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Résumé

Les avantages de la gestion intégrée de 1’eau sont connus depuis des années, mais ces ap-
proches sont devenues plus importantes que jamais. Cela est reconnu dans 'objectif 6 des
17 objectifs de développement durable des Nations Unies. En ciblant & la fois I’eau potable
et ’assainissement, cet objectif demande une approche intégrée car il reconnait leur interdé-
pendance. Cette thése vise & faire progresser le domaine de la modélisation intégrée de 'eau,
et en particulier en ce qui concerne les matiéres en suspension. Les émissions globales de
I’assainissement ont gagné en intérét puisque les normes de qualité de l'eau sont étendues de
la station de récupération des ressources de ’ean au réseau d’égout. La modélisation intégrée
permet d’évaluer les interactions et d’estimer les émissions en plus des mesures de la qualité de
I’eau (encore) rares. Les particules peuvent étre considérées comme un indicateur de la qualité
de ’eau couvrant la pollution particulaire, mais aussi les matiéres organiques, les nutriments et
les substances telles que les micro-polluants hydrophobes. L’approche de modélisation choisie
est conceptuelle, pour ses calculs rapides, et basée sur la distribution de la vitesse de décan-
tation des particules, partout o la décantation et la remise en suspension sont les processus
caractéristiques. L’approche est complétée par d’autres modéles pour couvrir le systéme du

bassin versant jusqu’a la station de récupération des ressources de l’eau.

Un modéle intégré nécessite de nombreuses données. Pour une collecte de données efficace, pre-
miérement, une procédure est établie pour construire un modéle conceptuel d’égout & partir
d’un modéle hydraulique détaillé. Deuxiémement, une méthodologie de conception expéri-
mentale optimale est adaptée & I'environnement complexe des égouts pour une campagne de
mesure de la qualité de 'eau. L’utilité de ’approche de la distribution de la vitesse de décan-
tation des particules est ensuite démontrée en calibrant et en validant le modéle pour une site
pilote. Une procédure est élaborée pour tenir compte de l'incertitude des paramétres et de la
variabilité des données d’entrée afin d’identifier des points de contréle fiables. La procédure
est utilisée pour la réduction d’émission des particules, facilitée par le calcul rapide du modéle
car plusieurs analyses de sensibilité sont demandées. Le dernier chapitre termine la thése par
I’évaluation pratique des stratégies visant & réduire les émissions globales. La thése fait ainsi
progresser le domaine de la modélisation intégrée des particules et fournit en méme temps des
procédures qui permettent de surmonter les obstacles généraux & la modélisation en mettant

I’accent sur la collecte de données fiables et efficaces, la modélisation ainsi que I'optimisation.
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Abstract

The advantages of integrated water management have been known for decades, but are more
than ever important. This is acknowledged in goal six of the 17 sustainable development
goals of the United Nations. By targeting both clean water as well as sanitation, this goal is
inherently asking for an integrated approach since it recognizes their interdependence. This
dissertation aims at advancing the field of integrated water systems modelling in general,
and in particular with respect to suspended solids. Ovwerall emissions from the integrated
urban wastewater system have gained interest since water quality standards are increasingly
extended from the water resource recovery facility to the sewer system. Integrated modelling
allows evaluating interactions and estimating overall emissions complementary to the not (yet)
abundant water quality measurements. For this evaluation suspended solids can be seen as
an indicator for the receiving water quality covering particulate pollution as such, but also
undesired organic matter, nutrients and substances such as hydrophobic micropollutants. The
modelling approach chosen is conceptual, due to its rapid calculations, and based on the
particle settling velocity distribution wherever settling and resuspension are the characteristic
processes of suspended solids. The approach is extended with complementary models to cover

the integrated system from the catchment down to the water resource recovery facility.

The development of an integrated model however requires vast data sets. First, for efficient
data collection a procedure is established to build a fast conceptual sewer model from its de-
tailed hydraulic counter part. Second, an optimal experimental design methodology is adapted
to the challenging sewer environment for the efficient planning of a water quality measurement
campaign. The usability of the particle settling velocity approach is then shown by calibrating
and validating the model for a case study. A procedure is developed to consider parameter
uncertainty and input variability to identify reliable control handles. The procedure is applied
for the abatement of total suspended solid, facilitated by the comparably low computational
demand of the model, as the procedure asks for multiple global sensitivity analyses. The last
chapter closes the dissertation with the practical application of evaluating different strategies
to reduce the total suspended emissions to the receiving water. The dissertation thus advances
the field of integrated modelling for particulates and at the same time provides procedures
which overcome barriers general to modelling focusing on reliable and efficient data collection,

as well as optimization.

iii



Contents

Résumé

Abstract

Contents

List of Tables

List of Figures

List of Abbreviations

Acknowledgements

Foreword

Introduction
Rationale . . . . . . . . L
Problem Statement and Objectives . . . . . . . . . . . .. ... ...
Dissertation Outline, Contributions and Originality . . . . . . . . ... .. .. ..
Literature Review . . . . . . . . . . .

