2.14)

As was pointed out in [188](and as suggested by the above equation (2.14)), the
weir designs may have an important influence on the propagation of hydraulics
variations and disturbances in the plant.

The models mentioned above and their paramedgls ¢ can be estimated
from relatively simple experiments in which the pump flow rates are changed in
a step-wise manner. In Figure 2.3, the simulation results are given of a variable
volume model that is fitted to experimental data that were collected by measuring
the effluent flow rate of an activated sludge system subjected to a sequence of step
changes to influent and recycle flow rate [64].

2.2.2 A Simple Biological Reactor Model

Let us now consider an example more directly linked to biological reactors. As-
sume that the following microbial growth reaction is taking place in the reactor:

S— X (2.15)

where Sis the limiting substrate an¥l is the biomass. Note that the biomass
plays the role of an autocatalyst (it is both a product and catalyst) in the above
reaction (sometimes a feedback arrow is added on top of the reaction arrow to
emphasise this, see [14] ). It is usually assumed (but this is not always correct,
as mentioned by Henze [118], important amounts of biomass can be present in
the influent) that only substrate is present in the reactor incoming flow: let us
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FIG. 2.3. Hydraulic propagation experiment [64].

denote bySy the influent substrate concentration. In line with a commonly ac-
cepted assumption since Monod introduced it in 1942, we consider that the re-
action ratep of the above microbial growth is the product of the autocata¥/st
and a proportionality coefficient called specific (i.e. per unit biomass) growth rate
w(p =uX).

Then by considering (2.1), the mass balance equatiorS dmd X are written
as follows:

ds 1

— =D —DS— —uX 2.1
dt Sn S YV« (2.16)
dX

ot =-DX+4+uX (2.17)

Let us now take a closer look at this model and highlight some important features.
The conversion rate of the biomassy, is simply the reaction rate (i.e. the
growth rate)px = p = uX). Indeed this corresponds to a standardisation of the
yield coefficients with respect to one component (here, the biomass). This stan-
dardisation is obviously a priori arbitrary (it could as well have been performed
with respect to the substrate, in the above example), although the use in biochem-
ical engineering consists of standardising the yield coefficients of growth reactions
with respect to the related biomass.
Itis also usual in biochemical engineering to define yield coefficients in growth
reactions as ratios of biomass production over substrate consumptidakase),
or of product synthesis over biomass production (see section 2.2.4 below): this
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implies that in the conversion terms of the (dynamical) mass balance equations,
the yield coefficient divides the reaction rate when the component is a substrate of
the reaction, and it multiplies the reaction rate when it is a reaction product. Hence,
in equation (2.16), the conversion terg is the product of the yield coefficie@
and of the reaction rateX (¢s= <p = T X).

Strictly speaking, if we refer to the reaction network formalism considered in
(2.15), the yield coefficienY should be a stoichiometric coefficient, i.e. h&rés
the quantity of biomasX (in appropriate dimensions, e.g. in grammes) which is
produced when one (mass) unit of substi@ie consumedy the reaction (2.15)
However, this would only be true if the conversion process is completely defined
by the reaction (2.15), i.e. if

1. this is the only reaction (i.e. in particular there are no side reactions);
2. the only components afeand X;

3. and if the elemental content (in carbon, nitrogen, oxygen, hydroge8) of
and X are exactly known.

Most often, at least one of the above conditions are not fulfilled in biochemical
processes. The underlying biological process is most often much more complex
than the process (2.15), and it is also quite difficult in most instances to precisely
characterise the elemental content of the biomass. One important consequence is
that, instead of being constant (like they should if they were stoichiometric coeffi-
cients), the yield coefficients in biochemical processes may be in practice changing
with time (within some bounds) e.g. when the wastewater composition or operat-
ing conditions are (significantly) changing, e.g. because side reactions which were
previously neglected are no longer negligible.

2.2.3 Biomass Death and Substrate Maintenance

Biomass death and/or substrate maintenance terms are sometimes added in the
simple microbial growth models. These reactions can be formalised as follows
(see also [14]):

biomass death: X — Xqg (2.18)
maintenance: S+ X — X (2.19)

Note that in the above reaction%,no longer plays the role of an autocatalyst: it

is a simple reactant (transformed in dead biom¥gs in reaction (2.18), and a
catalyst in reaction (2.19): then it is neither consumed or produced, that's why we
have putX on both sides of the reaction scheme (2.19). The dynamical equations
(2.16)(2.17) are then modified as follows:

ds 1
— =D —DS— —uX —mgX 2.20
dt Sn YM S ( )
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daXx

o = DX uX —bX (2.21)

wherems andb are maintenance and death coefficients, respectively.

2.2.4 (Liquid and Gaseous) Product Dynamics

The growth of microorganisms in bioreactors is often accompanied by the forma-
tion of products which are either soluble in the culture or which are given off in
gaseous form. The mass balance relative to the product in the bioreactor is given
by (assuming no product in the inlet):

d—Pz—DP—Q+uX (2.22)
dt
with P being the product concentration (in the liquid phasg)he rate of mass
outflow of the product from the reactor in gaseous form, attte specific produc-
tion rate.

The termv X in (2.22) represents the rate of product formation: it expresses the
fact that the production is, in some way, “catalysed” by the bionxass

In some instances (e.g. methddely), the liquid concentration can be assumed
to be negligible P ~ 0). The gaseous outflow rate is then usually considered as
being equal to the production rate and is written as follows:

Q=1vX (2.23)

We shall later (Section 2.9) introduce mathematical tools that give a sound basis
to “reduce” the mass balance equation (2.22) to quation (2.23).

An important special case arises when the product formatigmoisth-associated
i.e. the specific production rate is assumed to be proportional to the specific growth
rate:

v=Ypu (2.24)
with Yp avyield coefficient. However, the specific production rate may also be com-
pletely or partially independent of the specific growth rate. A classical example is

the lactic fermentation for which Luedeking and Piret (1959) [164] have proposed
the following expression:

v=Ypu+n (2.25)
wheren is the non-growth associated specific production rate.

2.2.5 Oxygen Dynamics

Aerobic bioprocesses are processes in which the microorganisms need oxygen in
order to develop properly. A typical example is the activated sludge process. In
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such cases dissolved oxygen in the mixed liqguor can be considered as an additional
substrate.

S+S — X (2.26)
The dissolved oxygen (DO) mass balance in the bioreactor is described as follows:
d
d_Stoz DSo.in — DSo + OTR— OUR 2.27)

where Sy is the DO concentration in the react@®, T R is the oxygen transfer
rate andOU R is the oxygen uptake rate. Note the presence of the liquid inlet
term DSo in in the mass balance equation of oxygen. This term (which is often
neglected) is introduced here to emphasise the possible presence of dissolved oxy-
gen in the influent e.g. as a consequence of the oxygen transfer to the wastewater
in the sewer system before it is fed to the tank.

The oxygen uptake rate U Robviously depends on the growth of the biomass.
This is often expressed as follows:

OUR= iux (2.28)
Yo,
with Yo, being a yield coefficient. Note that the usual formalism in activated
sludge processes consists of considering that i§ the biomass growth yield,

Y biomass units (in COD (Chemical Oxygen Demand) units) are produced from
one unit (in COD units) of the substrate, i%.and the rest of the available COD,
i.e. 1—Y (in COD units) is oxidised to produce carbon dioxid®,. This implies

by considering the above line of reasoning that the yield coeffitigntis equal

to: v

YOz = 1-V (229)
Aterm proportional to the biomass concentratibg,(X) is often included in equa-
tion (2.28) to account for the oxygen consumption for endogenous metabolism (to
maintain viability of the cell). Hence, the total oxygen uptake @té R is com-
posed of two terms, a growth related “exogenous” respiration@dieR.x and a

cell maintenance related “endogenous” respiration GltER:ng:
1-Y
OUR= OURsx+ OU Rend=TMX+b02X (2.30)

By using a line of reasoning based on Henry's law to model the liquid-gas
transfer dynamics, the oxygen transfer r@dd, R is expressed as follows:

OTR=kLa(S; — So) (2.31)

wherek_a is the mass transfer coefficient af is the oxygen saturation concen-
tration.
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However expression (2.31) may have to be used with precaution because the
coefficientsSy andk_a may be unknown and may vary greatly with time: itis well
known that the oxygen saturation concentratgndepends on variables such as
the oxygen partial pressure in the surrounding atmosphere, temperature, salinity
and concentration of chemicals in the liquid, and that factors such as the type and
geometry of the aerator, the air flow rate, the presence of surfactants or the biomass
concentration determine the valuekpfa. In some applications, however, the input
and output gaseous oxygen mass flow rates are measured on-line using off-gas
analysis equipment [116]. Hence, provided the liquid-gas transfer dynamics are
negligible, theO T Rcan simply be expressed from the gaseous oxygen balance:

OTR= Qo,.in — Qoy.0ut (2.32)

whereQo,.in andQo,,out are respectively the input and output oxygen flow rates
(per reactor volume unit).

2.2.6 Models of Reaction Rates

It can clearly be seen from equations (2.16), (2.17), (2.24), (2.25) and (2.28) that
the reaction rat@, and more particularly the specific growth ratés a key para-
meter for the description of biomass growth, substrate consumption and product
formation.

Let us briefly introduce some basic notions of kinetics, before introducing
some typical models of the specific growth rate (see also e.g. [88], [14], [91] for
surveys on the subject; note also that more than 60 kinetic models for bioprocesses
are listed in Bastin and Dochain [14]).

Basic kinetic law. The basic kinetic model for (bio)chemical reactions takes the
following form:

o= kol__[c;"i (2.33)

whereC; are the concentrations of the reactants involved in the readjas the
kinetic constant, and; are defined as the orders of the reaction with respect to the
ith reactant. The totakaction orderis equal to the sum of the, (O @i). When
the reaction orders; are equal to the stoichiometric coefficients, the reaction is
referred to as arlementaryeaction.

Note that, for instance, for the biomass death reaction (2.18), if the death coef-
ficientb is constant, then (2.18) is a first order reaction.

One of the essential consequences of the above kinetic law (2.33) is that the
reaction ratep will be equal to zero if the concentration of one of the reactants
involved in the reaction is equal to zero:

p=0 if C =0 (2.34)

It is obvious that this is a minimal requirement for any reaction rate model, i.e.
also for specific growth rate models.
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Models of the specific growth rateBiochemical experiments carried out over
more than half a century on pure cultures as well as on open cultures (with non-
sterile substrates) have clearly indicated that the parametaries with time
and is influenced by many physico-chemical and biological environmental fac-
tors among which the most important ones are: substrate concentration, biomass
concentration, product concentration, pH, temperature, dissolved oxygen concen-
tration, light intensity and various inhibitors of microbial growth.

The specific growth rate is then commonly (but not systematically, see e.g. the
Contois model here below) expressed by the multiplication of individual terms,
each of them referring to one of the influencing factors:

u() = u(SuX) (P (So) w(pH)u(T)... (2.35)

whereX, S, P, So have been defined above whilerefers to temperature.

We shall present, in the following paragraphs, some of the most commonly
used kinetic models for the different terms of equation (2.35).

It is important to draw the attention that any specific growth rate must fol-
low some basic modelling rules in order to be a correct representation of the
phenomenon that it is supposed to describe. First of all, recall that the specific
growth rate is part of the reaction rate & ©X) of a reaction which transforms
substrate(s) into biomass (maybe some additional products). This means that the
specific growth rate has to be positive (otherwise it would represent the reverse
reaction of transformation of biomass into substrate(s)!):

u >0, for all time (2.36)

Secondly it must fulfill the basic kinetic law condition (2.34), i.e. the specific
growth rate must equal to zero when the concentration of one of the substrates
S (i=1,2,...) of the reaction is equal to zero.

wS)=0 if S§=0 (2.37)

Influence of the substrate concentration She most widespread analytical spe-
cific growth rate model is certainly the “Michaelis-Menten law”, also often called
the “Monod law”, which expresses the dependencg oh the substrate concen-
tration S as follows (Figure 2.4):

_ MmaxS

H=Ks+s
where umax is the maximum growth rate ands is the “Michaelis-Menten” or
saturation constant. The subscritn the parameteK g refers to the involved

substrate. Note that the value K corresponds to the substrate concentration for
which the specific growth rate is half its maximum valueumax (See Figure 2.4):

(2.38)

uW(S=Ks) = ’“‘“;‘X (2.39)
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FiG. 2.4. TheMonod law and the Blackman law.

In fact, this expression was initially proposed by Michaelis and Menten in
1913 [173] and physically justified by Briggs and Haldane [43] later, in 1925, to
express the reaction rate of enzyme-catalysed reactions with a single substrate. It
was extended by Monod in 1942 [176] to the case of microorganism growth, but
without any specific physical justification.

Expression (2.38) was adopted by Monod because it fits experimental data
well. But, as Monod himself recognised, “toute courbe d'allure siiglag@ourrait
étre ajuste aux donaes exprimentales” (any sigmoidal curve could be fitted to
the experimental data)[176]. Besides, another expression was suggested by Tessier
[247] in the same year 1942:

-s
= ftmax(1 —€eXs) (2.40)

This equation could fit the Monod data equally well. Many different (and more or
less esoteric) formulas have been proposed since then (see [14]).

Another simple and often used model for the specific growth rate dependence
with respect to the substrate concentration is the Blackman law (Figure 2.4):

p = Hmaxg if S<Ks (2.41)
Ks

which is a combination of first order kinetics with respectSéor S < Kg, and
zero order kinetics fo6 > Ks.

A drawback of the Monod, Tessier or Blackman laws is that they do not allow
any account to be taken of possible substrate inhibitory effects at high concen-
trations (overloading). Typical examples in biological wastewater treatment are
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NHg-inhibition of nitrification or self-inhibition of phenol degradation. Andrews
[8] suggested that substrate inhibition be treated by the “Haldane law” which was
initially derived by Haldane [107] to describe inhibition in enzyme-substrate reac-
tions (Figure 2.5): S
p=—"r" (2.43)
Ks+ S+ K

whereK; is the “inhibition parameter” and:

[ K
Ho = Mmax(1+2 ?S) (2.44)
i

If the substrate inhibition is neglecteld;( — o), the Haldane law reduces to
the Monod law.

One important feature of the Haldane model is shown in Figure 2.5: for each
value of the specific growth rate, there exist two possible substrate concentra-
tions (denoted by and & in Figure 2.5), which are distributed on both sides
of the maximum specific growth rate (which corresponds to the vali®exfual
to v/ KsKj). This feature has the following consequences in CSTRs with a simple
microbial growth reaction (2.15) (i.e. described by equations (2.16)(2.17)). First,
it allows the emphasis of the possible existence of three equilibrium points: be-
side the wash-out{ = 0, S = §y), there are two possible steady states, each one
corresponding to one of the two valugsand $. Secondly, the Haldane relation
allows the emphasis of the possible existence of instability in bioprocesses: in-
deed, it will be shown in Section 2.7 that in a CSTR (2.16)(2.17), the steady state
corresponding t& is a stable equilibrium point, and the one correspondingto
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is an unstable one. The latter unstable state corresponds to the experimentally ob-
served situation when there is accumulation of inhibiting substrate which results
in a wash-out of the biomass. A typical example is the accumulation of volatile
fatty acids in anaerobic digestion processes (e.g. [29], [92]).

Influence of the biomass concentration XT'he biomass growth is often observed

to be slowed down at high biomass concentration (and this has been experimen-
tally observed in particular instances). A simple model that accomodates for this
situation assumes that the specific growth rate decreases linearly with increasing
biomass concentration:

w(X) = umax(1 —aXx) (2.45)

whereumax is the maximum growth rate arad(= —) the inhibition constant. It
is often called the “logistic model” and was proposed by Verhulst in 1838 [271].
Another model which is a function of bothand X is the following:

HmaxS
= 2.46
* KeX+ S ( )

with K¢ constant. This model was proposed by Contois in 1959 [61], and is illus-
trated in Figure 2.6, which shows the inhibition dependence wfith respect to
X (for constants).

Influence of the product concentration Plt is a well known fact that, in particu-
lar bioreactions, the product of the reaction can also inhibit the biomass growth. A
typical example is anaerobic digestion when acetate/propionate and/or hydrogen
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are inhibitory to acidogenesis reactions. Typical models for product inhibition are
e.g. (Figure 2.7) [4]:

K
1(P) = Kpj 5 (2.47)
n(P) = e KeP (2.48)

with Ky constant.

These inhibition models are also used to emphasise for instance the inhibition
of denitrification by oxygen and are often termed “switching functions”.

Influence of pH. As we have indicated here above, the biomass growth can ac-
tually takes place only if pH and temperature lie within (usually small) ranges of
admissible values.

The pH often inhibits the biological activity due to non dissociated acids or
bases (ammonium, fatty acids, nitrite) in the mixed liquor. Up to now, few good
models for this pH-dependency are presented. One possibility is a bell-shaped
function:

1
1+ 10PKi—pH 4 10PH—PK2
wherepKi andpK> are the low and the high pH with half of the maximum activity
(Figure 2.8).