1 Case Study Description - Clos de Hilde Catchment

1.1
1.2
1.3
14

Catchment and WRRF overview . . . .. ... .. ... ... ... .....
Control of Chemically Enhanced Primary Treatment . . . . . ... ... ..
Data from the Utility . . . . . . . . . . .. o
Data from Measurement Campaigns . . . . . . . . . . ... ...

2 An Efficient and Structured Procedure to Develop Conceptual Catch-
ment and Sewer Models from Their Detailed Counterparts

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8

Abstract . . . . .. L
Résumé . . . . . . e
Introduction . . . . . . . ..o
Materials and Methods . . . . . . . . . . . ...
Proposed Methodology . . . . . . . . . ..
Results. . . . . . . . e
Discussion . . . . . . .. L e
Conclusions . . . . . . . . . .

v

ii

iii

iv

vii

viii

xiii

S O W o

23
27
28
30

35
35
36
36
38
41
44
51
02



3 Optimal Experimental Design for Calibration of a New Sewer Water
Quality Model

3.1
3.2
3.3
3.4
3.5
3.6
3.7

Abstract . . . . .. L
Résumé . . . . . . e
Introduction . . . . . . ... o
Material and Methods . . . . . . . . . . . .
Results. . . . . . . . o
Discussion . . . . . . . . e e
Conclusions . . . . . . . . . .

4 Calibration and Validation of a PSVD-based Model of TSS in Inte-
grated Urban Wastewater Systems

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

Abstract . . . . . . ..
Résumé . . . o o
The PSVD Modelling Approach . . . . . . . . . ... ... ... ... ....
Description of Subsystem Models . . . . . .. .. ... . oL,
Calibration and Validation Approach . . . . . . . . ... ... .. ... ...
Calibration and Validation Results . . . . . . ... ... ... ... ....
HNlustration of Changes in PSVD Curves along the ITUWS . . . . . . . .. ..
Discussion and Conclusion . . . . . . . .. .. Lo oL

5 Selection of Effective Control Handles for Integrated Urban Wastewa-
ter Systems Management considering Parameter Uncertainty and In-
put Variability

5.1
5.2
9.3
5.4
9.5
5.6
9.7

Abstract . . . . . .
Résumé . . . . . . e
Introduction . . . . . . ... o
Proposed Procedure . . . . . . . . ..
Material and Methods . . . . . . . . . ... ...
Results and Discussion . . . . . . . . . . ...
Conclusion . . . . . . . .

6 Integrated Modelling Study —
Evaluating Scenarios Tackling the Issue of Total Suspended Solids

Emission

6.1 Abstract . . . . . ..
6.2 Résumé . . . . . ...
6.3 Introduction . . . . . . . . . . L
6.4 Material and Methods . . . . . . . . . ...
6.5 Results. . . . . . . . e
6.6 Conclusion . . . . . . . . ..

Conclusions and Perspectives
Conclusions . . . . . . . . .
Perspectives . . . . . . . . e e

A Tabulated Performance Conceptual Models in Comparison to Detailed
Models

54
o4
55
5%)
57
63
70
71

113
114
114
116
116
120
122

124
125
126
127
131
144

151



B Tabulated Parameter Values, Calibration and Validation Results 156
C Tabulated Results Analysis Scenarios 160

References 183

vi



List of Tables

0.2

1.1
1.2

2.1
2.2
2.3
2.4
2.5

3.1
4.1

2.1
5.2
9.3

6.1
6.2
6.3
6.4
6.5

Al
A2

B.1
B.2
B.3

C1
C.2
C.3
C4
C5
C.6

Minimum Requirements WRRF Performance France . . . . . ... . ... ...

Description Tributaries
Overview Measurement

WRRF CdH . . ... ... .. ... ... .. ...
Campaigns . . . . . .. oL

Project Definition of Case Studies . . . . . . . .. ... ... ...
Summary Calibration and Validation Results . . . . . . ... ... .. .. ...
Comparison Detailed and Conceptual Models . . . . . . . ... ... ... ...
Comparison Model V1 and V2 for Ottawa . . . . . .. ... ... ... .....
Comparison Conceptual Models with Flow Measurements . . . . . . . . .. ..

Evaluation OED Scenarios for NT and CdH . . . . . . . ... ... ... ....

Calibration and Validation Points . . . . . . . . . . . . . ... .. ... ...