In anaerobic digestion, for instance, the process is known to operate correctly
only for nearly neutral pH (= 7). For this process, Rozzi [222] proposes treating
the influence of pH by a parabolic law derived from experimental data:

KpH = Kmax-

upH) =apH +bpH+c  if pHpin <pH < pHpay  (2.49)
=0 otherwise (2.50)
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with a, b, ¢ constants, angH,,;, andpH,,, are thepH bounds within which
growth is possible.

Influence of temperature.On the other hand, the influence of temperature is most
often modelled by an Arrhenius-type law, as has been done, for instance, by Topi-

wala and Sinclair [250]:
E

E
w(T) = ale_FT;r — aze_FT% —b (2.51)
where E;, Ep are activation energiesR is the gas constant (8.314 J.g.mol/K),
andai, ap, b are constants. This expression shows that the specific growth rate
increases continuously with temperature up to a maximum VBHs& (at which

the cells die) (see Figure 2.9).
This is often simplified to:

w(T) = Ky - 1074712 or Kgq - =17 T2) (2.52)

where6 is around 1.03 to 1.05 for most processes (corresponding to a doubling
of the reaction rate with a temperature increase 6j.10n the other hand, nitrifi-
cation is strongly dependent on temperatére (1.15). More detailed models for
description of the effects of temperature can be found in the overview by Zwieter-

ing et al. [291]. See also [115], [147], [210].

2.3 Examples of Biological Wastewater Treatment Process Models

In this section, we introduce some typical examples of biological wastewater pro-
cesses and their mass balance dynamical models:
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Anaerobic digestion: The 4 population model
Activated sludge process: The basic model
Activated sludge process: The IWA Activated Sludge Model No. 1
Two step nitrification
Two step denitrification
The section will be used to extend the ideas developed in Section 2.2 for simple
examples to more complex ones. As it has been suggested in the preceding section,
the model building basically considers the following two steps:

1. building of an appropriate reaction network

2. derivation of the dynamical mass balances
We shall use the first example (anaerobic digestion) to illustrate the model build-
ing procedure with mass balances for processes which involve a large number of
components (10) and reactions (4).

2.3.1 Anaerobic Digestion: The 4 Population Model

Anaerobic digestion is a biological wastewater treatment process which produces
methane. Four metabolic paths [178] can be identified in this process: two for
acidogenesis and two for methanisation (Figure 2.10).

In the first acidogenic path (Path 1), glucose (or another complex substrate)
is decomposed into volatile fatty acids (VFAs)(acetate, propionate), hydrogen and
inorganic carbon by acidogenic bacteria. In the second acidogenic path (Path 2),
Obligate Hydrogen Producing Acetogens (OHPA) decompose propionate into ac-
etate, hydrogen and inorganic carbon. In a first methanisation path (Path 3), acetate
is transformed into methane and inorganic carbon by acetoclastic methanogenic
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FIG. 2.10. Scheme of the anaerobic digestion.

bacteria, while in the second methanisation path (Path 4), hydrogen combines
with inorganic carbon to produce methane under the action of hydrogenophilic
methanogenic bacteria. The process can then be described by the following reac-
tion network:

S — X1+ S+ S+S+S (2.53)
S — X+S+S9+S (2.54)
S— X3+S+P; (2.55)
SY+S— Xg+ Py (2.56)

whereS, $, S5, S, S, X1, X2, X3, X4 and Py are respectively glucose, propi-
onate, acetate, hydrogen, inorganic carbon, acidogenic bacteria, OHPA, acetoclas-
tic methanogenic bacteria, hydrogenophilic methanogenic bacteria and methane.

The conversion terms for the above reactions (2.53) to (2.56) are characterised

by:

1. areaction rate, denotegl, the index i = 1, 2, 3, 4 being related to reaction
(2.53), (2.54), (2.55), (2.56), respectively. Each reaction rate is a growth
rate, and each growth reaction involves a different microorganism popula-
tion: therefore in line with the usual biochemical engineering notations, each
reaction rate may be written as the product of a specific growth rate by the
concentration of the biomass involved in the reaction:

oi =uiXi, i =1to4 (2.57)
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2. stoichiometry (yield coefficients) associated to each component of each re-
action. Here we have considered to use the symigldor the yield co-
efficients, where the index j corresponds to the component (ranging in the
following order: X1, S1, X2, &, X3, S, X4, S, S and Py), and the index
i to the reaction (ranged as above). This choice looks a priori arbitrary, but,
as we shall see in Section 2.4, corresponds to the position of elements in a
matrix.

Beside the conversion terms, the mass balance model also contains transport terms:
let us consider that the anaerobic digestion process is operated in a CSTR, and that
the only inlet substrate is the organic mat&gr

We now have all the necessary information to derive the dynamical mass bal-
ance model of the process. The dynamics of the anaerobic digestion process are
then described by the following equations:

dXg

4 = MX1—DXa (2.58)
ds 1

— = ———u1X D - D 2.59
dt Y21,U~1 1+ DSn S ( )

dX

_dt2 = uz2Xo — DX»o (2.60)
as 1

—— = Yau1 X1 — —u2X2 - DS (2.61)
dt Ya2

d X

d—t3 — 1u3Xs — DX3 (2.62)
a3 1

— = Ye1u1 X1 + Yeou2Xo — ——u3Xz — D (2.63)
dt Y63

d

d—f“ — 14X — DXy (2.64)
S 1

—— = Yawua X1 + YeouaXo — c—uaXs — DS — Q1 (2.65)
dt Yga

s 1

e Y111 X1 + Yoouz X2 + Yozuz X3 — Y—94M4X4 — D& — Q2(2.66)
dpP;

e Yo3uzX3 + YoauaXq — DPL — Q3 (2.67)

wherepu1, o, 13, s are the specific growth ratels (1) of reactions (2.53), (2.54),
(2.55), (2.56), respectively, anfl,, Q1, Q2 and Q3 represent respectively the
influent glucose concentration (g/L) and the gaseous outflow ratds, O, and
CHa (g/L.h).

Note that if we intend to use the model for (dynamic) simulation, we still need
expressions for the specific growth rates. This can be done by choosing e.g. one
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Fin Fin+ FR FoGFinFw)

aerator settler
\Y Vg

FR

FiG. 2.11. Schematic view of an activated sludge process.

(or a combination) of the expressions presented in Section 2.2. The problem of
choosing appropriate expressions for specific growth rates and calibrating para-
meter values will be discussed in Chapters 3, 4 and 5.

2.3.2 Activated Sludge Process: The Basic Model

The activated sludge process is one other classical biological (but aerobic) waste-
water treatment process. It is usually operated in (at least) two sequential tanks (see
Figure 2.11): an aerator (in which the degradation of the pollutamikes place)
and a settler (which is used to separate biomagem the treated wastewater and
recycle it to the aerator).

The reaction in the aerator may be described by a simple microbial growth
reaction (see e.g. [108], [169]).

S+ S — X (2.68)

It is often assumed that the settler works perfectly, i.e. there is no biomass in the
overflow of the settler (characterised by the flow rBte(= Fi, — Fw)). The dy-
namics of the plant (aerator + settler) are then described by the following mass
balance equations:

ds -1 Fr+ Fin Fin

— = — X — ——S+ — 2.69

dt YSH v + v Sn ( )
dS -1 Fin Fr + Fin
— = —uX+—ih— — k — 2.70
dt Yo nX + v So.in v So + La(Sé) So) ( )
dX Fr Fr + Fin

— =uX+ —Xgp— ——X 2.71
dat uX + V; R v ( )
dX Fi F F F

R _ in+ Ry _ R+ WXR 2.72)

dt Vs Vs
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where XR is the concentration of the recycled biomass (g, Fr andFy are
the influent, recycle and waste flow rates (g/L.h), respectively\a@ehd Vs the
aerator and settler volumes (L), respectively.

2.3.3 Activated Sludge Process: The IWA Activated Sludge Model No. 1

Generally speaking, the simple aerobic microbial growth reaction (2.68) is not
the only one which takes place in an activated sludge process. The simple reac-
tion results in a rather simple dynamical model which may be convenient in many
instances, e.g. for control design. However, in other instances, e.g. for an exhaus-
tive process description, the dynamical model should include the influences of the
different reactions that are taking place in activated sludge processes. One of the
objectives of the Task Group that eventually produced the IWA Activated Sludge
Model No. 1 [120] was to gather these reactions (or at least the most important
ones) into one model framework. There are 13 important components and 8 impor-
tant reactions, which are carried out by two types of microorganisms: heterotrophs
(their carbon comes from an organic compound) and autotrophs (they require only
CO, to supply their carbon needs). Next to their growth (for the heterotrophs both
under aerobic and anoxic conditions) and decay reactions (reactions 1-5), 3 other
reactions take place: ammonification of soluble organic nitrogen (6), hydrolysis of
entrapped organics (7) and of entrapped organic nitrogen (8). These can be for-
malised into the following reaction network:

1. Aerobic growth of heterotroph&s + So + Sy\H — XB.H
Anoxic growth of heterotroph$s + Syo + SyH — XB H
Aerobic growth of autotroph$o + Syp — Xg. A+ Svo
Decay of heterotrophXpg 4 —> Xp + Xs+ XnD
Decay of autotrophsXg oA —> Xp + Xs+ XND
Ammonification of soluble organic nitrogeS8yp —> SvH
Hydrolysis of entrapped organics — Ss

8. Hydrolysis of entrapped organic nitrogefiyp — Sup
where Ss, So, SvH, SNo, Svp, XND, XB.H, XB.A, Xp, Xg are the readily
biodegradable substrate, the dissolved oxygen concentration, the soluble ammonia
nitrogen, the nitrate nitrogen, the soluble organic nitrogen, the particulate biodegrad-
able organic nitrogen, the heterotrophic bacteria, the autotrophic bacteria, the par-
ticulate products arising from biomass decay, and the slowly biodegradable sub-
strate, respectively.

The dynamics in a stirred tank reactor are given by the following mass balance

equations (with the yield coefficient nomenclature of the IWA Activated Sludge
Model No. 1):

ds 1 1
—— = ——M1XBH — o—M2XBH + p7+ DSsjn — DSs (2.73)
dt Yh Yh

No ok~ owd
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dX
d_ts =(1- fp)byXgH + (1 — fp)baXp A — p7+ DXsjn — DXs
(2.74)
dXg H
pra u1Xg.H + n2Xg,H — by Xg v + DX H,in — DXB H (2.75)
dX
% = u3Xg A —baXpa+ DXpg ain— DXg A (2.76)
dXp
rTal fpbr Xg,H + fPbaXe A+ DXpin — DXp (2.77)
0 _ 1-Yu . 457—Ya
Tl v, HXeH Vi MeXea
+kra(Sy — So) + DSoin — DSo (2.78)
dSvo 1—-Yy 1
= — X —u3X D in—D 2.79
T 2867, 2B H + vk B,A+ DSNoin Svo (2.79)
dSy . . . 1
dtH = —ixpu1XpH —ixBu2XpH — (ixg + Y—A)M3XB,A+ DS\H,in
— DSy (2.80)
dSyp
T = pg —KaSnpXB,H + DSyp.in — DSvp (2.81)
dX ) . . .
% = (ixg — fpixp)bp Xp,H + (ixe — frixp)baXp A — pg
+DXnp,in — DXND (2.82)
Xs/XB,H
7 = kn—"-——"—XB.H 2.83
“ Kx + Xs/ XB,H (2.83)
X
s

In the above equationgy andpg hold for the reaction rates of reaction 7(hydroly-

sis of entrapped organics) and 8 (hydrolysis of entrapped organic nitrogen). In the
IWA Activated Sludge Model No. 1, the model equations are summarised in a ta-
ble (see Table 21) which is very convenient in the sense that it clearly emphasises

1“S| and X are not involved in any conversion process. Nevertheless they are included because
they are important to the performance of the process”; “Inclusion of alkaliBity ) is not essential,
but its inclusion is desirable because it provides information whereby undue changes in pH can be
predicted” [120].
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the interaction and interconnections of the different process components within
the different process reactions. The adoption of a Petersen matrix [196] format
in which components, reaction kinetics and stoichiometry are clearly separated
has shown to be very fruitful. In the General Dynamical Model section (Section
2.4), we shall introduce another, yet very similar, compact form of mass balance
models (i.e. in a mathematical matrix form) which will be very convenient for
mathematical manipulations (e.g. for model reduction and monitoring design).

2.3.4 Two Step Nitrification

Nitrification is the biological oxidation of ammonium-nitrogen to nitrate-nitrogen.
Yet nitrification is known to be a two-step reaction (e.g. [5], [11], [286]):

S\H — X1+ SNo, (2.85)
SNo, —> X2+ Svog (2.86)

where SyH, Svo,, Snos, X1 and X hold respectively for ammonium-nitrogen
(N Hz—N), nitrite-nitrogen N O,— N), nitrate-nitrogenl Os— N), Nitrosomonas
bacteria andNitrobacterbacteria, respectively.

In the IWA Activated Sludge Model No. 1, nitrification is represented by only
one reaction: reaction 3 (aerobic growth of autotrophs, see previous section). In-
deed, the two sequential reactions (2.85)(2.86) of nitrification can be reduced to the
single reaction 3 if the reaction (2.85) is assumed to be slower than reaction (2.86).
In the model order reduction section (Section 2.9) we shall introduce a systematic
approach for reducing reaction systems with slow and fast reactions.

The dynamics of the two-step nitrification in a stirred tank reactor fed with
only ammonium containing wastewater are given by the following mass balance
equations:

dsy 1
N — —Zu1X1 + DSumin — DSun (2.87)
dt Y1
dsy 1
% — — = 12X2 4 Yau1X1 — DSvo, (2.88)
dt Yo
dSy
dt03 = Yap2X2 — DSno; (2.89)
dX
—dtl — u1X1 — DXy (2.90)
dX
d_t2 — usX2 — DX (2.91)

whereu; and > are the specific growth rates of reaction (2.85) and (2.86), re-
spectively,Y1 to Y4 are yield coefficients, an8y n.in the influent concentration of
SNH-
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2.3.5 Two Step Denitrification

Denitrification plays an important role not only in wastewater treatment (see re-
action 2 in the IWA Activated Sludge Model No. 1) but also in the production
of drinking water. As this is a multi-step process and some toxic intermediates are
formed, nitrite in particular, a process description involving nitrite is needed as one
desires its complete absence from drinking water. In wastewater treatment, impor-
tant cost savings can be obtained if one adheres to what has been termed “Nitrit
Verfahren” for nitrogen removal, i.e. partial nitrification to nitrite and denitrifica-
tion from nitrite to nitrogen gas [1],[5], [117].

For such processes the denitrification reaction scheme is also composed of two
sequential reactions:

Svo; +S— X+ Svo, (2.92)
SNo, + S —> X+ Np (2.93)

whereSy o, Sno,, S, N2 and X are nitrate N O3'), nitrite (NO; ), organic carbon,
nitrogen, and denitrifying bacteria, respectively. In the above reaction scheme, the
denitrifying bacteria are of the same type and are growing in a similar environment:
that’s why only one biomasX is considered in both reactions.

The dynamical mass balances in a stirred tank reactor are then equal to:

dS\ 1
% — _Z X + DSuoyin — DSuos (2.94)
dt Y1
d\ 1
A% _ 1 v VauiX - DSwo, (2.95)
dt Yo
ds 1 1
— = —— 1 X— —uxX+ DS, - DS 2.96
ot VX T e + DSn (2.96)
dX
oG = 1 X+ u2X — DX (2.97)
dN
d_tz = Yeu2X — DNz — Qn, (2.98)

whereur 1 andu, are the specific growth rates of reaction (2.92) and (2.93), respec-
tively, Y1 to Ye are yield coefficientsSy o,.in andSy, the influent concentration of
nitrate Sy o, and organic carbo8, andQ the gaseous nitrogen outflow rate.

2.4 General Dynamical Model of Stirred Tank Reactors

So far, we have formalised each biological wastewater treatment process example
by considering reaction networks. The notion of reaction scheme (as it is suggested
in the above examples) is a useful tool to derive the dynamical mass balance model
of the process: indeed, the dynamical model can be derived on the basis of the
reaction network and put in a matrix form that is now introduced in this section.
But before, let us draw the attention on the following points.



GENERAL DYNAMICAL MODEL OF STIRRED TANK REACTORS 43

e As suggested in the above examples, a reaction system (and in particular
a biological wastewater treatment process) can be viewed in the context of
mass balance modelling as a set\f(bio)chemical reactions involviniyl
components. The reactions most often encountered in bioprocesses are mi-
crobial growth (in which the biomass plays the role of an autocatalyst) and
enzyme catalysed reactions (in which the biomass can be viewed as a sim-
ple catalyst); but many other reactions can also take place, like microorgan-
ism death, maintenance,... The main components are microorganism popu-
lations, enzymes, substrates and products.

e The reaction schemes as introduced here do not represent a stoichiometric
relation between the process components, in contrast to the common prac-
tice in chemical kinetics. They are sometimes qualitative (in line with the
comments on yield coefficients of Section 2.2.2). Yet this approach is not
exclusive, and the user has the flexibility to explicitly include yield or stoi-
chiometric coefficients in the reaction scheme, if he feels this more conve-
nient.

e The reaction network is basically a tool for process description and model
derivation, and therefore does not need to be an exhaustive (i.ealvitte
reactions anall the components) description of the process. For instance,
side reactions and by-products may not appear in the reaction network if it
appears that their role is negligible in the process description, or even more
precisely, in the context of the considered study.

2.4.1 The General Dynamical Model

Let us now go back, for instance, to the denitrification example (2.94)-(2.98). The
model can be rewritten in the following matrix form:

SNo; SNo; v 01 DS\ 0s,in
d | N SNoy Y3 —v 0
| s |=-0| s [+]-2 I (’“§>+ DS
t X X 14 15 n2 0
No No 0 Ye 0
0
0
i (2.99)
0
Qn,

This suggests to rewrite the dynamical mass balance model in the following com-
pact matrix form:
d§

gt = DEFYP@ +F-QE) (2.100)
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where¢ is the vector of the bioprocess component concentrations £Jlim{),
Y is the yield coefficient matrix (din) = N x M), p(&) is the vector of reaction
rates (that may be function of the component concentragofém (o) = M), F
is the feed rate vector ar@ the vector of gaseous outflow rates that also may be
influenced by the component concentratigrisim(F) = dim(Q) = N).

The model (2.100) has been called theneral Dynamical Modéfor stirred
tank bioreactors (see [14]). The derivation of the dynamical mass balance model
from a reaction network is straightforward by noting that each compao)ermuf
the yield coefficient matrix

Y =[Yi] i=1toN, j=1to M (2.101)

is representative of tHé" component: it is negative if the component is a reactant,
it is positive if it is a product and it is equal to zero if the component does not
intervene in the reaction.

Note that the mass balance general dynamical model is composed of the two
terms that we have mentioned in the introduction and in section 2.2.1:

e transport dynamics-D& + F — Q(£),
e conversionYp (&)

As it has been pointed out in section 2.2.1, note finally that the General Dynamical
Model remains valid for processes with variable volumes via the addition of a
dynamical equation describing the volume dynamics.

2.4.2 Examples (Continued)
Let us see how the different process examples that we have previously presented
fit into the General Dynamical Model (2.100) framework.

Anaerobic digestion: The 4 population modeEquations (2.58) to (2.67) can
be rewritten in the matrix form (2.100) by considering the following vectors and
matrices (N = 4M = 10):

1 0 0 0
X1 L o0 0 o0
S Y1

X, 0o 1 0 0

S Yar ——v5 0 O

X3 0o o0 1 0
— Y = 2.102
§ S Yer Y2 O —% ( )

Xa 0 0 0 1

S Ys1 Ys2 O —?

?i Yor Yoo Yoz —v
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0 0

DSnh 0
0 0
0 0 01 m1Xy
0 0 02 m2X2

F=l o |- Q= o | r=|2|=|i53] @03

0 0 04 waXq
0 Q1
0 Q2
0 Qs

Activated sludge process: The basic modéhn interesting feature of the basic
model of activated sludge process is that due to its multi-tank characteristics (aera-
tor + settler), the dilution rate becomes a matrix. In the General Dynamical Model
(2.100) framework, the mass balance equations (2.69) to (2.72) become (N=4, M
=1):

s —%S DinSn
X 1 0
XR 0 0
D1 0 O 0
_ _ 1 0Dy O 0
p=uX, Q=0 D= 0 0 D; —Dy (2.105)
0 0 —D3 Dg4
with the following definitions foDj,,, D1, D2, D3, andDg:
Fin Fr Fin + FR Fr+ Fw
Din = —, D2 = —, D1 = Dj Dy, D3g= ———, Dg= ———
in v 2=yt in + D2, D3 Ve 4 Ve
(2.106)

Activated sludge process: The IWA Activated Sludge Model NoFar the IWA
Activated Sludge Model No. 1, the model equations are written in the General Dy-
namical Model (2.100) framework with the following definitions (N = 10,

M =8):
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SS I:)Ss,in
Xs 0
XB.H 0
XB.A 0
Xp 0
=] o |' "7 | psoin+kas -0 | (2.107)
Svo 0
SNH DS\ H,in
S\p 0
XND 0
- v 0 0 0 0 1 0
0 0 0 1-fpl—fp 0 -1 O
1 1 0 -1 0 0 0 O
0 0 1 0 -1 0 0 O
0 0 0 fp fp 0 0 O
Y = _1;YH 0 _4.5\7(—YA 0 O 0 0 0 (2.108)
H A
0 lesﬁYYm = 0 0 00 O
—IxB —IXB —IxA 0 0 1 0 O
0 0 0 0 0O -10 1
0 0 0 Ye Ye 0 0 -1
p1 11XB,H
02 12XB,H
03 13XB A
P4 by XB,H _
p= 2= ar | e=0 (2.109)
06 KaSupXB,H
07 PX7XB,H
08 Px8XB,H

with px7 and pxg the specific (i.e. peXg n units) hydrolysis rates of reactions
(6) and (7),Yg =ixp — fpixp, andixa=ixp + Y—lA-

Note the great similarity between the Petersen matrix of the IWA Activated
Sludge Model No. 1 and the matrix Y. The matrix is simply the transpos¢he
Petersen matrix where columns 1, 3 and 13 have been deleted (see footnote of
Section 2.3.3).

Two step nitrification. In the nitrification example, the different terms of (2.100)
are defined as follows (N =% = 2):

2Indeed the rows correspond to the reactions in the IWA Activated Sludge Model No. 1, and to the
process components in the matrix Y of the General Dynamical Model (2.100). Conversely, the columns
correspond to the process components in the matrix Y of the General Dynamical Model (2.100), and to
the reactions in the IWA Activated Sludge Model No. 1.
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1

S\H -v; O DS\H.in
SNo, ﬁ—% 0
t=|So |.Y=| 0 v, | F= 0 (2.110)
X1 1 0 0
X2 0 1 0
o1 n1Xy
_(m>_<MXJ’Q_O (2.111)

Two step denitrification. In the denitrification example, the different terms of
(2.100) are defined as follows:

SN0, -v; O DSvosin 0
Svo, Y3 —v 0 0
e=| s |, v= _%_é ,F=| bs. |.0=]| o
X 1t q 0 0
N> 0 Ve 0 QNz
p1 n1X
~(2)=() e

2.5 Multi Tank and Non Completely Mixed Reactors

In the preceding sections, we have considered the mass balances in tanks where the
medium is homogeneous. However in many practical situations, this is not the case
due to a lack of sufficient mixing: this is typically the situation of large-scale reac-
tors, for which it is almost impossible to provide proper stirring to homogenise the
reactor medium. However, the non complete mixing may also be deliberate; there
is even a trend for increased use of processes which intrinsically are characterised
by non homogeneous conditions. Typical examples are fixed bed and fluidised bed
reactors, in which the (auto)catalysts are either fixed on some support, or main-
tained in suspension in the tank. Another obvious example is the settler which is
used to separate biomass from the treated wastewater. Finally, plug flow reactors
are also characterised by non-perfect mixing conditions resulting in (deliberate)
concentration profiles along the length of the reactor.

Well-known from engineering text books is the simplest way to model non homo-
geneous tanks by considering them as a sequence of reactors. More fundamentally,
the dynamics of fixed bed or fluidised bed reactors and settlers can be derived by
considering mass balances in small (“infinitesimal”) volumes: this will result in
partial differential equation (PDE) models, i.e. models in which the state variables
(the process components) do not only depend on time but also on the position in
the tank; these models also most often include partial derivatives of the state vari-
ables with respect to time and space. The finite difference of fixed bed reactor or
settler PDE models will result in sequential reactor models: this clearly emphasises
the relation between both types of models. In the following, we shall first consider
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in | Fim Fin

FIG. 2.12. Two squential tanks.

the sequential reactor model, then the PDE models for fixed bed reactors (with and
without axial and radial dispersion), fluidised bed reactors, and settlers.

2.5.1 Sequential Reactors

Let us first consider two sequential stirred tank reactors (Figure 2.12) of volumes
V1 andVa, respectively, and in which a simple microbial growth reacon— X

takes place. Let us denote each tank by an index il for thefirst tank, and 2

for the second. The mass balance for the substrate concentgtidyoth tanks is
written as follows:

gt T v on Ty LTy (2.113)
dS Fin Fin 1

— =g Tg_ — /X 2.114
dt Vo S Vo = yHen2 ( )

Similarly for the biomass, the mass balance in both tanks gives rise to the
following set of differential equations:

d X1 Fin

— = ——X X 2.115
It Vi 1+ p1Xe ( )
dXZ I:in I:in

— = —X1— —X X 2.116
It v Ty, 2+ u2Xz ( )

in which y; is a function of the variables in tankii£€ 1 or 2),e.g. of § and X,

for u1, and of S and X, for u2. An important feature of the substrate concentra-

tion equations is that the influent substrate concentration in tank 2 is the effluent

substrate concentration from tank 1. The same remark holds for the biomass.
The generalisation tdl (> 2) sequential reactors is then straigthforward. For

instance, the mass balance of the substrate concentratNrSifiRs is written as

follows:

d& Fin Fin 1
W = T13n - Tlsl - V,lexl (2-117)
ds Fin Fin 1
——— =—5—-—S - —uX 2.118
AT v S yHeXe ( )
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dSy _E Fin

1
. 11— —Sy— —unX 2.119
Tt VNSN 1 VNSN 7N XN ( )
For the biomass, it is equal to:

Xm I:in

— =—-——X X 2.120
It VA 1+ m1Xy ( )
dXZ I:in Fin

— = —X71——X X

at VA 1 Vs 2+ U2X2

: (2.121)

dXn Fin Fin

—— = —Xno1— —X X 2.122
T v N1y N+ N XN ( )

The General Dynamical Model (2.100) formalism is still valid. Indeed, if for in-
stance we choose to group the components by tank, i.e. if we define the component
concentration vectay as follows:

ET=(SIX1 S X2+ Su Xn) (2.123)

the above mass balance equations can be written in the General Dynamical Model
(2.100) framework by considering the following definitions:
1

-fo0---0
1 0 ---0
0 -i...0
y=10 1--0 (2.124)
0O ... 0 _%
o ... 0 1
w 0 00 0 00
0 % 00 0 0 O
Fin Fin
o (g. TzFQ 0 0 O
D= 0 —-¢ 0 ¢ 0 0O (2.125)
0 0 0= 0 {0
0O 0 O 0 —g2 0o
n1X1 DSn
n2X2 0
o = _ CF=| |, 0=0 (2.126)
UNXN 0
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FiG. 2.13. Two inerconnected tanks.

A first difference between the single tank model and the multi-tank one is, as it was
already mentioned in the basic activated sludge model, that now the dilution rate is
a matrix. A second difference is the increase of the dimension of the reaction rate
p, and in consequence, of the yield coefficient ma¥fixNote finally the above
matrix presentation is arbitrary: we could also have chosen to write the \zeloyor
grouping the terms by component, i.e. the first rows3@nd the remaining ones
for X (yet the General Dynamical Model (2.100) formalism works!)(see also [56]
for further details on multi-tank bioreactor models).

Let us end this section by the model of two interconnected CSTRs (Figure
2.13). Note that if the volume¥; andV, are constant, thefoy; = Fin and F»
= F1 — Fin. If we consider as before a simple microbial growth reaction in both
tanks, the mass balance of the substrate concentration is then equal to:

dSl Fm Fm 1 1
_ — X 2.127
T Sn —9 1S_L VLRS! ( )
LIS Fl F 1
== - =% — —uX 2.128
at stl VZSZ L2 ( )

The use of interconnected CSTR equations like (2.127)(2.128) is often considered
to simulate the lack of medium homogeneity, e.g. due to insufficient stirring in
reactors.

2.5.2 Fixed Bed Reactor: The Basic Mass Balance Model

Let us consider an example of a non completely mixed reactor: the fixed bed reac-
tor, i.e. a tank in which the (auto)catalysts &iredon some (solid) support and in
which the reactants (in the liquid phase) are flowing through and are transformed
when in contact with the (fixed) (auto)catalysts. Recently, a number of such reactor
systems have been developed as they are capable of maintaining high autocatalyst
concentrations and, hence, can sustain a high volumetric loading rate. Examples
are submerged trickling filters for denitrification.

There is no specific stirring mechanism, and generally speaking, the reactor
is not in completely mixed conditions anymore. Therefore in terms of (dynamic)
modelling, the approach has to be modified: the mass balance has to be computed
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I

dz

"

FiG. 2.14. Schematic view of a fixed bed reactor.

on a thin section dz of the reactor (and not anymore on the whole volume of the
reactor) (see Figure 2.14).

Let us first concentrate on the dynamical model derivation for fixed bed reac-
tors with axial dispersion, and for which radial dispersion is negligible. Assume
that the dispersion phenomenon obeys Fick’s diffusion law which expresses that
the perpendicular flux of particlesthrough a unit surface is proportional to the
gradient of concentration at the surface according to the following equation:

. aC

j = 92 (2.129)
where D is a diffusion coefficient and is the direction of the fluxj. Indeed
the “microscopic” phenomenon of diffusion has been by analogy extended to the
“macroscopic” reactor situation, and the terminology “dispersion” is more often
used than “diffusion” in fixed bed or fluidised bed reactor modelling. Let us note
Dma (m?.s~1) the axial mass dispersion coefficient.

For simplicity, we also consider that the reactor is tubular; this implies in par-
ticular that the cross-section of the reactor is constant (equal(to?)). Further-
more this section is the sum of the section occupied by the (auto)catalysts (i.e. a
“solid” section, As (m?)) and of the section left free for the flow of (liquid) reac-
tants and productsd. (m?) (A = As+ AL).

The reactions are assumed to be autocatalytic and to take place salithe
catalytic support. Let us further assume that the mass transfer dynamics between
the solid and liquid phases are negligible (This assumption may be formally justi-
fied by considering guasi steady state approximatiomg. [85], see also Section
2.9)
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In order to explicit the model derivation, let us begin with the mass balance on
the thin section dz of a component of concentratiork@ri—3) which intervenes
in one reaction characterised by a reaction rafleg.m=3.s~1) (since the reaction
takes place on theolid support, the dimension of the reaction is mass per time unit
persolidvolume (i.e.Asd2):

lALdzC) = FinC —Fin(C + 5%d2)
time variation inflow outflow
of the mass of C at position z at positia + dz
—DmaALda—(Z: —(= DmaAL%[C + %—gdz])
diffusion diffusion
at position z at positio z + dz

+Asdz p(z,t)
reaction rate
between z athz + dz

whereFi, is the influent flow rater®.s1). If one divides both sides bg_dzand
defines the void fraction and the fluid superficial velocity (m.s~1):

AL Fin
=—, U= — 2.130
‘TA AL (2.130)
the above equation can be reduced to the following expression:
aC aC 3?C 1-¢
— =—-U—+Dma—5 + —r(z, t 2.131
at Ugz 1 Pmage + =@ ( )

Note that the above development assumes a constant cross-sectional area A and
constant individual term#é and As.

2.5.3 General Dynamical Model of Fixed and Fluidised Bed Reactors

Fixed Bed Reactors with Axial DispersionLet us now generalise the model for
fixed bed reactors with N components involved in M reactions [73]. Let us first
assume that among the N process compon@htsare microorganisms entrapped
or fixed on some support and, hence, remain within the reactorNanather
reactants (essentially substrates and products) flow through the reactor. In addition,
let us define two associated component vectofsandx |, respectively.

From mass balance considerations on a section dz, we can deduce the follow-
ing General Dynamical Model for fixed bed reactors with axial dispersion

0X¥i

e = Yti p(Xfi, Xf1) (2.132)
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0XFl OX§ 32Xf| 1—¢
Py D L 2Ty p(xii 2.133
ot a7 T Dmam o+ ——Yn pxsixe) ( )

wherep (xti, X|) is the reaction rate vectokg.m—3.s71):

o (X0, X£1) = [p1(Xti, X£1), p2(Xf0, X£1), ooer OM(X£7, X£1)] (2.134)

andY;; andYs are the yield coefficient matrices.

Remark: Note that, as in the completely mixed reactors, the above matrix formu-
lation emphasises the presence of two terms in the process dynamics:

o conversionYs; p(Xfi, X)) and=E Yy p(xti, Xf1);

2

e transport dynamics—u% + Dma%.

Boundary conditions have still to be added to complete the model. Because
of the presence of the second order derivative with respect to z, two boundary
conditions are required: typically, one at the reactor irdet=(0) and one at the
outlet Z = L). Although they are the object of criticism in some instances (e.g.
[85]), the most largely used boundary conditions are those of Danckwerts [63]:

d
Dma E))(zﬂ = —Uu(Xin — Xf|)at z=0 (2.135)
d
o 0 atz=L (2.136)
0z

with X the influent value oks .