Studied Control Handles . . . . . . . . . . .. .. L
Parameter Uncertainty for Control Handle Evaluation . . . . ... .. ... ..
Input Variability for Control Handle Evaluation . . . . . .. .. .. .. ... ..

Measures: Changed Capacities . . . . . . . . . .. . . ..

Measures: Control RTs

Analyzed Scenarios for TSS Load Reduction . . . . . . . ... ... .. .. ...
Evaluation Periods for TSS Load Reduction . . . . . . .. ... .. ... ....

Compliance Estimation

Performance Ottawa Case Study . . . . . . .. . ... ... .. .. ...,

Performance CdH Case

Study . . . . ..o

Calibrated Parameters and Values . . . . . . . . . .. .. ... ... .. ...
Detailed Calibration Results . . . . . . . . . . . . . . . .
Detailed Validation Results . . . . . . . . . . . . . .

Evaluation Period RE1
Evaluation Period RE2
Evaluation Period RE3
Evaluation Period RE4
Evaluation Period RE5
Evaluation Period 120d

Vil

22

26
30

45
46
46
47
49

67

90

118
119
119

129
129
130
131
144

152
154

157
158
159

161
162
163
164
165
166



List of Figures

0.1
0.2
0.3

1.1
1.2
1.3
14
1.5
1.6
1.7
1.8
1.9

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

4.1
4.2
4.3
4.4
4.5

Components of Integrated Assessment . . . . . . ... ... ... ...
Interacting Effect of Measures . . . . . . . . . ... oo
Transport Processes Sewer Sediments . . . . . . . . .. . ... ... ... ....

Map of France indicating Bordeaux . . . . . . . . . .. ... oL
WRRFs of the Bordeaux Urban Community . . . . . . . ... ... ... ....
CdH Catchment Overview . . . . . . . . . . .. . i

CdH WRRF Layout

Turbidity Measurements on WRRF CdH . . . . . .. .. ... ... .. .....
Installation Online Monitoring Station RSM30 . . . . . ... ... ... . ...

Maintenance Sensors

Mlustration Sampling at NT . . . . ... oo 00 oo
Experimental Set-Up ViCAs . . . . . . . . . .. ..

Map of the Ottawa Case Study . . . . . . . . . ... .. ... ... ....
Map of the Bordeaux Case Study . . . . . . . ... .. ... ... ... ...
Proposed Conceptual Modelling Procedure . . . . . . .. .. ... ... .. ...
Conceptualization Schema for Catchments and Sewers . . . . .. ... ... ..
Schema Calibration Order . . . . . . . . . . . .. .. ... .. ... ... ...
Comparison Flow of Model Viand V2 . . . . . . . .. ... ... ... ... ..
Comparison Conceptual Model with Flow Measurements . . . . . . . . . .. ..
Comparison Recalibrated Conceptual Model with Flow Measurements . . . . .

Potential Measurement Locations for RSM 30 Station . . . . . . . . . . ... ..
Preliminary Model Validation for OED . . . . . ... .. . ... ... ..

OED Methodology

Measurement Error for TSS at NT . . . . . . . .. .. ... . ... ... ....
Evaluation Measurement Location . . . . . . . .. .. ... ... ... .....
Evaluation Best Measurement Scenario . . . . . . . . . . .. . .. ... ... ..
Relative Parameter Estimation Error . . . . . . .. . . ... ... ... ... ..
Definition Distance to Measurement . . . . . . . . . . . .. . . . ... ... ..
Comparison Parameter Location and Relative Parameter Estimation Error . . .
Detailed DWF Evaluation . . . . . . . . . . . ... ... ... ... ... .. ..

Overview Models . .

PSVDM TSS Fractionation . . . . . . . . . . . . . . o

Catchment Model . .

Zone of PSVD Measurements for CdH Catchment . . . . . . .. ... .. ...

PSVD Sewer Model

viii

11
13
20

24
24
25
27
29
31
32
33
33

39
40
41
43
45
48
49
50

58
60
60
64
66
66
68
69
70
70

75
76
77
79
81



4.6 Sigmoidal Behavior of Resuspension . . . . .. . ... ... ... .. ... 82

4.7 PSVD RT Model . . . . . .. . 82
4.8 PSVD PC Model . . . . . .. . 84
4.9 PSVD GC Model . . . . . . . e 85
4.10 Effect of CEPT on PSVD . . . . . . . .. . . 86
4.11 PSVD Curve for CF Saturation . . . . . .. . .. ... ... ... ... ..... 87
4.12 Modelled Effect of CEPT . . . . . . . . . . oo 88
4.13 Simple BF Model . . . . . . . . .. 89
4.14 Depth-Duration-Curve for Rain Events Case Study . . . . . . ... ... .. .. 91
4.15 Calibration Water Quantity Model at WRRF . . . . . . ... ... ... ... 94
4.16 Calibration Water Quantity Model in Sewer . . . . . . . ... ... .. ... .. 95
4.17 Calibration Water Quality Model . . . . . . . ... ... oo 96
4.18 Validation Period 1 Water Quantity Model at WRRF . . . . ... .. ... .. 98
4.19 Validation Period 1 Water Quantity Model in Sewer . . . . . ... ... .. .. 99
4.20 Validation Period 1 Water Quality Model . . . . .. .. ... ... . ... ... 100
4.21 Validation Period 4 Water Quantity Model at WRRF . . . . . .. ... .. .. 102
4.22 Validation Period 4 Water Quantity Model in Sewer . . . . . ... .. ... .. 103
4.23 Validation Period 4 Water Quality Model . . . . . . .. .. ... ... ... .. 104
4.24 Location for Hlustrations PSVD Curves . . . . . . .. ... ... ... ..... 105
4.25 Hlustration PSVD Curves in IUWS . . . . . . . . . .. ... ... . ... .... 107
4.26 Map with Location of Overflows . . . . . .. ... ... ... .. ... ..., 108
4.27 Modelled TSS Fluxes towards Receiving Water . . . . .. .. ... .. ... .. 109
4.28 Modelled TSS Fluxes including Sludge Line . . . . . . ... ... ... ... 109
4.29 Comparison Flow & TSS Concentration and Flow & TSS Flux . . . ... ... 111
5.1 Procedure Evaluation Control Handles under Uncertainty . . . . . . . ... .. 116
5.2 Map of Studied Control Handles . . . . . .. .. ... ... ... .. ..... 117
5.3 Control Handle Ranking under Uncertainty . . . . ... .. .. ... ... ... 121
5.4 SRC Values of Control Handles . . . . . . . ... ... ... ... .. ..... 122
6.1 Map of Measures and Overflows CdH . . . . . . . ... ... ... ... ... 128
6.2 Outflow and By-Pass WRRF CdH . . . . . .. .. .. ... ... ... .. ... 128
6.3 TSS Loads Evaluation Period RE1 . . . . .. .. ... ... . ... ... 132
6.4 TSS Loads Evaluation Period RE2 . . . . . .. ... ... ... ... ...... 136
6.5 TSS Loads Evaluation Period RE5 . . . . .. .. ... oL, 138
6.6 TSS Loads Evaluation Period RE4 . . . . . . .. .. ... .. .. . 140
6.7 TSS Loads Evaluation 120d . . . . . . . . . .. .. ... 142

X



List of Abbreviations

AR
BF
BP
BT
BOD5
COD
CdH
CEPT
CF
CSO
CSTR
Cv
DWF
FIM
GC
GSA
IM
ITUWS
JR
NT
OED
PC
PE
PSVD
PSVDM
RMSE
RT
RTC
SA

SE

Arcins

Biofilter

By-pass

Bastide

5-day biochemical oxygen demand
Chemical oxygen demand

Clos de Hilde

Chemically enhanced primary treatment
Coagulant, flocculant

Combined sewer overflow
Completely stirred tank reactor
Carle Vernet

Dry weather flow

Fisher Information Matrix

Grit chamber

Global sensitivity analysis

Integrated modelling

Integrated urban wastewater systems
Jourde

Noutary

Optimal experimental design
Primary clarifier

Person equivalents

Particle settling velocity distribution
Particle settling velocity distribution model
Root Mean Square Error

Retention tank

Real time control

Siphon d’ars

Saint Emilion



SJ Saint Jean

SRC Standardized regression coefficient

TR Thiers

TSS Total suspended solids

ViCAs Vitesse de chute en assainissement (settling velocity in sanitation)

WFD Water Framework Directive
WRRF  Water resource recovery facility
WWF Wet weather flow

x1



Das Leben muss nicht leicht sein,

wenn es nur inhaltsreich ist.

Lise Meitner

xil



Acknowledgements

During the last four years, I worked and discussed with, and sometimes simply enjoyed the
company of wonderful, knowledgeable, and inspiring people — I am so grateful for having had
this opportunity! I would like to thank all of you wholeheartedly, those mentioned by name

and those who I unintentionally forgot!

I would like to thank my supervisor Peter A. Vanrolleghem. Peter, thank you for accepting
and supporting me as one of your PhD students in your wonderful model A U research group.
You are a visionary and a true source of inspiration to me. I would also like to thank my
co-supervisor Thibaud Maruéjouls from the Le LyRE team. Thibaud, thank you for having
made this collaborative PhD project possible and for your insights and support all along the

way, especially during the measurement campaigns.