Example: biochemical reactor with a growth reaction and a death/detach-
ment reaction

Let us now consider a fixed bed reactor with a growth reaction and a death/detach-
ment reaction:

growth: S — X+ P (2.137)
death: X — X4 (2.138)

If we assume that the non-active microorganisms detach and leave the bioreactor,
the dynamics of the bioprocess (2.137)(2.138) will be described by the following
equations:

ax
aS 39S 92S 1—€1

— = —u— — —uX 2.140
ot oz T Pmagz — Tyt (2.140)
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oP P PP 1—¢
U 4 Dpa—— + —YpuX 2.141
gt~ Uz T Pmagz T YRR (2.141)
Xy 0 Xy Xy l—e¢
— — = —U—— + Dpg—— bX 2.142
at Umz TPmagz * ( )
0S(0, t)
z=0: Dma 57 =_U(Sn(t)_8(ovt)
oP(0,t
Dma ( ) = UP(O, t)
0z
0X4(0,t
Dma%) = uXq(0,1t) (2.143)
L P(L Xq(L
S . 9SL.Y _9PL. Y _ aXe(L,h) _ (2.144)
0z 0z 0z

The above equations can be rewritten in the formalism of equations (2.132)(2.133)
(2.135)(2.136) by considering the following definitions:

S
Xfi =X, Xfy=| P (2.145)
Xd

o = (S) o= ()= (1) 2129

1
~Lo
Y
Yi=(1-1). Yr = ( Ye o) (2.147)
01

Extension 1: Plug Flow Reactor.The dynamical model of the fixed bed reactor

in absence of dispersion, i.e. of the plug flow reactor, is readily obtained from the
equations (2.132)(2.133)(2.135) by simply setting the dispersion coeffibigat

to zero Oma = 0). Since there is then only a first order derivative of the state
variablex ;| with respect to the space variatdgonly the boundary condition at
the reactor inputd = 0) (2.135) is kept, and the boundary condition at the reactor
output (2.136) is dropped. The model equations are then:

OX¥i
T Yti p(Xfi, Xf1) (2.148)
0Xf) 0X+] 1—¢€
=—u Y Xfi, X 2.149
ot 57 + fI o(Xfi, Xf1) ( )
Xfl = Xin atz=0 (2.150)

The frequent description of an activated sludge plant as a plug flow system is
just a special case of the above in which no fixed biomass is present and hence
equation(2.148) vanishes.
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Extension 2: Gas phase.Assume that one product gives off in the gaseous phase,
as in high rate fixed film anaerobic digeste®&dy, C Hy) [67] or denitrification
reactors N2) [102], [131]; or that the fixed bed reactor is aerated for aerobic car-
bon removal [172] or nitrification [283]. Note that the very widespread trickling
filter also has to be described as a three phase fixed bed reactor [224]. The equa-
tions for fixed bed systems (2.132)-(2.136) will be modified by introducing the
gaseous flow rate vect@ (kg.s~1). By introducing similar arguments as in equa-

tion (2.131), a new term, the derivative Qfwith respect to z, is introduced in the
model formulation:

0XFj

7‘ = Yti p(Xti, Xf1) (2.151)
0Xf) IX+] 82Xf| 1—¢ 1

—— = —U—— + Dn —Y Xfi, X ———2152
o 57 T Dma——o + fI p(Xfi, Xf1) ( )

with the same boundary conditions (2.135)(2.136) as above. Note that the sec-
tion A is now the sum of three sections, the solid, liquid and gaseous sections:
A = As+ AL + Ag. In the above model formulation, it has been implicitly
assumed that the sectidgks is negligible with respect té\s and A_ . If this as-
sumption is not correct, as in trickling filters, then the tgfin- ¢) /e should be
replaced byAs/A..

Note that the above model extension to gas production is only valid if the
dynamics between the liquid and gas phases are fast enough to be considered as
being negligible, i.e. the gas and liquid phases are assumed to be in equilibrium.

As a matter of illustration, assume that in the bioreactor example (2.137)
(2.138), the product P gives off in the gaseous phase. Then the model is completed
with the following gaseous flow rate vector:

0
Q= (QP) (2.153)
0

whereQp is the gaseous flow rate of the product P.

Extension 3: Radial Dispersion.Here again the extension (e.g. [85], [145]) is
straightforward if one introduces a new spatial variable, the radial coordinate r
in case of a tubular reactor. The model is readily obtained by using arguments
similar to those used for the derivation of equations (2.132)(2.133)(2.135)(2.136):
it results in an addition of a radial dispersion term and of two boundary conditions
(atr = 0 andr = R, with R the radius of the reactor, see Figure 2.15). In the
presence of radial dispersion, the two-phase model (2.132)(2.133)(2.135)(2.136)
(i.e. without the gas phase) becomes:
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FIG. 2.15. Schematic view of a fixed bed reactor with radial dispersion.

OXfi
Tﬂ = Yti p(Xti, Xf1) (2.154)
0Xf| 0Xf] 32Xf| 10 0Xy
RGALLI il AR » Wpakan Ak AL
ot Uz T Pmagz + Dmrpgr57)
l—c¢
+TYfI P (Xfi, Xf1) (2.155)
aX
Dma—_+ = ~U(Xin = X11) atz=0 (2.156)
aX
Mo atz=L (2.157)
0z
aX
Zh_o atr =0 (2.158)
ar
X
= =0 atr =R (2.1509)

whereDm, (m?.s71) is the radial mass dispersion coefficient.

Extension 4: Fluidised Bed ReactorsFluidised bed technology as many others
stems from chemical engineering technology, and has its roots in solid bed reactors
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Fixed bed Fluidised bed

FiG. 2.16. Fixed bedersus fluidised bed.

[177]. In fluidised bed reactors, the solid (catalytic) particles are “fluidised” by the
stream of liquid (most common) or gas [54] [249] from below the reactor as the
upflow velocity increases. Figure 2.16 illustrates the difference between a fixed (or
“packed”) bed reactor and a fluidised bed. If the fluid velocity is low, the particles
are packed at the bottom of the reactor: the reactor behaves like a fixed bed reactor
since the solid particles do not move upwards. For larger values of the fluid or
gas velocity, the solid particles will be “pushed” upwards and may be maintained
in suspension for appropriate hydrodynamical conditions, i.e. an expanded bed is
formed.

The oldest application of fluidisation [227] in biotechnology is in the area of
nitrification and denitrification of wastewater and drinking water treatment [243]
[84]. Another important application area of biofluidisation is in the field of anaer-
obic digestion with the very widespread use of the UASB (Upflow Anaerobic
Sludge Bed) reactors [67] [82].

The dynamical modelling of fluidised bed reactors requires even more attention
and care. In terms of dynamical modelling, the basic difference between fixed bed
and fluidised bed reactors is that in the latter, the solid phase (basically the catalyst
on its support) is not fixed but is composed of particles in suspension in the reactor.
A major implication is that now, generally speaking, the void fractiarannot be
considered as being constant, especially during expansion and contraction of the
bed.

At this point there are two possible options.

1. Either to consider that the transient phase during bed expansion and con-
traction is very fast and to neglect its dynamics. Then the void fraetion
steady state can be deduced by considering the (heuristic but largely used)
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Richardson and Zaki's law [216]:
e = (203 (2.160)
Ur
whereug is the fluid superficial velocity in the absence of solid partidles,

is the terminal settling velocity of the particles am@s the expansion index
(which typically depends on the type of particles and medium).

. Or to consider the dynamics of the bed expansion and contraction. Then

extra equations are required. Typically the mass balances equations (also
sometimes called theontinuity equationgfor instance, (2.132)(2.133) or
(2.148)(2.149)) are completed with momentum equations [89]. In the plug
flow case, these are written as follows for the liquid and particle phases,
respectively:

~ 2 letpL+2puD) —€ pL g~
azépL 5PL €poL9 i

d 0 1
psg (1 —eusl = ——[(1—e)(Ps+ EPLUZ)] —(1-e)psg+Fi

8[U]—
pLleul =

wherepL, ps, PL, Ps, 9, Fi andus are the liquid phase and particle phase
densities kg.m~3), the liquid and particle pressuresl m=2), the grav-

ity constant (n.s=2), the liquid-particle interaction force per unit volume
(N.m~3) and the particles’ velocity in the reactan& 1), respectively.
Moreover the Richardson and Zaki's equation has to be modified to account
for the transient of the solid particles (e.g. [199]:

U—uge = Ure"?t (2.161)

The choice of appropriate expressions f§r p. and ps is still a matter

of discussion in the scientific literature. As a matter of illustration, the fol-
lowing expressions are recommended e.g. in Foscolo and Gibilaro [89], and
Jean and Fan [132] fd¥;, p. and ps:

Up—Uu .
F=1—epLg+1—e)ps— pL>g<°U—TS)4Tge*“~8 (2.162)

ps =0, epL = —(epL + (L — €)ps)9z (2.163)

Another important equation is the volume balance at any position in the
reactor:
€U+ (1—€)us=Ug (2.164)

Because of the much lower complexity of the model, the first option is very

often considered in many applications.

An example of dynamical model of an anaerobic digestion process in a flu-

idised bed reactor is given in Bonredtal. [30].
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2.5.4 Settlers

Solid flux theory basic model.In Section 2.5.2, we have considered that the dy-
namics of the settler (Figure 2.17) are often described by those of a CSTR. Largely
because the model neglects sedimentation effects, the CSTR assumption is more
and more an object of criticism in the scientific community, and alternative models
are presently recommended. Let us first recall that the main functions of secondary
settlers in wastewater treatment plants are double:

1. clarification, i.e. separation of the biomass from the treated wastewater in
order to produce a solid-free effluent;

2. thickening of the biomass at the bottom of the settler to be recycled back
into the aerator.

In some cases the settler is also considered for more advanced use, i.e.

1. sludge storage i.e. in the bottom part of the settler sludge is stored for
subsequent use under high waste load conditions;

2. the settler as a reactorwhere additional aerobic conversions can occur or
where denitrification may take place [230] (with the danger of formation of
nitrogen gas bubbles and rising sludge problems [119]).

Hence, to be able to evaluate the functioning of the settler under dynamic con-
ditions, models must be able to describe these different aspects in more or less
detail [83].

The alternative models are usually based on (or at least refer to) mass balances
(here again, the terminology “continuity equation” is largely used) and on the Solid
Flux Theory [69]. The mass balance is computed not anymore on the whole tank
but on a small section dz (see Figure 2.17). If we recall the mass balance consid-
erations of Section 2.5.2, the dynamical model in its simplest form (e.g. [170]) is
written as follows:

X _ _9R (2.165)
ot T oz
X(z=H,1) = Xg(t) (2.166)

where F is the biomass solid fluxkg.m=2.n~1]) at depthz of the settler
(z € [0, H], where 0 andH correspond to the top and bottom of the settler, re-
spectively). The flux is basically due to two phenomena: sedimenta&itiifg
due to gravity, and “bulk” flow due to sludge withdrawal at the bottom. Note that,
in the above equation (2.165), only convecti@i(/dz) is considered.

The total fluxF (t, z) can be expressed as follows:

Fi(z,t) = vX +uX (2.167)

wherev is the settling velocity, and is the bulk velocity, i.e. the velocity of the
recycled biomass mixed liquor due to underflow pumping. Wigimply the ratio
of the flow rateFr + F,, over the settler sectioAse:
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FIG. 2.17. Schematic view of a secondary settler.

FR + Fw
U= ——— 2.168
Ace ( )
and if we denote:
vX = f(X) (2.169)

then the mass balance equations (2.165)(2.166) are rewritten as follows:

9X  Fr+Fy 9f(X) 80X _Fr+Fud
X _ (PRt X)X xFrREFudfe 5 170)
at Ace aX oz AZ,

X(H. 1) = Xg(t) 2.171)

There exists in the literature a number of different models for the settling velocity

v, e.g.;
¢ Vesilind exponential model:

v=v0e X, 1p,a>0 (2.172)

e Power law:
v=nX"?2 na>0 (2.173)
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FIG. 2.18. Settling velocity: Takacs model.

¢ Inverse power law:

a
V= m, n, a, b>0
e Takacs model (“generalised Vesilind model”) [245]:
v=1 ifv < vmax
= Vmax ifl)/ > Vmax

with \)/ — VO(e*rh(X*xmin) _ efrp(X—Xmin)),

Vo, Xmin >0, rp >r1h >0

61

(2.174)

(2.175)
(2.176)

(2.177)

with vax the maximum attainable settling velocidmi, the minimum at-
tainable suspended solids concentration, gnandr  the settling charac-
teristics of the hindered settling zone and of the low solids concentration,
respectively. The model is graphically represented in Figure 2.18. Note that
with that model, the maximum attainable settling velocifyy is generally
speaking different from (lower than) the maximumdfwhich is reached

for a value ofX equal to:

X = Xmin +

1 r
In (—p>
'p—"Th I'h

e—aX
V=1 X vg,a>0

e Cho model [59]

(2.178)

(2.179)
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Remark: the model (2.170)(2.171) only considers one spatial coordinate: this
means that we have implicitly assumed that the settler dynamics are uniform at
each section dz. More complicated models can also be derived when this assump-
tion is not fulfilled in practice, with 2 or 3 (for non-circular section settlers) space
coordinates (see for instance [244]): this type of model also includes momentum
conservation equations.

Steady-state curves of the settler modéefore going further, let us see what is

the relative importance of the settling term and of the “bulk” flow term, at least in
steady state. Figure 2.19 exhibits some curves, in steady state, of solid Huxes
as a function of the biomass for the Vesilind model (2.172) and with the bulk
velocity u as an operational parameter. It shows that for a given valuge tife
recycled biomass concentratidtk is uniquely determined by the solid flux estab-
lished in the settler. Indeed the minimum solid flEX represents the maximum

rate of solids transferred through the liquid/solid interface for a given settler geo-
metry and sludge settling behaviour. Excess solids which cannot be transferred to
the bottom accumulate above the interface. On the other hand, in steady state, the
underflow solids concentration is not a dynamic variable but depends on the limit-
ing flux and available mass above the interface. If the settler is critically loaded, the
total limiting flux through the thickening zone, i.AseF* is equal to the underflow
withdrawal, i.e.(Fr + Fw) XRg:

AseF* = (FrR + Fw) XRr (2.180)
This gives the value of the recycled biomass:
AseF*
== 2.181
R Fr+Fw ( )
For the Vesilind modely tends to zero iX tends to infinity:
lim v=20 (2.182)

X—>o00

This implies that the solid flu¥; tends tou X for large values oX. Therefore the
value of Xg can be graphically (Figure 2.19) determined from the intersection of
F* andu X (which is the asymptote df for X tending to infinity).

Limitations of the solid flux theory basic modelThe major drawback of the Solid
Flux Theory basic model (2.165)(2.166) is its inability to emphasise concentration
gradients at least in steady state. Indeed in steady %éte: Q) for settlers with
constant section, we have: dF

47 = 0 (2.183)
i.e., since all the proposed models for the settling velociye only functions of
the sludge concentratiox:
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FiG. 2.19. Solid flux vs biomass concentration.

dv dX
u X—)—=0 2.184
U+v+ X dz ( )
There are therefore a priori (mathematically) two possible steady state solutions of

(2.183) [75], [205]:

Du+v+X&E =0 (2.185)
2) X =0 (2.186)

Generally speaking, the first steady state has to be rejected, because it implies that:

v=—-u+ K%, K constant (2.187)
e.g. thatv is a function ofu in steady state. This also imposes one model structure
for the dependence of the settling velocityvith respect to the sludge concentra-
tion X and the superficial fluid velocity. v will even be negative for sufficiently
large values oX (> u/K).
Therefore we end up with one possible steady state,

dX

2 _0

dz
which means that there is no spatial profile in steady state, in major contradiction
with the experimental evidence (as illustrated in Figure 2.21 here below).

To circumvent the difficulty, different modifications have been proposed to the
mass balance model. The most popular and most successful presently is the model

(2.188)
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proposed by e.g. [278],[245]. The model is based on two important assumptions:
the first one is to consider a layered settler model (Figure 2.20), which can be
viewed as a finite difference approximation of the space derivative in the mass
balance model; the second one is a limitation of flux from one layer to another
(“The mass flux into a layer cannot exceed the mass flux the volume is capable of
passing, nor can it exceed the mass flux which the volume immediately below it is
capable of passing”).

The gap between the layered model and its assumed original model, the Solid
Flux Theory based mass balance equations (2.165)(2.166)(2.167), with only a con-
vection term @), is indeed quite large. It is well known (e.g. [93], [73] and
also Section 2.9.5) that a large number of “layers” (typically larger than 100)
are necessary to obtain a satisfactory approximation of hyperbolic systems like
(2.165)(2.166)(2.167) or plug flow reactor models (2.149)(2.150) that basically
behave like delay systems (see also section 2.10), while a lower number of “lay-
ers” are necessary for approximating correctly parabolic systems with second or-
der derivatives like the modified settler model (2.190) here below or the axial dis-
persion model (2.133)(2.135)(2.136). In practice, a limited number of layers are
usually considered in the application of the layered model. This, combined with
the flux limitation, contributes to make the layered model closer to a model with
the second order derivatives (as proposed in the modified version of the settler
model). Strangely, the bad level of approximation of the original model (i.e. a
selection of not enough layers for a good approximation) results to a simulation
model that tends to mimic and therefore behaves closer to a model that is able to
emphasize the spatial gradient in settlers. This probably explains at least partially
the popularity of the layered models in numerical simulation applications. We see
therefore that the original model has been approximated in order to obtain a model
that behaves more closely to the physical reality, but the connection of the resulting
model with the original model is difficult to see. This renders even more difficult
the interpretation of the resulting model with respect to the physical phenomenon
that it is supposed to describe. It further motivates to go back to the basic physical
phenomena to build physically sound models.