I would also like to express my gratitude towards the members of my jury Sophie Duchesne,
Paul Lessard and Peter Krebs, whose in-depth comments were not only very much appreciated

but also greatly improved this research.

I would also like to thank Dirk Muschalla from TU Graz, whom I had the chance to meet
on multiple occasions during my PhD. Dirk, regardless of whether we met during one of your
research visits at model FAU or at an international conference, I could not have wished for

better advice.

Of course, I would also like to thank the former and the current model FAU research team.
Not only were you Sovanna, Leila, Andreia, Asma, Bernard, Claudia, Cyril, Elena, Feiyi,
Gamze, Jean-David, Jean-Matthieu, Jessy, Maryam, Mazine, Niels, Queralt, Ranta, Romain,
Sey-Hana, Sylvie, Thomas and all of you that I inadvertently forgot available for a lot of

research discussions, but I can say with great pleasure that we became friends.

I would also like to thank the Le LyRE team in general and especially Guillaume Binet for your
support of the project and welcoming me as one of yours during my stays in Bordeaux. I would
also like to thank the two interns, Emilie Leray and Julie Langlois, who were a tremendous
support during the measurement campaigns. 1 am very well aware of the fact that our job

was far from easy and still you persisted!

xiii



I would also like to thank the CdH WRRF team. I would like to thank particularly Emmanuel
Cottin and Guillaume Bain not only for welcoming me openheartedly at your WRRF, but
also for your support of the research project by answering all sorts of questions that I had
and for the trust you placed in me. I would also like to thank not only those who taught and
played “tarot” with me at lunch, like Jérémy or Vanessa, but also those of you of the group
“belote”, like Vincent and Davide. Without you and the support of your colleagues, my work

would not only have been far less pleasant, but simply impossible.

Without mentioning all of you by name, you know it in your heart, I would also like to
thank my family and friends, both here and far, for not only listening to me when everything
went perfect, but for your support and your understanding during the — rare but nevertheless
existing — somewhat more difficult periods when I was maybe a little bit less bearable. And

then there is Alex. Thank you, you are the best support I could ever wish for!

xiv



Foreword

This dissertation was written in the framework of the research project MOSAIQUE, the French
abbreviation of ‘MOdélisation du Systéme d’Assainissement Intégré basée sur la QUalité des
Faux’, which stands for modelling the integrated urban wastewater system based on water

quality.

This research project includes both theoretical and paractical work packages. The theoret-
ical work packages were mainly conducted at Université Laval in Québec, Canada, in the
model FEAU research group under the supervision of P.A. Vanrolleghem. The practical work
was conducted at the Clos de Hilde (CdH) water resource recovery facility (WRRF) in Bor-
deaux, France, in collaboration with the research center Le LyRE, Suez, Talence, France,
under the supervision of T. Maruéjouls, the co-supervisor of this dissertation. The practical
work packages consisted of the three measurement campaigns conducted during the following
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and Le LyRE. Several presentations of the project were supported by CentrEau, the Quebec
Water Research Centre funded by FRQNT.

The dissertation is presented in a paper format, each chapter representing one paper. One
additional chapter aggregates information on the case study set-up. The presented papers were
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Only the absolutely necessary information is presented for the understanding of each chapter

on its own. The papers are not presented chronologically, but ordered in a logical manner,
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Introduction

Rationale

The Brundtland report was published more than 30 years ago, but its definition of sustainable
development as development that meets the needs of the present without compromising the
ability of future generations to meet their own needs (World Commission on Environment
and Development (WCED), United Nations, 1987) has neither lost any of its strength nor
importance. Sustainable development still faces manifold global challenges related to poverty,
inequality, climate, environmental degradation, prosperity, and peace and justice (United Na-
tions, 2019). This is why the United Nations has adopted the 2030 Development Agenda
with the 17 sustainable development goals. Goal 6 targets clean water and sanitation by
2030 (United Nations, 2019). This goal is thus at the core of this dissertation project since
it inherently advocates for an integrated approach, acknowledging that clean water cannot be

achieved without adequate sanitation. Holistic approaches are thus more than ever important.

The integrated approach towards water and sanitation is not novel. Nearly forty years ago
Beck (1981) was already convinced that he was taking the “risk of stating the obvious” when

defining the desirable attributes of water quality management:

e adaptable, flexible, integrated, and coordinated;

e an understanding of the trade-offs between and interactions among multiple objectives

and problems;

e safe failure and contingency planning.

He was thus advocating holistic water quality management.