As we have just said, although the model proves quite successful in applica-
tions, the physical basis of the model is questionable. As clearly shown by Jepps-
son ([133], there is no rigourous connection between the layered settler model and
the “convection-type” Kynch theory derived model. The main problem is that the
flux limitation should be inherently connected to the mass balance, and not intro-
duced in the lumped model after the approximation procedure. In other words, the
guestion could be formulated as follows: is it possible to derive the mass balance
model such that a limitation of flux is implicitly included (i.e. a consequence of
the structure of the physical model)?

A possiblesolution to the above question and to that of the presence of spatial
gradient in settlers is indeed to introduce a second order derivative term with re-
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FiG. 2.20. Layered settler scheme.

spect toz in the mass balance model. A possible interpretation of such a term is
that it represents diffusion following Fick’s law. This type of term is largely used
e.g. in chemical engineering to emphasise non perfect plug flow hydrodynamics
and the presence of “back-mixing” effects in reactors like fixed-bed reactors. In
such a case, the flux is written as follows:

axX

F=uX+vX—Da— (2.189)
and the mass balance model becomes:
X axX  A(wX 32X
X _ 390X X (2.190)
ot 0z 9z 922

Let us now explain why this is a possible solution to introduce a spatial gradient
in the settler model. In order to keep the line of reasoning as simple as possible, let
us assume that the settling velocitys constant (this assumption is only needed
for this purpose, and this does not mean that we imposebe constant in the
settler model).

Let us then calculate the steady state solution (i.e. V\%iiara: 0) of the PDE
equation with the second order derivative term. The above assumption (constant
v) allows us to have an analytical solution of the steady state (it is indeed its main
merit). In steady state, the mass balance equation then becomes:

d2x
dz

Let us consider here the following boundary conditiéns

Da——b — (U+ ")?Tl( =0 (2.191)

3These have been chosen in accordance with the physical reality, but will not be very useful in
practice for simulating the model, because it requires the values of the sludge concentrations at the
settler’s input and output.
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FiG. 2.21. Identification of model (2.193) with experimental data.

X(z=H)=Xgr, X(z=0) = X (2.192)

where Xg and X; are the sludge concentrations at the output and at the input of
the settler, respectively. Then the analytical solution has the following form:

1 utv, uty gy utv,
X(2) = —— g [(Xi(ePa” —ePa ™) — Xp(ePa® —1)] (2.193)

1—eDa
Note that the above steady state expressiod depends explicitly on the spatial

z (e%Z) in accordance with the experimental evidence (accumulation of sludge
from the top to the bottom of the settler). This is illustrated on one typical steady
state data set (from a cylindrical laboratory settler from the CEIT (San Sebastian,
Spain) [253]): Figure 2.21 presents the results of the identification of the model
equation (2.193) via a Levenberg-Marquardt identification routine compared to
the data. The identification procedure gives the following value to the parameter:

u+v
a

It is worth noting that the above suggested approach is in line with a number of
recent works in the area. A similar model with a dispersion term is also considered
in [109]. The report of Vanrollegherat al. [260] is dealing with the parameter
identification of such a model. And another approach which results in a model
which has some similarities is considered by Cacossa and Vaccari [46]. In their
paper, the authors consider the following settling velocity expression:

= 0.0772 (2.194)

v=vp(l———) (2.195)

wherevy, andK are the maximum settling velocity and the compressibility func-
tion, respectively. Then the dynamical model of the settler is written as follows:
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X X X vm 09X Vm ., 82X
=—U—— — U= + ()P X
K 0z

- = 2.1
ot 0z 0z K "0z (2.196)

Here again a second order derivative term with respezhtms been introduced in
the model.

The settler model equation (2.190) has only been considered to draw attention
to the fact that with a second order derivative term with respect to z, a gradient in
the sludge concentration can be emphasised. This is its prime advantage, but we
do not suggest modelling settler dynamics using this format for, because it has at
least two drawbacks to be feasible in more general practical situations.

1. The settling dynamics with respect ¥oare linear ¢ is constant): all the
models proposed in the literature are nonlinear.

2. The boundary conditions are not very convenient, at least for numerical sim-
ulation (indeed the values of the concentrations at both inputs and outputs
of the settler are needed to solve the equations, while the objective should
be to be able to predict one (and also the distribution inside the settler) from
the other). That's why we suggest to use, in line with those used for non
completely mixed reactors (see Section 1.5.2), the following boundary con-
ditions:

oX
X(z:O):Xi,E(z=H)=O (2.197)

A clarifier/sedimentation model.By using the arguments considered above, we
can derive a model that combines the clarification and sedimentation aspects in the
settler. The model derivation is based on Figure 2.22. It is also a one-dimensional
model with respect to space. An important question is that of the boundary con-
ditions at the inlet. Because the model considers only one dimension (vertical),
the interface corresponding to the inlet can be considered as homogeneous. If we
denote byX; and X, the sludge concentration in the settler and in the clarifier,
respectively, the mass balance equations for clarifiers/settlers with constant cross
sections are written as follows:

e Settler
X1 FrR+ Fw X1  9a(wiX1) 92X1
M TRTTWIAL D 2.198
ot Ase 0Z 0z AR ( )
aX
8_21 —0 forz= Hi (2.199)
aX Fr+ F
D28 TREW o Xi)—wXi +mXs forz=0 (2.200)
0z Ase
e Clarifier
0 X2 . Fin — Fw 0 X2 d(v2X2) , 82)(2

—-n e te e _pl—-=f 2.201
at Ase 0z 9z a 522 ( )
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FiG. 2.22. Clarifier/settler scheme.

X2

0 = 0 for z = Hy (2.202)
X2 Fin—F

D2 = TN Wy, X)) — i Xi + 12Xz forz=0 (2.203)
0z Ase

In line with other works [154], [281], we have introduced the flexibility of the
potential existence of different dispersion coefficients for the clarifier and for the
settler.

Determination of the sludge blanket heighiThere is still an important variable:
the sludge blanket heiglht,. The easiest way is to calculate it as the location
where the concentratioX becomes larger than a certain threshold value when
starting from the top of the settler. One possible alternative to determine it has
been proposed by Stehfest [241]. It is based on the following line of reasoning (the
technical mathematical details are extensively discussed in [241]). Let us consider
the mass balance equation (2.165) around the interface liquid/solid, and integrate
it with respect to the spatial coordinatéwith z; andz, (unknown) on each side
of hp):

d

7
—f Xdz= F(X(z)) — F(X(za)) (2.204)
dt J,,
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If the concentrationX_ and X, are the values oK for z — hp from below and
above, then the above equation becomes:
dhy  F(Xy) — F(X0)
dt — X_ =Xy
The computation difiy also requires the knowledge ¥f_ andX_.. These are given
by mass balance equations for the quantities of biomass above and tgeltw
order to have a simple operational model, the biomass concentrations are assumed
to be homogeneous in both zones. This means that the quantities of biomass in
the zones above and beldw are equal taH — hp) X5 and hy Xp. After some
mathematical manipulations, the dynamical model for determihingroposed
by [241] has the following form:

(2.205)

dXa _ 1 N
T hb(F(Xu) F(Xa) (2.206)
dX, 1 F(Xa) — F(X)
T h—b(F(Xa) — F(Xo) + (Xp — Xa)W (2.207)
dhp  F(Xa) — F(X_)
d T X —Xa (2.208)
with:
X_ =min(Xp, X7), Xo = max(Xp, X*) (2.209)

where X7 and X* are the steady-state values defined in Figure 2.19 and Section
2.5.4 (subsection “steady-state curves of the settler model”).

2.6 Linear vs Nonlinear Models

Up to now we have introduced a number of models, and we have formalised all
the models based on mass balance in one general dynamical model framework,
for stirred tank reactors on one hand, and for non completely mixed reactors on
the other hand. In Section 1.2, we have introduced a brief classification of models.
In particular, we have made a distinction between linear and nonlinear models.
Strictly speaking, what we had considered was the notion of systems linear (or
nonlinear)in the state x and the input,and also linear (or nonlineam the
parametersLet us illustrate further these notions by an example: let us consider
the simple microbial growth model (2.16) (2.17) repeated below as (2.210) (2.211):

ds 1
— =DS, —DS— —uX 2.210
dt Sn YM ( )
dX
Gt = —DX + uX (2.211)
With Monod kinetics, the above equations are written as follows:
ds 1 S
2> _ pg,—Ds— = Kmax (2.212)

dt " YKs+S



70 MASS BALANCE MODELS

dX HmaxS
— = -—-DX
dt + Ks+ S

X (2.213)

These equations are clearly nonlinear in the state (via the conversion term which
includes the multiplication of two “statesS and X, nd the division by a function

of S, i.e.Ks+ 9). It is also nonlinear in the parametefs umax andKs. And if

the dilution rateD is considered as an input, then there is a bilinear term appearing
in both equationsb SandD X, respectively.

Let us consider another viewpoint. For instance, let us consider zero order
kinetics with respect t& for the growth rateo (= wX in the above equations
(2.210) (2.211)) (because for instance in the considered application, the substrate
concentratiorS is large compared to the substrate affinity const@g). Hence,
the specific growth rate. can be assumed to be almost constant and equal to
the maximum specific growth rajenax. This means that the growth rate can be
written as follows:

p = Kmax (2.214)

and the mass balance equations take the following form:

ds 1
dX
S = ~DX+ maxX (2.216)

Now the model is linear in the stat&sand X. However, it is nonlinear in the
parametery andumax (division by'Y and “multiplication”  umax- Yet, by con-
sidering the following (one-to-one) transformation:

1
01 = Vﬂmax, 02 = Umax (2-217)

the model can be rewritten as follows:

ds
5 = DSn—DS—01X (2.218)
dX
Tp = ~DX 402X (2.219)

which is linear in the parametefis andé,. (Note that we could have used the same
argument with the Monod kinetics mass balance model if the problem had been to
estimate the paramete%sandumax under the assumption thiis is known, albeit
that this model remains nonlinear in the states.)

Finally, assume that the operating conditions are such that the dilutio®rate
is fixed and that the influent substrate concentrafignrcan be manipulated, then
Sn is the system input anB® can be considered as a parameter: this implies that
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the model is also linear in the input. Then the model (2.218)(2.219) can be written
in the linear model framework:

%(i):<_D92_91_0D><§)+(8>8n (2.220)

The objective of the above discussion is motivated by the following arguments:

e on one hand, as suggested above, the models used in biological wastewater
treatment are, generally speaking, nonlinear;

e on the other hand, the tools of system analysis are, generally speaking, much
simpler, easier to apply and/or of larger use for linear systems than for non-
linear ones.

That’s why we shall prefer the use of linear system methods whenever possible,
either because the model is linear in the context of the study or because by a proper
manipulation we have been able to transform the nonlinear model into a linear one.
We have already considered a transformation for the parameters. In other instances,
we might have to use another transformation, the most largely used one consists of
linearising the nonlinear model around some equilibrium point (or steady state).

Finally, it is important to point out that all the analysis results which can be
obtained from a “linearised” model are usually not global (i.e. not valid for all
the values of the variables and parameters) but local: for instance, analysis results
based on a model linearised around some equilibrium points will only be valid
close to these points. Note that even the above proposed parameter transformation
exhibits a singular point: the combinatioty (= 0, 62 # 0) givesY = oo! And
therefore strictly speaking the transformation is one-to-one except at that singular
point.

2.7 Equilibrium Points, Linearisation and Stability Analysis

An equilibrium point (or steady state) of a dynamical model is, by definition, a
constant state, i.e. its time derivative is equal to zero. If we consider the general
dynamical model (2.100), the equilibrium points (that we shall deapsre such

that:

dé
2 -0 2.221
at ( )
This implies that equilibrium points are solutions of the algebraic equation:
—DE+Yp(§)+F -QE =0 (2.222)

for given constant values dd andF of the dilution rateD and of the feed rates

F. The problem of calculating the equilibrium poirt®f a biological wastewater
treatment process whose dynamics are described by equations (2.100) is that of
solving equation (2.222). The latter has no general analytical solution and can
only be solved in specific applications.
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Furthermore an important feature of (bio)chemical processes is that they can
exhibit multiple steady states, i.e. several solutions to (2.222) exist. Let us illustrate
this via the simple microbial growth model with different kinetic models (first
order, Monod, and Haldane).

2.7.1 First Order Kinetics
Let us consider the mass balance model (2.215) (2.216) of the preceding section:

ds 1
dX

which, as we already said, is linear. As a consequence, there will be no multiple
equilibrium points, i.e. to one set of values & ,(Sy) corresponds one and only
one set of values db and X. Indeed the equilibrium points are here the solution
of the equations:

_ _ 1 _
0= —DX + tmaxX (2.226)

The equilibrium point is then given by the following expressions:

_ D _
S=——7— (2.227)
1
D+ Y Mmax
Xo_ 0 & (2.228)
1
D+ Y “max

2.7.2 Monod and Haldane Kinetics

Let us recall the dynamical mass balance equations of the simple microbial growth
process (2.13) (2.14):

ds 1

— =D —DS— —uX 2.229
dt Sn YM ( )
dX

ot =-—-DX+4+uX (2.230)

The equilibrium points are therefore the solutions of the following set of algebraic
equations:

- _ 1 -
0=DS§n - DS— X (2.231)
0=-DX+ X (2.232)

From the second equation, we note that there are two possible solutions:
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1. X=0
2. 1=D
The first equilibrium point corresponds to theash-outsteady state:
X =0, S=S§, (2.233)

It corresponds to a wash-out of the biomass from the reactor. It can occur for any
value of D andS. It is also the only possible equilibrium point Wh&n> jtmax.
It is obvious that wash-out is undesirable and should be avoided as far as possible
in practice.

The second equilibrium point corresponds to operational steady states. Expres-
sions of the specific growth rate are necessary to obtain explicit expressions of the
equilibrium points. Let us consider two typical specific growth rate expressions.

Monod kinetics. The operational steady state equatior D with Monod kine-

tics is written as follows: _
HmaxS
Ks+ S

We can deduce the following equilibrium point from the above equation and the
steady state equation (2.231) &f

=D (2.234)

_ DK
5= —°_ (2.235)
Umax — D
- DK
X=Y(Sn—9=Y(Gn - —=) (2.236)
Umax— D

Note in particular that the steady state of the substrate concent&isandepen-

dent of the influent substrate concentratn This property is indeed generic for
any model of the specific growth rate whiolnly depends on the substrate con-
centration. (Exercise: calculate the steady states of the simple microbial growth
process with Tessier and with Contois specific growth rate models, and compare
the results.)

Haldane kinetics. For the Monod kinetics we have obtained two possible equi-
librium points: one wash-out steady state, and one operational steady state. Let us
now consider the same microbial growth process but with Haldane kinetics (2.43).
There is still obviously a wash-out equilibrium point. As suggested in Figure 2.5,
there are now two operational equilibrium points (instead of one with the Monod
model). Indeed the equatigh= D with the Haldane model is written as follows:

l‘#maxS

— = X (2.237)
Ks+ S+ K
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Therefore the steady state val8és the solution of the following equation:
Do, -
I

and the two solution§; andS in Figure 2.5 are equal in steady state to:

c (tmax — D) Ki Ki < -, Ks
= — D)2 —-4D22 2.239
S 2D 2D (Mmax ) K; ( )
c (tmax — D) Ki Ki < -, Ks
=4+ — — D)2 -4D22=2 2.240
S 2D 2D (Mmax ) K; ( )

The above two operational equilibrium points have fundamentally different dy-
namical properties in terms of stability. This is what we shall briefly analyse in
Section 2.7.4. However since the analysis is based on a linearised model of the
process, we shall first introduce the linearised tangent model of nonlinear models.

2.7.3 Linearised Tangent Model of Nonlinear Models
Let us consider a nonlinear dynamical model:

dx
= = f(x, 2.241
gt = fxw ( )
wherex is the state vector angthe input vector. The equilibrium point(s) are the
values ofX, the solution of:

0= f(x,0) (2.242)

for constant values af. The derivation of the linearised tangent model around the
steady stat& is based on the Taylor series’ expansion of the functioaround
this steady state for andu.

Let us define the deviation variablganda:

X=x—-X, 0=u—0 (2.243)
The Taylor series expansion éfaroundx = X andu = 0 is equal to:

_ oAk by af(x,0) . 1a%f(x,0)_, 18%f(X,0)
f(x,u)y= f(X,0 X U+— X4 ————0...
(%, 1) (X, 0+ X + ou +2! 9x2 +2! ou? +
(2.244)
If we stop the expansion at the first order derivative and we consider the deviation
state variable, the nonlinear dynamical model (2.241) can be rewritten under the

following linear form:

i
d_>t‘ — AX + BQ (2.245)
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with:

A of (X, u)’ B_ of (X, 0)
au
The above model (2.245)(2.246) is the linearised tangent model of the nonlinear
model (2.241). (Itis indeed tangent of the nonlinear model at the equilibrium point
X).