During the same period of time, the first studies started in which the interactions between
different sub-systems of the urban water cycle were analyzed by evaluating the effect of a
rain event on the receiving water with a vast measurement campaign throughout the system
(Gujer et al., 1982). The results clearly showed the complexity and multiple interactions of
the different subsystems of the integrated urban wastewater system (IUWS). The study also



pointed out that, due to the complexity of the system, multiple solutions addressing different

pollutants and challenges in the environment might be necessary.

An alternative and complementary approach to extensive measurement campaigns is the mod-
elling of the interactions of the different subsystems, known as integrated modelling (IM). The
definition of IM applied here is based on the definition in Rauch et al. (2002), where IM
is defined as “modelling of the interaction between two or more physical systems,
i.e. sewer system, treatment plant and receiving water”. The subsystems considered
for modelling in this dissertation are the catchment, the sewer system and the water resource
recovery facility (WRRF). As explained in Rauch et al. (2005), IM is a holistic approach,
but while it does not strive for global completeness, it includes all relevant issues regarding a

particular problem and system.

The modelling approach chosen for this dissertation strives for a better understanding of the
behavior of particulates in the IUWS. Particulates have been studied already at the time when
the first major pipe installations for the transport of wastewater in the 1850s were constructed
(Mattsson et al., 2015). They are known to cause operational issues, such as blockages (Ashley
et al., 2004), and are widely acknowledged to be a major source of pollution (Ashley et al.,
1994). The pollution of total suspended solids (TSS) is, however, not limited to particulate
pollution as such, since T'SS can be seen an an indicator substance, transporting also organic
matter, nutrients and other pollutants such as adsorbed heavy metals and hydrophobic micro-
pollutants (Vanrolleghem et al., 2018). The extensive research on particulates by Michelbach
(1995) concluded that the settling velocity is an appropriate instrument for describing sedi-
mentation, transport and erosion of settable solids. The modelling approach chosen in this
dissertation is thus based on the particle settling velocity distribution (PSVD), a char-
acteristic of TSS which can be obtained via the ViCAs experiment (Chebbo and Gromaire,
2009). ViCAs is the French acronym for “Vitesse de chute en assainissement” which stands

for particle settling velocity in sanitation.

While the advantages of IM have been known for decades (Beck, 1976; Bach et al., 2014),
IM still faces many challenges with regard to the practical application (Mollerup et al., 2013),
such as submodel compatibility (Rauch et al., 2002), data availability (Langeveld et al., 2013a)
and uncertainty (van Daal et al., 2017).

The dissertation strives to advance the field of integrated water quantity and quality modelling
in order to better describe wastewater pollution emission to receiving waters. This is achieved
by further developing the particular PSVD-based IM approach. This approach emphasizes the
understanding and description of the transport, dynamics and fate of particulates in the [UWS
(Vanrolleghem et al., 2018). The gained knowledge can help to prioritize between possible

actions - operational changes or investment in infrastructure - for pollution abatement.

In addition, this dissertation aims at developing tools overcoming general barriers of mod-



elling, independent of the modelling approach chosen. The developed tools focus on effective
data collection from either already available data in a more detailed model or by planning
measurement campaigns most efficiently by applying a model-based optimal experimental de-
sign (OED) methodology. Uncertainty issues are addressed by providing a tool that allows
incorporating parameter uncertainty and input variability when searching for the most efficient

control handles for emission reduction, for example.

Problem Statement and Objectives

Problem Statement

The advantages of IM have been known for decades (Bach et al., 2014). In the water com-
munity, it is, however, also commonly acknowledged that not only the design but also the
operation and with it the optimization of different parts of the urban wastewater system are
often conducted at subsystem level rather than in an integrated approach (Mollerup et al.,
2013). This entails that, for example, sewers and WRRF are usually dealt with independently
(Vanrolleghem et al., 1996; Rauch et al., 2005). This is also reflected in the administrative
fragmentation of the different subsystems, which is found to be a key barrier against IM (Bach
et al., 2014).

However, there is a clear willingness and tendency to change. While the early phase of IM
focused on the proof of concept supported by semi-empirical case studies (Vanrolleghem et al.,
2005b), the more recent developments have been more applied and in some cases successfully
implemented. Examples of such early adopters would be: Odenthal, Germany (Erbe et al.,
2002); Odense (Fryd et al., 2010) and Copenhagen (Vezzaro and Grum, 2014), Denmark;
Garriga and Granollers, Spain (Prat et al., 2012); Eindhoven, The Netherlands (Benedetti
et al., 2013b) and Lemgo, Germany (Seggelke et al., 2017). This change came about thanks to
the openness of both the early adopters of the operating utilities and communities and thanks
to changes in legislation (for example, the Water Framework Directive, Europe; Integrated
Planning and Permitting Initiative under the Clean Water Act, USA; STORM guideline,

Switzerland).