As a matter of illustration, let us apply the above linearisation procedure to the
simple microbial growth process equations (2.16) (2.17). Assume that the specific
growth rate is, generally speaking, a functiorSand X (1 (S, X)), andD andSy,
are both inputs. Then the linearised tangent model around operational equilibrium
pointsS= SandX = X (i = D!) is equal to:

d 8\ _(-D-3asX -3(D+ixX)) (3
dt \X) fLsX 0 X

(2.246)

D Snh—S) (&n
+<0 " % )(d) (2.247)
with:
§=S—§ x=X-X,5=Sn—-Sn, d=D-D (2.248)
_ (S X)) _ S X
_ > ) = > A 2.24
s 5g " Ax ™ (2.249)

For the Haldane model for instance:

&2
_ Mmax(Ks — %)

ux =0, is= — =, (2.250)
(Ks+ S+ E)z
and the state matriR is then equal to:
D-ilpex-1p
A= ( D,13§'< s BD> (2.251)

2.7.4 Stability of Equilibrium Points

Stability theory of dynamical systems is a very old subject. Yet, significant ad-
vances in the stability analysis are due to the Russian mathematician Lyapunov
(1892), whose results were largely confined to Eastern European countries until
about 1960. Lyapunov’s first method [284] utilises the eigenvalues of the state ma-
trix A of the linear model (2.245) to check the stability of the equilibrium state.
Recall that the eigenvaluef a square matriA are the roots of the characteristic
polynomial:

det(xl — A) =0, | : identity matrix (2.252)
If the real parts of all the eigenvalues are negative, the equilibrium point is stable.
If any of the real parts of the eigenvalues are positive, the equilibrium is unstable.
No conclusion can be drawn in case of eigenvalues having zero real parts.
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Let us apply the analysis to the simple microbial growth model with Haldane
kinetics. Let us calculate the characteristic polynomial of the linearised tangent
model state matrix (2.251):

detill — A) =212+ (D + éu,s)‘()x + éusi(f) (2.253)
A necessary and sufficient condition for a second order polynomial to have roots
with all negative real parts is that all the coefficients of the polynomial have the
same sign. This means that here in order to have stalidlity isX and$ isXD
must be positive. If we recall the value @§ (2.250), this condition will be fulfilled
if and only if S < /KsKj, i.e. for S in Figure 2.5. Conversely, the equilibrium
point $ will be unstable sinc& > /KsKj, and (at least) one coefficient in the
polynomial will be negative.

This is a quite interesting feature of the Haldane model that it is able to em-
phasise the possible presence of unstable steady states. These states might be of
practical interest in industrial applications but are not reachable without any appro-
priate external control. It is clearly a major issue in automatic control to regulate
and stabilise processes around equilibrium points which are open-loop (i.e. with-
out external action) unstable (see e.qg. [14]).

2.8 A Key State Transformation

The key result of this section is the introduction of a state transformation by which
part of the dynamical model (2.100) becomes independent of the reaction kinetics
o (see [14], [56]). This transformation will play a very important role in the design
of asymptotic observers (Chapter 7). The proposed transformation readily derives
from the notion of invariants in reaction systems (see e.g. [95], [86]).

2.8.1 Definition of the State Transformation

The transformation is defined as follows. Let us denote rapk(R and consider
a state partition (in which the state vector is decomposed in two sub-végimnsl

&p):

_ | éa
£ = [EJ (2.254)

whereé&, contains R (arbitrarily chosen) process variables gnthe others, but
such that the corresponding submaiyjxis full rank (rank{a) = R). Let us define
the state transformation into the auxiliary variabledim(¢) = N-R):

¢ = Caéa + Coép (2.255)
whereC4 andCy, are solutions of the matrix equation:



A KEY STATE TRANSFORMATION 7

In the particular (but quite general) situation of M independent irreversible reac-
tions, then R = M andCp may be chosen to be a full rank square matrix (the
simplest choice being obviously the identity matrix ThenCj, is found from

Ca=—CpYpYa ! (2.257)

Let us illustrate the dynamics ¢ffrom the General Dynamical Model (2.100)
or (2.132)(2.133) and the definition (2.255). Note that the vediqr®, D are
partitioned according to the partitioning of the state vegtor

1) Single reactarD = scalar

dz

at = —D¢ + Ca(Fa — Qa) + Co(Fo — Qb) (2.258)

2) Multi-reactor. D = matrix

d
S = ~(CoDub+ CaDat)Cy ¢ + Ca(Fa — Qa) + Co(Fo — Qo)
+[(CbDpb + Ca Dab)cl; — CpDba — CaDaaléa (2.259)
with:
Daa Dab
D= 2.260
( Dba Dbb) ( )

3) Fixed bed reactor

For simplicity reasons, let us consider hé&g = | and let us put the vector
&+ of the fixed components if:

_ | bof
fo = (En ) (2.261)

Then we can rewrite the auxiliary varialijeas follows:

= ()= () - (&) a2

The dynamics of can then be written as follows:

4] Fin 91 32¢ s

- = 4+ Dym—— 2.263
at A oz T DAz ( )

9L fi Fin . 0&a 3%,

Tt T A Caey, T DamCaery (2.264)

Note that the dynamical equations ©f(2.258), (2.259) and (2.263)(2.264) are
independent of the reaction kinetiogs).
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2.8.2 Example 1: Two Step Denitrification

Let us consider as a first example the denitrification process described by equations
(2.99). One possible choice for the state partition is the following:

X NOs

2
S

Indeed, the submatricég andYy are then equal to:
1
Ya=(11) v, = _le—oi (2.266)
=love ) %=| 1 7% -
Y2 Y

andYsj is full rank (sinceYg is by definition strictly positive). If we consider the
simplest possible choice f@y, (= 1), thenC, is equal to:

1 1
R
Ca = —YbY;l = —Y3 ZYZ?,Y: (2267)
1 Ys—Y4
Ya  Ya¥sYe
Therefore the auxiliary variablgis equal to:
1 1
1 Ys—
{3 S+ Y_4X+ YstY‘:; N2
and its dynamics are written as follows:
_ 1
d (& &1 DSNO?\»("{; +1TY6QN2
gile2]|=-Dle]+ —%QNZ (2.269)
Y.
{3 {3 DSh — vvev: QN

Remark: all the above calculations are based on an arbitrary choice of the state
partition&,, £&,. Many other choices would have been appropriate. For instance we
could have considered the first two entries of the state vecto&\.g, andSyo,

for & and the other fokp, and this would have resulted in the following state
transformation:

Y1(Y5+Y2Y3Y. Y-
o S— 1(5;;%34)5'\‘%_\(_23‘\102
=12 )= X+Y1(1+Y2Y3)Sno; + Y2Svo, (2.270)
¢3 N2 + Y1Y2Y3YeSno, + Y2YsSu o,

It is important to remember that the time evolution of these auxiliary vari-
ables can be calculated without knowledge of the reaction kinetics, i.e. without
any requirement concerning the knowledge about its model structure and/or its
parameters.
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2.8.3 Example 2: Activated Sludge Process: The Basic Model

As already mentioned, the basic activated sludge process model is a two-tank re-
actor model, with a dilution rate matrip.

There is one reactiorg, will be a scalar. Let us for instance considerfor
&5 (note that we could also have tak&wor So but not Xg). Then we have the
following state partition:

S

ta=X &= So (2.271)
XR

This means that the different entriBsa, Dap, Dpa and Dyp of the matrixD are
equal to:

Daa = D1, Dgp = (0 0 —Dz) (2.272)
0 D; 0 O

Dpa = 0 , Dob=1| 0 D1 O (2.273)
—D3 0 O Dg4

The matrices(y, Y, andC, are equal to:

Ya=1 Y _%S -1 ?15
a=L4 hb=| -y |- Ca=—YY; = 7 Cg=1) (2.274)
0 0
i.e.¢ is equal to:
S+ ¢ X
{=1S+ 75 X (2.275)
XR

2.8.4 Example 3: Activated Sludge Process: The IWA Activated Sludge Model
No. 1

A careful look at the reaction network of the IWA Activated Sludge Model No. 1
reveals that there is a loop with reactions 1, 4 and 7. Indeed the readily biodegrad-
able substrat&s is transformed in reaction 1 in heterotrophic bactetign,, which

in turn is transformed in the decay reaction 4 in slowly biodegradable subXtgate
And in reaction 7Xs is hydrolysed inSs.

This reaction loop has an important consequence on the above state transforma-
tion. Indeed the process components and reactions are not completely independent
from each other. This means that not any choice of state partition will give a full
rankYa. For instance, if one takes the first 8 componentg{othe relatedry will
be singular, since row 7 will be a linear combination of rows 1 to 4 and row 6, or
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in other words, in terms of reaction kineticSy o is a linear combination o$s,
Xs, XBH, XBa and So.

A possible choice for the state partition is to take the first 6 componeists in
(2.107) plusSy 1 and Sy p for the subvectoé,:

Ss
Xs
XB,H
X
a=|er | e=(x0) (2.276)
So
S\H
Svp
1 1
% TV 0 0 0 0 10
0 0 0 —fpl—fp 0 =10
1 1 0 -1 0 0 0O
0 0 1 0 -1 0 00O
Ya=1 o 0 0 fp fp 0 0o0f 2277
_1Ys g _457-Ya 0 0 0 0O
YH Ya
—ixg —ixB —iXB—Y—lA 0 0 1 00
0 0 0 0 0 -101
0L 1 0 0 0
Vi = 286Yn Ya 2.278
° (0 0 OIXB—fPIXPIXB—fPIXPOO 1) ( )

Then the matrixC, is equal to:

1
_ C1C1C2C2C3 555 00
Ca (c4 CaCsC5C 0 11 (2.279)

with
Yy  1-Yy L71—Ya
L I 2.280
=28 vg T YA (2.280)
1.71— Ya
_ L= va 2.281
2= 36va (2.281)
1— fp)(Ya— L71Yh) + 1.71Y
_ ¢ P)(Ya H) + A (2.282)
2.861pYa
YH
= 2.283
4= ( )

Cs=Iixp+ — (2.284)
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~ 1—=Yu+ fp(Yn — Yaixp)

C
6 foYa

(2.285)

and the auxiliary variables are written as follows:

¢ = < S0+ Cu(Ss + X9) + Ca(XeH + Xp.a) + CaXp + 25550 )
XND + C4Ss+ C4Xs+ CsXp H + CsXp, A+ CsXp + SuH + SuD
(2.286)

2.8.5 Example 4: Fixed Bed Reactor Model With a Growth Reaction and a
Death/Detachment Reaction

Let us consider for instance the following state partition:

xa=(xsd>, Xb=<)P(> (2.287)

The matricesr; andYy are equal to:

_1
Yo = ( v 0), Yo = (Yf’ 0 ) (2.288)
01 T« T
Therefore the matrixC, is equal to:
B YsYp O
Ca=—YoYq'= ( Yse L) (2.289)
(1-€) 1—€
¢ is then equal to:
P+ YpYsS
= (sr 5 51 o) (2:290)

2.9 Model Order Reduction

The examples of bioprocesses presented in the preceding sections have shown that
a bioreactor dynamical model may be fairly complex in some instances and involve

a large number of differential equations. But there are many practical applications
where a simplified reduced order model is sufficient from an engineering view-
point. One possible systematic approach to achieve model simplification is to use
the singular perturbation method, which is a technique that allows to transform a
set ofn + m differential equations into a set ofdifferential equations and a set of

m algebraic equations. It is based on the partition of the state equations into two
sets of dynamical equations characterised by the variablasdx,, of dimension

n-m and m, respectively, i.e.:

dX1

ot = f1(X1, X2, U) (2.291)
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6% = fo(Xq, X2, U, 8) (2.292)
i.e. the time derivative of some of the state variables are multiplied by a small para-
meters (also sometimes called the perturbation parameter). For sufficiently small
parametei, the parameted can considered as being negligible, and the singu-
lar perturbation consists of settidgo zero, and to replace thre+ m differential
equations (2.292) by algebraic equations:

fa(x1, X2, u,8) =0 (2.293)

More precisely, ifk; is the solution of the above algebraic equation, then the model
(2.291)(2.292) is replaced by the following set of equations:

% = f1(x0, %o, U) (2.294)
X2 = g(X1, u) (2.295)

The model (2.294) is sometimes calleduasi-steady stateodel, which is often
considered for instance in (bio)chemical engineering, e.g. [37], [114], [255].

This technique is suitable when neglecting the dynamics of products with low
solubility in the liquid phase or of substrates in fast reactions. The method will be
illustrated with two specific examples (low solubility product, and substrates in a
fast reaction) before stating the general rule for order reduction.

2.9.1 Singular Perturbation Technique for Low Solubility Products
Let us consider a reaction described by the following reaction scheme:
S— P (2.296)

where P is a volatile product which can be given off in gaseous form and has
low solubility in the liquid phase (e.dd2 in anaerobic digestion). The dynamical
model is as follows:

ds
it —p— DS+ DSy (2.297)
‘:j_': —Yp-DP-Q (2.298)

For the consistency of this model, the product concentrafiaran be expressed
with respect to the saturation concentration representative of the product solubility
as follows:

P = I Psat, 0 < II(t) (2.299)

where Ps¢ is the saturation concentration which is constant in a stable physico-
chemical environment. The model (2.297)(2.298) is rewritten in the standard sin-
gular perturbation form, with = Psa¢:

ds

= —p—DS+DS (2.300)
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dr1

at =Yp—6DIT-Q (2.301)
If the solubility is very low, we obtain a reduced order model by settirg0 and
replacing the differential equation (2.301) by the algebraic one:

Q=Yp (2.302)

2.9.2 Singular Perturbation Technique for Substrates of Fast Reactions

Singular perturbation can also be applied to reduce the order of the model dynam-
ics for reactors with fast and slow reactions. For simplicity we shall concentrate on
an example, i.e. the nitrification process which is characterised by the following
two sequential reactions (2.85) (2.86) repeated below as (2.303)(2.304):

8

S\H — X1+ SNo, (2.303)
Suo, — Xz + Suoy (2:304)
The dynamics in a CSTR are given by the following equations:
dSy 1
N =~ p1+ DSunin — DSun (2.305)
dt Y1
dSu 1
NG ———p2+Y3p1 — DSvo, (2.306)
dt Yo
dSy
TOS = Y402 — DSvo, (2.307)
dX
d_tl — p1— DXy (2.308)
dX
d_t2 = p2— DXo (2.309)

In line with the basic kinetics rules (Section 2.2.6), the reaction ratesnd o2
can be written as follows:
p1 =Ky o1(SuH, X1, SNo,) (2.310)

P2 = k2Sf0,92(SN 0, X2, SN 03) (2.311)
wherek; (i = 1, 2) are the maximum reaction rateg, (i = 1, 2) are coefficients
(which might be the reaction orders), apd (i = 1, 2) positive functions of the
state ¢; > 0). Assume now that the first reaction is slow and the second one is

fast. This can be formalised by considering that the maximum reaction rate of the
second reactioky is much larger than the one of the first reactign

ko > kg (2.312)

Let us now consider the following state transformation (the general formulation is
given in [255]):

{1 ="YaY2S0, + SNo; (2.313)
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2 =Y25v0, + X2 (2.314)

Then we can rewrite the process dynamics as follows:

d 1
MM L DSumin— DSun (2.315)
dt Y1

d 1

Ao, _ L i Vap - DSuo, (2.316)
dt 'z
d
% = Y2Y3Y401 — D&1 (2.317)
dx
d_tl =p1— DXy (2.318)
d
$2 = Ya¥ap1 - DL, (2319)

The choice of the above transformation can be briefly intuitively motivated as fol-
lows. First, the second equation (2.316) is the only one that still contains the kinet-
ics of both reactions, while the other four equations only contain the reaction rate
of the slow reaction. Secondly the auxiliary variablgsand¢2 are the algebraic
sum ofSy o, (i.e. the “intermediate” component: product of the first reaction, and
substrate of the second), and of the products of the second (fast) re&sfion,
and Xy respectively.

Let us define the singular perturbati®as the inverse of the maximum reaction
rateko:

1
§=— (2.320)
ko
By considering the expression (2.311) and the singular perturbation paraineter
the dynamical equation @& o, can be rewritten as follows:

dSvo, _

1 2
=y X Y3p1 — 6D 2.321
8 dt YZ%ozcbz(SNoz, 2, SNO;) + Y301 —DSvo, (2.321)

If the second reaction is sufficiently fast, then we can apply the singular perturba-
tion and seb to zero. This implies that the above equation reduces to:

1
v; No,#2(Suop X2, Suoy) =0 (2.322)

SinceY; and ¢, are strictly positive, this impliesSyo, = 0. Then by recalling
the definition ofz, the equations (2.315)(2.317)(2.318)(2.319) of the dynamical
model can be rewritten as follows:

dS\uH 1

at Yl,01+ SNH,in S\H (2.323)
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T = Y2Y3Ysp1 — DSvoy, (2.324)
dX
d—tl — p1— DX (2.325)
dX
d_t2 = Y,Yap1 — DX (2.326)

i.e. itis as if the two sequential reactions (2.303)(2.304) have been reduced to one
reaction:
S\H — X1+ X2+ Svog (2.327)

2.9.3 A General Rule for Order Reduction

The above examples show that the rule for model simplification is actually very
simple and that an explicit singular perturbation analysis is not really needed. Con-
sider that, for some, the dynamics of the componegtare to be neglected. The
dynamics of; are described by equation (2.100):

déi
dt
whereY; is the row ofY corresponding to the component The simplification

is then achieved by settirg anddé; /dt to zero i.e. by replacing the differential
equation (2.328) by the following algebraic equation:

=-D& +Yip+F - Qi (2.328)

Yip=-F +Q (2.329)

It has been shown that the above model order reduction rule is not only valid
for low solubility products but also for bioprocesses with fast and slow reactions.
Then the above order reduction rule (2.329) applies to substrates of fast reactions
(as long as they intervene only in fast reactions) (see [255] for further details).

Note the close connection between the singular perturbation reduction and the
quasi steady state (QSS) approximation, which is largely used in (bio)chemical
engineering. This suggests the following comment: singular perturbation can be
viewed as an efficient mathematical tool to rigourously justify QSS approxima-
tions on a systematic basis via an appropriate analysis (including the choice of an
appropriatesmallperturbation parameter).

The above considerations also apply to models with other hydrodynamics, like
the fixed bed reactor models with or without dispersion, mutatis mutandis, i.e. by
setting the different derivativelt, 2%, 33%) of the low solubility product or of
the “fast substrate” to zero in its mass balance equation.

2.9.4 Example: the Anaerobic Digestion

Let us see how to apply the above model order reduction rule (2.329) to a specific
example, the anaerobic digestion. First of all, it is well-known that methane is a low
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solubility product. Therefore the above procedure applies. Furthermore, assume
that the second methanisation path (hydrogen consumption) is limiting, i.e. that
the first three reactions (2.53)(2.54)(2.55) are fast and the fourth one (2.56) is
slow. We can then apply the model order reduction rule (2.329) to the the glucose
concentrationS;, the propionate concentratid®, the acetate concentraticsy

and the dissolved methane concentraffanBy setting their values and their time
derivatives to zero:

ds dS dS  dP
dt = dt  dt = dt

we reduce their differential equations to the following set of algebraic equations:

S=S=S%=P, 0 (2.330)

T Ya 01 0 0 p1 —DSn
Y4 v, Ol O 1]r|= 8 (2.331)
Yo1 Ye2 ~Yes 0 P3

0 0 Yo3s Y P4 Q3

By inverting the submatrix of the yield coefficients of the left hand side of (2.331),
we can express the reaction rag@s p2, p3 and pg as functions of the feedrate
D Sn and of the gaseous methane outflow r@te

p1 = Y21DSn (2.332)
p2 = Y21Y41Y42D S (2.333)
p3 = (Ya1Ya2Ye2 + Y61)Y21Y63D Sn (2.334)
1 Y
pa = — Q3 — —(Y41Ya2Ye2 + Ye1)Y21Y63D Sin (2.335)
Yo4 Yoa

Let us replace the reaction rates o2 andp4 by their above expressions (2.332),
(2.333), (2.335) in the dynamical equation of the hydrogen concentr&jovhich
is then rewritten as follows:

ds

ot =-D&% - 0Q1-Y1Q3+Y2DSG, (2.336)
whereY; andY> are defined as follows:
1
1= 2.337
Yg4Y04 ( )
Yo

Y2 = Ys1Y21 + Y82Y21Y41Ya2 +

3
(Ya1Y42Ye2 + Y61) Y21 Y63 (2.338)
Yo4Ys4

Note that the coefficient§; andYz are nonlinear combinations of the yield coef-
ficientsY;j.
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2.9.5 Specific Approach for Model Reduction of PDE Models

The model reduction of PDEs is also a key question in dynamical modelling, es-
timation and control. In Section 2.5, we have already suggested that the fixed bed
reactor is often approximated by a sequence of STRs. Here we shall present two
approaches (singular perturbation, and Laplace transform) which also allow the
connection to be made between the PDE model of fixed bed reactors to STR mod-
els. The two approaches are used to reducdrtfigite-dimensionaDistributed
Parameter Systems (DPS)fioite-dimensionalumped parameter models.

Application of the Singular Perturbations to the Fixed Bed Reactor Moddkre

the perturbation method is used in a somewhat different perspective as before (see
also [289], [72], [32]). A small parametéris also introduced, but here the appli-
cation of the perturbation method is based on an asymptotic expansion of the state
variables in powers of, see [148]:

X(z.t)y =) 8'xi(z1) (2.339)
i=0

wherex; (z, t) represent the approximation of the variakle, t) at order i (as we

shall see here below, the order 0 in the approximation of the axial dispersion model,
for instance, corresponds to the STR model). The approximation methods are often
referred to (but the terminology is not uniform in the literature!)pasturbation
methodsvhen the series expansion is convergent (or is expected to converge), and
asasymptotic methodshen the series is divergent but asymptotic (so that the first
few terms yield a good approximation for very low valuesspfit is a generally
admitted viewpoint that proving that the series is either convergent or asymptotic
is not essential. Also, it is a general property of asymptotic series that finding
additional terms not necessarily improves the approximation since the series is
generally divergent. As the perturbation paramétdecreases, the approximation
provided by the series gets better. Thus a key assumption in the following & that

is very small (see e.g. [290], [25]).

As explained e.g. in [270], the axial dispersion model (presented in a general
form (2.132) (2.133)) is an intermediate model between two “extreme” models:
the STR model and the plug flow reactor model. For highly diffusive reactors, the
behaviour of the axial dispersion reactor tends to the one of a STR, while for low
dispersion coefficients, the axial dispersion model tends to a plug flow model.

In the following, we shall consider fixed bed reactors in which the mass dis-
persion may be assumed as being very importpiz is very large (with respect
toul). Let us define the paramet&mas the (dimensionless) mass Peclet number

Pean:

uL
d=Pen=

~ Dma

(2.340)
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Before going any further, note that the singular perturbation will only apply to the
variablesxs,: therefore in order to keep the notations as simple as possible, the
index fl will be dropped in the following. Moreover, we shall compact the writing
of the conversion term by defining = %Yﬂ.

Then the equations (2.133)(2.135)(2.136) become:

9 92x ax

53—’: — UL +8(us 4+ Yp) (2.341)
x 8
i _E(Xin —X) forz=0 (2.342)
9
a_); - forz=L (2.343)

By using singular perturbation technigues, away from the boundary layer, the sol-
ution of (2.341) is given by:

X(z,t) = Zénxn(z, t) (2.344)
n=0
P(X) =Y 8"on(X0, X1, --.. Xn) (2.345)
with:
po(Xo) = p(X0),  p1(Xo, X1) = ( )(xo)xl (2.346)

The differential equations for the different termg x1 of the expansion (2.344)
(2.345) are thus obtained by substituting these expansions in the equations (2.341)
(2.342) (2.343) and equating the terms of the same pow&rdn we have:

e zero order approximation:

2
M =0 for 0<z<lL (2.347)
972
d
% —0  forz=Oandz=L (2.348)
o first order approximation :
32X1 0Xo  dXo
UuL—>=u—+—-Y, for 0<z<lL 2.349
02 ~ Y%z T TP == (2.349)
axy 1
a_zl = E(XO — Xin) for z=0 (2.350)
aX
P _o for z=1L (2.351)

0z
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e approximation of ordern > 2:

aZXn aanl aanl
uL =u —Ypn_ for 0<z<L (2.352

972 iz ot fn-1 sz=Ll (2352)
0Xn 1

— = —Xp_ for z=0 (2.353
9z LXn 1 z ( )
d

P _g for z= L (2.354)
0z

By integrating the equation (2.347)-(2.348) with respect to the spatial coordinate
Z, we obtain:

Xo(Z,1) = Xo(t) (2.355)
d
d_)io = %(Xin — Xo) + Yp(Xo) (2.356)

The equations (2.355)-(2.356) show that the first term in the approximation, say
Xo, is independent on the spatial coordinate z, and consequently, for the zero-order
approximation, the process behaves like a stirred tank reactor. So singular per-
turbation when applied to PDEs also allows the reduction of the PDE fixed bed
reactor model to a STR model and emphasises the connection between both types
of models on a systematic basis.

2.10 Connection Between Plug Flow Reactors and CSTRs: A Laplace Trans-
form Approach

Laplace transform can be a very interesting tool for transforming a linear dis-
tributed parameter model into a lumped parameter one. One of its advantages is
that it is an exact lumping method and does not involve any approximation. How-
ever, it may look difficult to generalise the approach, especially for nonlinear sys-
tems, since the Laplace transform is basically applicable to linear systems only. Let
us just illustrate the use of Laplace transform in a simple example: the dynamics
of the substrate’s concentration in a plug flow reactor where a first order reaction
takes place. As we shall see, the Laplace transform will be helpful in systematising
the physically admitted idea that if the input is the influent substrate concentration
and the output the effluent substrate, then the process basically behaves like the
combination of a stirred tank and a time delay (due to the transport of the substrate
from the reactor input to the reactor output) (see also [105]).
The dynamics of the reactant concentrat®ns described by the following

equation:

aC aC

T u o7 koC (2.357)
(wherekg is the kinetic constant), with the following boundary condition:
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C(z=0,t) =Cin(t) (2.358)
Let us consider the Laplace transform of C(z,t) with respect to time
L[C(z,1)] =C(z,9) (2.359)

Let us apply the Laplace transform to the above equation in which we neglect the
initial conditionsC(z,t = 0) = 0:

sC(z,8) = —ug—i — koC (2.360)

which can be rewritten as follows:
aC  s+ko

9z u

c (2.361)

The solution of the above differential equation (in the independent var@lée

equal to:
C(z,s) = C(0, s)e~ SthkoZ/u (2.362)

which can be rewritten as follows:

C(z,5) = e S9Y[F(z,9)] (2.363)
F(z,5) = C(0, s)e koz/u (2.364)

If one recalls the shift property of the Laplace transform, we can notice that the
above equation is characterised by a time delay z/u. Indeed:

Lif(zt— E)] = e SV F(z 9)] (2.365)

Moreover, if we consider the boundary condition (2.358), the functa@n s) is
rewritten as follows:
F(z,5) = Cin(s)e 0?/Y (2.366)

The above equations (2.363)(2.366) can be used e.g.
1. to calculate time responses
For instance, if the initial state is assumed to be z&@ & 0, z) = 0), the
response to a stepy, 1, (t) is equal to:

Czt)=0 fort < (2.367)

CINC|N

= Cipe koz/u for t > (2.368)
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2. to compare the plug flow reactor model with the CSTR one
Then it is first worth noting that the equation (2.366) is also the expression
of the equilibrium state of (z, t) for C;,, constant, i.e. the solution of:

aC
0=—-u— —koC 2.369
u-— —ko ( )
Let us compare this expression with the steady state valu@(ofin a
CSTR, which is the solution of the following equation:

F
0= V(C‘” —C)—koC (2.370)
ie. c
c=—""1 (2.371)
1+ %Y
It is worth noting that by definition:
F u
- = — 2.372
VoL ( )

We note then that there is a great similarity between both expressirgy
and—ko— at the reactor output = L. Note in particular that both expres-

sions have the same first order term in the Taylor series expansion:

1— % (2.373)

This similarity is illustrated in Figure 2.23, where the expressier§-/!
andE}L—v have been drawn. This illustrates the analogy, in that specific case

(when t'r:1e input is the influent concentration), between the plug flow reactor
and the CSTR + a time delay.

The above simple example illustrates the advantage of the Laplace transform
to study the properties of distributed parameter models and to reduce them ex-
actly to lumped parameter models. It also emphasises the possible limitations of
the method. For instance how can we extend the above results to more complex
dynamics, e.g. for nonlinear kinetics?

2.11 Conclusions

This chapter has been dedicated to mass balance modelling. Starting from sim-
ple examples, we have emphasised the two basic items in mass balance models in
WWTP: transport dynamics, and conversion. We have also used the notion of reac-
tion schemes as a basis for modelling, and illustrated the concept via a number of
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: Plug Flow Reactor
... :CSTR

Steady state Function

10 20 30 40 50
k0 L/u

FIG. 2.23. Steady state functions of the CSTR and the plug flow reactor.

WWTP examples. We introduced the General Dynamical Model; this formalism is
rather similar to the tabular format (Petersen matrix) used for the IWA model. The
General Dynamical Model format is convenient for algebraic manipulations, as has
already beenillustrated in the present chapter via the state tranformation of Section
2.8 (which will be used later to design software sensors for process monitoring)
and the model order reduction approach of Section 2.9. We have illustrated dy-
namical modelling by using several examples of wastewater treatment processes:
anaerobic digestion, activated sludge process (basic model and IWA model), two
step nitrification, two step denitrification.

Other examples like waste stabilisation ponds (lagoons) and soil decontamina-
tion could also have been considered. A model of detoxification is given in Chapter
7 (Section 7.4.4) in the context of model building of the reaction network indepen-
dently of the process kinetics, via the use of the asymptotic observers introduced
in that chapter. A full study, from model building to parameter identification, of
a lagoon is presented in Bonvillain [31] andé&gpireet al. [106]. The model is
derived from mass balance considerations by considering three types of microor-
ganisms (micro-algae, aerobic bacteria, anaerobic bacteria) working at different
depths in the pond. The resulting model contains 36 parameters, but only 3 vari-
ables (temperature, dissolved oxygen and light intensity) were available for mea-
surement. Gxgoireet al. [106] summarizes the identification results for the model
parameters, which is clearly a challenging issue and has therefore to be very care-
fully performed. With that respect, the results presented iegGireet al. [106]
are illustrative and exemplary of a situation largely encountered in parameter iden-
tification of WWTP.
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We would also like to mention the possibility of including alkalinity in anaer-
obic digestion models via the introduction of electro-chemical equilibrium equa-
tions [223]. A complete study from model building to parameter identification has
been performed in the context of an EEC project (AMOCO) for a pilot anaer-
obic digester [26] [27] [78]. One interesting point of the study is the design of
experiments for parameter identification: in order to account for the specific con-
straints about the operation of the anaerobic digestion process (the process is rather
slow and sensitive to disturbances that may easily drive the process to instability,
i.e. wash-out), the experiment design for parameter identification has resulted in
a sequence of step changes of the influent flow rate and of the influent substrate
concentration (or equivalently, of the dilution rate and of the organic load with
sufficiently long steady states in between) that basically covers all the operating
regions that the process is expected to face. This experiment design can be viewed
as an alternative strategy to the one presented in Chapter 5.

So far we had considered single stirred tank reactors. In Section 2.5, we have
extended the dynamical models to multi-tank processes, and to non-completely
mixed ones, like fixed bed reactors, fluidised bed reactors, and settlers. In the latter
case, the dynamical equations are described by PDEs (partial differential equa-
tions) instead of ODEs (ordinary differential equations).

Sections 2.6 to 2.10 are dedicated to the dynamical properties of the mass bal-
ance models. In Section 2.6, we have drawn the attention to the difference between
linear and nonlinear models, and to the fact that the same model can even be either
linear or nonlinear depending on the considered input(s) and/or the kinetic mod-
els, for instance. In Section 2.7, we have briefly introduced the concept of stability,
and the multiple steady states in WWTP: for one set of input values, the process
can have different steady states; each of these steady states can even correspond to
different stability characteristics, i.e. they can be either stable or unstable. Section
2.8 has introduced a key state transformation that will be very useful to analyse
the process model and to design software sensors. Section 2.9 was concerned with
a systematic approach for model order reduction (the singular perturbation ap-
proach) applied to ODE models as well as to PDE models. Finally, Section 2.10
has considered the use of the Laplace transform as a tool for comparing plug flow
reactor models and CSTR models.



3
Structure Characterisation (SC)

3.1 Introduction

As mentioned in the first chapter, Structure Characterisation (SC) is a key step
in the model building exercise (see also Figure 1.1 in Chapter 1). After a chapter
on mass balance modelling, the present chapter will be concerned with structure
characterisation. The objective is to infer the level of model complexity (dimension
of the state vector...) and to determine relationships between variables; this can
also be viewed, in other words, as a selection of the best model structure among
different model structure candidates on the basis of experimental data.

Finding the “true modelMt (Sr, Py) with model structurésy and parameters
Pt is utopian. Rather one must aim at finding — from a finite seflafoisy data
points — the partial descriptions that are purposeful within the application [159].
Settling for the best possible mod®l(Sy, Pn), however, induces an error that
has two components:

Mt (S, Pr) — M(S\, Pn) = [M1(St, Pr) — M(Sy, P9)]
+[M(Sn, P = M(Snv. P01 (3.1)

The first term is due to the error between the true model struSuesmd the model
structureSy chosen from the set of candidate models with restricted complexity.
This so-calledias errorreflects the unmodelled dynamics [104]. The second com-
ponent, thevariance error is caused by the particular realisation of the noise in

(© 2001 IWA Publishing. Dynamical Modelling and Estimation in Wastewater Treatment Processes
by Denis Dochain and Peter Vanrolleghem. ISBN: 1 900222 50 7
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the limited number of data used in the system identification. Each data set will
result in different parameter estimatBg that will only tend to the reaP* (for

this structure) when there is no noise or when the number of data points tends to
infinity. This variance error also includes the effect of the overparametrisation: the
more parameters included in the model, the more uncertain their values will be.

Typically the variance error decreases likeNl, but increases likg, with p
the number of parameters in the model structure, a measure of its complexity.
The bias error, on the other hand, will decrease ascreases, but is independent
of N [157], [159]. Hence, as the aim is to obtain the model structure giving the
lowest total error, the goal of model structure characterisation will be to find the
compromise between bias error and variance error.