Nevertheless, challenges for IM remain:

Challenge 1: Description of fate of particulates in IUWS Although understanding
the behavior of particulates in the IUWS has been debated and researched since the 1850s
(Mattsson et al., 2015), understanding, describing and eventually predicting the processes
related to particulates remain a considerable challenge (Vanrolleghem et al., 2018). Bertrand-
Krajewski (2007) concluded that the weak point of IUWS modelling studies remains the poor
description of water quality models in the sewer system. It is estimated that the uncertainties

associated with the water quality models are generally an order of magnitude higher than for



the water quantity models (Willems, 2008). With respect to particulates in particular, it was
even found that the particulate processes occurring in the sewer system, such as sedimentation
and resuspension, are a major challenge for IM (Benedetti et al., 2013a). A recent review on
particulates modelling reveals that different models exist, but that they lack sufficient detail

to capture the complex processes in wastewater (Murali et al., 2019).

The development of adequate modelling approaches for TSS in the IUWS is complicated by
the practice that models and thus the modelling approaches of the subsystems are traditionally
developed independently (Erbe et al., 2002), making the harmonization of system interfaces
necessary (Schmitt and Huber, 2006). The tendency exists for the sewer system to be hy-
draulically analyzed in great detail (see, for example Bilodeau et al., 2018; Shishegar et al.,
2019) and in advanced cases even operated with real time control (RTC), see e.g. Pleau
et al. (2005); Puig et al. (2009); Andréa et al. (2013) and Mannig and Lindenberg (2013), but
quality aspects and especially the fate of solids are ill-described (Bertrand-Krajewski, 2007).
Therefore, the assessment of sewers is often based solely on water quantity aspects. For the
biological treatment on the WRRF, however, water quality models are well developed (see,
for example, the ASM model family by the IWA task group: ASMI1, ASM2, ASM2d and
ASM3 (Henze et al., 2006)). This results in the challenge of IM that each submodel (i.e.
catchment, sewer, treatment, river) uses different variables (Rauch et al., 2002). This means
that the variables are incompatible and thus require reconciliation, as suggested by Fronteau
et al. (1997), or require a transformation model from one submodelling approach to another
submodelling approach (Benedetti et al., 2004; Vanrolleghem et al., 2005a). Lijklema et al.
(1993) concluded that joint approaches including both the sewer systems and the WRRF are
required, as far as this is possible. Previous research has shown that the critical phenomenon
for the description of the particulates is the settling velocity (Michelbach, 1995). Tt is thus
necessary to look at the distribution of the settling properties as an important approach to
modelling the fate of particulates throughout the TUWS, which would constitute a consistent
IM approach that allows quantifying both flow and TSS over the different subsystems.

Challenge 2: Data availability The last point of the previous challenge directly leads us
to the challenge of data availability. Assuming that a suitable IM approach for particulates
is found, obtaining the necessary data for model calibration and validation results in an ad-
ditional challenge. A potential approach for modelling particulates is, for example, the one
presented by Trianckner et al. (2008), using different particulate fractions depending on their
size and density. Although the general applicability was shown for a virtual sewer system,
its practical applicability to a real case study remained limited by the tremendous need for
measurement data. This statement was formulated in a more generalized way by Bertrand-
Krajewski (2007), who concluded that, compared to the present practice, collecting more and
reliable data is absolutely necessary. For the further model development this entails that

it should mainly focus on water quality data collection, which would not only reduce the



problems of inadequate model calibration and validation, but also fill the knowledge gaps in

in-sewer processes (Willems, 2008).

While data collection for a submodel might be feasible, measurement campaigns for the para-
meter identification of models covering the entire [UWS become massive (Vanrolleghem et al.,
1999). A fallback on already existing data is especially difficult in the field of sewer systems,
since data availability is generally rare both in research and practical applications (Freni and
Mannina, 2012). This is due to their labor- and cost-intensive installations, and issues with
incorrect and unstable measurements are common and need to be resolved for successful IM
(Seggelke et al., 2005). Langeveld et al. (2013a) even concluded that the successful applications
of IM are relatively scarce due to the lack of high-quality monitoring data. They found the
reason for this lack not to be the state of the art of monitoring itself, but the practical
limitations which result in incomplete data-sets. Recognizing that collecting data remains
challenging, we believe that it is important to develop tools which reuse already available
information, collected, for instance, in a detailed submodel, in the most efficient manner and

to have tools available to allocate the resources of a measurement campaign most efficiently.