This chapter is organised as follows. Section 3.2 starts with the introduction
of a model used in respirometry that we shall consider as a case study throughout
Chapters 3, 4 and 5. Section 3.3 is dedicated to the presentation of the methods for
structure characterisation, basically gathered in a priori and a posteriori methods.
Finally, in Section 3.4, we shall deal with optimal experiment design for structure
characterisation.

3.2 A Model Case Study

Let us consider the following candidate models that we shall build on the basis
of on-line measurements of the oxygen uptake rate via a respirometer ([74]). The
considered respirograms are indeed representative of the biodegradation kinetics
in the WWTP, and the objective is to identify a kinetic model from the data of the
respirometer. Recall that the model considered here expresses the dependence of
the exogenous oxygen uptake r&&J R.x on the biodegradation of k substrates

S present in the mixed liquor:

k
OURex=) (1-Yrs (3.2)

i=1

In the above expressioly; (the yield coefficient) is the fraction of pollutaig
which is not oxidised but converted into new biocatal)(standrg is the rate of
consumption of§. The experiments that we shall consider are performed in batch
conditions. In these conditions (andly in these conditions! Recall what has been

said in Chapter 2, Section 2.2.1), we can write:
ds
— = 3.3
T s (3.3)

The four types of wastewater/sludge interaction that have been included in the set
of candidates of model structure are:
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Type 1 (Exponential): One pollutant, first order kinetics (k=1)

d_sl _ _kmanx
dt Y1

Si=-rg (3.4)

Type 2 (Single Monod): One pollutant, Monod kinetics (k=1)

d_Sl _ _/Lma)dx S - _r
dt V1 Ke+sS >

(3.5)

Type 3 (Double Monod): Two pollutants simultaneously degraded without mutual
interaction, double Monod kinetics (k=2)

das _ _Mma)dx S

— = —r 3.6
dat Yi Kets  '® (3.6)
dSZ Mma)QX SZ

WY, Kets 2 G

Type 4 (Modified IWA activated sludge model No. 1) [233]: 3 pollutants, 2 hy-
drolysed into the first substrate which is used for growth according to the Monod
kinetics (k=1)

ds __Mmanx S

+ kr Xr + ksXs = —I’sl + kr Xr + ksXs (38)

dt Y1 K1+ S
d X

= —k X 3.9
m ke Xy (3.9)
d X
dts = —ksXs (3.10)

Note that nitrification and its associated oxygen consumption have not been in-
cluded in this case study. ThHeaxt, umaxi (i = 1, 2) andk;j (j = r, s) are rate
constants, and thKg; (i = 1, 2) are the affinity constants expressing the depen-
dency of the degradation rate on the concentration of poll@afit= 1, 2). Recall
also that the experiments on which the model identification is to be based, are per-
formed in such a way that the change in biomass concentration can be assumed
negligible (i.e.%—f = 0) (which is a fair assumption provided{t=0) << X(t=0)),
that the oxygen uptake rate data are only due to exogenous (= substrate induced)
respiration QU Rey), i.e. endogenous respiration is either assumed negligible or is
eliminated from the data, and that the oxygen concentration is always maintained
above 2mg/L so that oxygen is never limiting.

The aim is to select between the above biodegradation models via measure-
ments of the oxygen uptake ra@J R, as these characterise substrate degradation.
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3.3 Structure Characterisation Methods

In this section a variety of objective decision tools will be introduced that enable

to find the trade-off between bias and variance error. The picture of approaches,
methods and results of structure characterisation (SC) is very diverse and scattered
over several scientific disciplines. Although a number of studies have evaluated
different SC techniques, none of them has resulted in a clear recommendation on a
definitely superior method [6], [65], [146], [166], [239]. With the above case study,

an analogous exercise was devoted to decide on a SC technique most adapted to
the problem at hand. To illustrate the fact that this step of model building is not as
mature as, for instance, parameter estimation, we use this case study to also show
how new SC methods can be developed. A number of these are specific to the
candidate models used in this case study, but others are potentially more generally
applicable.

The SC techniques have been classified according to their impact on the total
time needed for a model identification (i.e. model selection + parameter estima-
tion).

1. Most existing methods for SC evaluate the quality of the different model
structures after fitting each model to the data. Hence, these methods can be
termeda posteriori S(262].

2. Methods capable of selecting a model without the need of first estimating
the parameters belong to the other classatheiori SCtechniques.

In view of the observation that parameter estimation of the nonlinear bioprocess
models that are dealt with here takes considerable computing time (see Chapter 6),
it is clearly advantageous to apply a priori methods, since they will only require
the estimation of the parameters of the a priori selected model.

3.3.1 A Priori SC

The approach of a priori SC has also been termed model structure selection based
on preliminary data analysis and has been reported to be an underdeveloped field
[159].

Two groups of methods can be discerned: one type of method is generally
applicable, while the other SC methods take advantage of specific features of the
model structures present in the set of candidate models.

General Methods. The pattern recognition capabilities of neural networks [229]
have incited a study on their applicability as SC technique. Details on the method
developed for the case study can be found elsewhere [272], but the main princi-
ples are summarised here (Figure 3.1): A three-layer recurrent neural net archi-
tecture receiving preprocessed data was used. Different data preprocessing algo-
rithms were tested, all aiming to perform data reduction (to decrease the number of
input nodes to the neural net classifiers) without loss of structure specific informa-
tion. The learning stage was performed with 750 training-patterns obtained from
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FiG. 3.1. Traning and application stages of a neural net used for model selection.

Monte Carlo simulations of the different candidate models with different para-
meter values and initial conditions. Once the net was trained to recognise the most
appropriate model, it could be used on new (preprocessed) data. The results for the
case study are discussed below.

A next method that can be applied stems from recent developments in iden-
tification of linear state space models. Numerical algorithms for Subspace State
Space System Identification (N4SID, readeasorce i) combine the estimation of
the order of the state with the identification of the system matrices, but, in contrast
to traditional identification schemes, the order is estimated first [257]. This aspect
of this data-driven approach may be useful for non-linear models as well. Clearly,
for the case study for instance, one cannot expect that N4SID will give a direct
measure of the number of substrates to be included or the degradation mechanism
involved. Rather it can be hoped that the order computed by the algorithm enables
differentiation among the models. The order is determined on the basis of the num-
ber of non-zero singular valu&yV in a matrix H composed of the following Block
Hankel matrices containing “pastYf) and “future” (Y¢) data:

OUR;... OUR|
OUR:... OURj11

Yp (3.11)

OUR ... OURj4;j
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OU R+1 OU Rj+i
OU R+2 N OU Rj+i+]_

Yi = (3.12)
OURy ... OURj 2
Different H-matrices can be evaluated:
H=VY:Y, (3.13)
H =YY, (YpYp) 1Y (3.14)
H=L7TYrYy Lt (3.15)

with L+ andL p Cholesky factorisations of ¢ YfT andeYg.

The choices of and j are important;j must be as large as possible (for the
case studyj was setN — 2i); i must be much smaller thajy but larger than the
largest model order expectddyas set 10). For the case study the best results were
obtained with the first form ol and singular values considered 0 when below 0.1:
type 1 models were selected3V « 2; type 2 if SV = 2 and type 3ifSV > 2.

Specific Methods. Structure characterisation on the basis of so-called parameter
invariant model features has been advocated, but has found little application due to
the difficulty in finding such features from the models under consideration. Indeed,
from the data one must find a characteristic that is independent of the parameters
of the corresponding model. For instance, we look for features which are scale in-
dependent. For the candidate models in the case study, such features can be found
[259]: the number of inflection points is 0, 1 and 3 for models of type 1, 2 and 3
respectively (see also Figure 3.2). Though this is analytically correct, the determi-
nation of inflection points on noisy data is not straightforward. However, using a
moving window regression method in which linear and quadratic regressions are
compared with an F-test, the significance of the second derivative can be assessed,
leading to a more reliable estimate of the number of inflection points.

Another model-specific approach applicable to the case study consists of fitting
an exponential function, a hyperbolic tangent function and a Double hyperbolic
tangent function to the data and comparing the resulting sum of square residuals
(SSR. In other words, this a priori method for selecting among the biodegradation
models is in fact an a posteriori method with respect to the Exp/Tanh/Double Tanh
candidate model set. However, these models can be fitted much faster than the
biokinetic models. SSR ratios larger than 10 were found necessary before a more
complex model was accepted.

A third method developed for the models of the case study is based on the ratio
between the area below tl¥U Rex versus time data (and the square formed by the
(OU Rex max tmax) and (0, 0) corners). Some preprocessing of @Hé Rex data
is performed prior to the determination of this criterion: first, the zero-tail (Figure
3.2) is cut from the data-set using a t-test on the mean value of a data-window and,
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second, the reduce@U Reyx, t-dataset is scaled to the unit square. Type 1 data
have the lowest are@« 0.3) and type 2 the largest ar¢g> 0.5) under the curve
(Figure 3.2). These threshold values for the areas enable the selection among the
candidate models type 1, 2 and 3 [259].

These examples of specific methods illustrate that one can devise effective
methods for structure characterisation, but this requires special insight in the mod-
els to be selected.

3.3.2 A Posteriori SC

Most methods described in this section have found more widespread application.
In some applications they seem less appropriate because they may become very
time-consuming, especially as the number of candidate models increases. How-
ever, it is not inconceivable that a SC strategy is devised in which a priori methods
are used to make up a first ranking of the different structures, after which a post-
eriori methods are called in order to make the final selection among the structures
with the highest ranking. In that context, time constraints on the model building
process and the selection reliability can be sufficed.

Criteria with Complexity Terms. The criteria on which most of the a posteriori
SC methods are based take one of the following two forms [232]:

SSR
N [1+ BN, p)] (3.16)
NIog(%R)er(N, p) (3.17)

with SS Rhe sum of squared residuals, adandp as defined before. Fot > p
one can show that both representations are equivalent if [232]:

(N, p) = NB(N, p) (3.18)

For both cases, the first term decreases with increagifigcreasing complex-

ity) while the second term penalises too complex (overparametrised) models. The
model structure with the smallest criterion value is selected. Different authors have
proposed several functional forms for the model selection criteria depending on a
theoretical starting point. The two best-known are the Final Prediction Error (FPE),
with [159]:

2p
N = — A
PN, p) = 5— 5 (3.19)
and Akaike’s Information Criterion (AIC), with
y(N, p)=2p (3.20)

FPE and AIC have been proven not to be consistent (i.e. they do not guarantee that
the probability of selecting the wrong model tends to zero as the number of data



STRUCTURE CHARACTERISATION METHODS 101

points tends to infinity) [140]. However, this disadvantage is compensated by the
fact that AIC and FPE enjoy certain properties that allow the determination of good
prediction models in case the true model does not belong to the set of candidate
models [232].

An example of a consistent criterion is the Bayesian Information Criterion
(BIC) in which [6], [228]:

yY(N, p) = plog(N) (3.21)

If p> 8, it can easily be seen that BIC will tend to favour models of lower com-
plexity than those chosen by AIC. Another consistent criterion is LILC where
[110]:

y(N, p) = plog(log(N)) (3.22)

Criteria that Assess UndermodellingGoodwinet al. [104] decomposed the total
error between the true model and a candidate model into three components:

¢ the effect of the variance of the particular noise realisation

o the effect of the parameter errors due to the noise present in the identification
data

o the effect of the undermodelling, corresponding with the bias term in (3.1).
Their General Information Criterion, GIC, is defined as:

GIC(N, p) =&U2+£&2—|—undermodelling (3.23)

N v
In this equation it is essential to have an estimate of the residual ®rfdhat is
independent of the undermodelling error. Goodwiral. [104] obtained this by
fitting a high-dimensional model (assuming it to be the true model) and using the
residual variance as an estimate. In the case study of this chapter, such a model
is not available, but, fortunately, the zero-tail end of th&) R.x-dataset can be
used foro2 estimation since this part of the data is characterised by the absence of
biological dynamics [263]. As a result, the variance of this part of the data can be
used for an accurate estimate of the residual error. Using the similarities shown by
the authors between the expected value of FPE and GIC [104], it is even possible
to write an explicit formula for the undermodelling term [259]:

SSR N —
undermodelling= N (63 + %&3) N—+g (3.24)

Structure characterisation is then performed by selecting the model with the lowest
undermodelling value.
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FiGc. 3.2. llustrative OU Rex-data.

Statistical Hypothesis TestsThe F-test is probably the most frequently applied
method to choose among model structures. The statistical test

(SSR—SSR)/(pj — p)
SSR/(N - pj)
is compared with thé& (p; — pi, N — p;) distribution to decide whether the more
complex modelj is significantly (with a confidence level) better than modal.
The similarities that exist between F- apd-tests and the equivalence between

the AIC/FPE criteria and F-tests with a prespecified significance level have been
shown [232].

(3.25)

Diagnostic Checking (Analysis of Residuals)¥hen modelling, some assump-
tions are made concerning the properties of the noise. In most cases, the prediction
errorse(t) are assumed to be a realisation of independent random variables with
zero mean and a defined distribution. Then, the quality of a model can be assessed
by analysis of the properties of the calculated residuals. Two approaches can be
used to check the independence of the residuals (white noise property): the auto-
correlation and the run test. The autocorrelation test [232] is based on the fact that
the correlation function for a white noise sequeags:

Nif et — 1)e(t)
) &= N — 27
fe(r) =2 (3.26)

N, e2(t)
2N

t=1

is zero except for = 0. Structure characterisation with these tests is performed
by selecting the model whose residuals are as white as possible. Two statistical
tests are suggested to make objective decisions on the whiteness of the residuals.

e One test compares the correlation for eachddg.26) with the limit value

N%), which fora = 0.05 means that ogl5 % of theautocorrelations may
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FiG. 3.3. Typical model fitting results for three models to a “Double Monod” style data
set.

be larger thanLiNG. In Figure 3.3, an example taken from the case study, the

residuals for the three models fitted to a typical type 3 dataset are given. In
Figure 3.4 the corresponding autocorrelation function for lags0 to 20

is depicted. Clearly, the residuals for models 1 and 2 are highly dependent,
while for model 3 only the first 4 correlations (20 %) are significantly higher
than the prescribed level (indicated by the horizontal lines). Hence, the resid-
uals do not originate from a white noise sequence, indicating some unmod-
elled dynamics. Looking into some more detail to the residuals of model 3
(Figure 3.3), one distinguishes an oscillatory pattern, probably causing the
significant autocorrelation.

e The other autocorrelation test compares a combination of therficsvari-
ances:
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N <&,
50 Zre(l) (3.27)
€ i=1

>

with the x2(m) distribution giving a significance level for the independence
of the residuals [159].

Another residuals test is a so-called non-parametric test in which the number
of runs R, calculated easily as the number of sign changes in the sequence of
residuals, is evaluated against the expected number of Ky#5[232]. To assess
the significance of a deviation from this number the statistical test

Py

_N
2
N/2

(3.28)

.

can be compared witN (0, 1). A posteriori SC with this method selects the model
with the statistical test closest to zero or the simplest model with a non-significant
statistical test.

Results for the Case StudyThe different SC methods introduced above were
evaluated on the basis of 8 typical real-lifdJ R.x-datasets [259]. Only the type 1,
2 and 3 models were included in the candidate model set. In Table 3.1 the selected
models are compared with the advice of a human expert. Dataset 4 is difficult to
classify since it could be considered very close to both a type 1 and type 2 model.
Hence, both were considered correct.

Except for the N4SID method, all a priori SC methods produced very good se-
lection results. Among them, the Tanh and neural net approaches may be preferable
considering the noisy data which may cause problems in estimating the number of
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Table 3.1 Model selected on the basis of different a priori and a posteriori SC methods.
The results are compared with the advice of a human expert (figures in bold indicate “right”
choice, underfit and overfit refer to the complexity of the selected model compared to the
choice of the expert)

Method of Structure Dataset Evaluation
Characterisation underfit overfit correct
N4SID

Neural Net

Inflection points
Tanh

OU R.x-Area

AIC

FPE

BIC

LILC
Undermodelling-GIQ
F-test
Autocorrelation
Run-test

Human Expert
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inflection points. Neural nets have an additional advantage as a potentially general
tool for a priori SC.

For the a posteriori methods, an important finding was that all “information”
criteria, i.e. AIC, FPE, BIC and LILC, with the notable exception of GIC, result
in overfitting of the model compared to the “expert advice”. This is probably due
to the oscillations that can be observed in &) R.x-data (see Figure 3.2 and
the residuals in Figure 3.3). Since the more complex models possess sufficient
flexibility, some of these oscillations can be modelled. This reduces the residual
error to such an extent that any penalty for model complexity is compensated for.
As the observed oscillations cannot be explained by any biological process and
are probably due to some hardware dependent process which is not of interest to
the user, this “parasite process” should be eliminated from the data before model
identification is initiated.

The F-test also suffers from the modelling of the parasite processes super-
imposed on the biological response. For the GIC-based method, these overfitting
problems were nonexistent because the effect of the oscillations is included in the
estimate of the variance (from the zero-tail). In this way only the undermodelling
of the biological phenomena is retained leading to model selections congruent with
the observation of the human expert.
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