Challenge 3: Model use under uncertainty As discussed previously, many studies
showed successfully how IM can identify strategies that lead to improved receiving water
quality (see, for example, Vanrolleghem et al., 1996; Maruéjouls et al., 2011; Benedetti et al.,
2013b; Vezzaro and Grum, 2014; Tik et al., 2015 and Seggelke et al., 2017). Since a model
is not a perfect representation of reality, uncertainty considerations are of special importance
(Beck, 1987; Belia et al., 2009; Deletic et al., 2012). In the context of water quality modelling
uncertainty links with the previous challenge of data availability. Mannina and Viviani (2010)
concluded that, especially, with respect to water quality, data requirements are extensive, but
availability is usually limited, which burdens the quality models with large uncertainties. In
the theory it is known that control needs to be evaluated under uncertainty considerations
(see, for example, Duchesne et al.; 2001; Benedetti et al., 2012). A review of the performance
of integrated RT'C in practice, however, concluded that the two main deficiencies are, on
the one hand, omitting the uncertainty analysis and, on the other hand, applying limited
evaluation periods and thus limiting the variability of rain events (van Daal et al., 2017).
However, performing an uncertainty analysis for the evaluation of different scenarios is often

time consuming due to the multitude of model evaluations required (Benedetti et al., 2012).

A model covering the entire [UWS provides a wide range of potential modifications to different
subsystems, named here after control handles, to improve receiving water quality. The selec-
tion of the most effective control handles among the numerous potentially available control
handles remains a major challenge (Saagi et al., 2018). Multiple studies in the field of IM have
used a global sensitivity analysis (GSA) to identify the most influential control handles prior

to the development of scenarios (Benedetti et al., 2012; Langeveld et al., 2013b; Corominas



and Neumann, 2014; Sweetapple et al., 2014; Saagi et al., 2018). When models are used to
support decision management, Refsgaard et al. (2007) have concluded that the assessment of
uncertainties is of paramount importance. As van Daal et al. (2017) have found that parame-
ter uncertainty and the evaluation period are indispensable for the evaluation of uncertainty,
it can be concluded that the need remains to develop a procedure which includes these factors
during the selection of the control handles. Only if these factors are included, potential devi-
ations between model and reality are factored into the evaluation. Omitting this might result
in a control handle selection that fails the expectation when implemented in reality. Thus,
considering parameter uncertainty and the evaluation period already in the evaluation of the

control handles will result in a no-regret selection of control handles.



Objectives

The objectives for this dissertation are manifold, but have the common driver to advance the
field of IM. The first objectives are directly related to the particular IM approach adopted
in this dissertation and the demonstration of its practical applicability in a case study. The
approach chosen is the PSVD approach which addresses the Challenge 1: Description of fate
of particulates in IUWS over a wide range of submodels. As described previously, the PSVD
approach focuses on the settling velocity, which was found to be a key characteristic for the
description of T'SS behavior. The implementation of the approach in a conceptual modelling
environment also addresses the Challenge 3: Model use under uncertainty. Conceptual models
have low computational needs and thus facilitate the inclusion of uncertainty analysis in model

evaluations, as they require large numbers of simulations.

The second set of objectives is related to developing tools to overcome general barriers of mod-
elling, and are thus independent of the modelling approach chosen in this dissertation. They
should thus make all types of integrated models more feasible. They address the Challenge 2:
Data availability and the Challenge 3: Model use under uncertainty.

The objectives of this dissertation are formulated as follows:

1. To further advance the development of a PSVD-based integrated quantity and quality
model to better describe the transport and fate of solids in the IUWS. The approach
focuses on the key characteristic of the settling velocity of TSS and thus eliminates the

need of transforming variables between different submodel approaches:

a) Extend the existing data set of the case study with a dedicated measurement cam-
paign to obtain a full data set for PSVD modelling and adapt the maintenance
protocol for online sensors from the WRRF to the sewer (Chapter 1).

b) Proof the usability of the PSVD concept by calibrating and validating the PSVD-
based model for a “real world” case study (Chapter 4).

c) Verify the practical application of PSVD-based IM by evaluating different strategies
to minimize the emission of particulates towards the environment for the case study

during mid-sized summer storms (Chapter 6).
2. To overcome barriers general to modelling, independent of the IM approach chosen:

a) Make most efficient use of already available information when developing an IM by
providing a procedure to develop a conceptual catchment and sewer model from its

detailed counterpart (Chapter 2).

b) Provide a tool to collect the most information-rich data during measurement cam-
paigns by demonstrating the feasibility of model-based OED to complex models
(Chapter 3).



¢) Providing a procedure to select the most effective no-regret control handles by

considering parameter uncertainty and input variability (Chapter 5).



Dissertation Outline, Contributions and Originality

This thesis is presented in a paper format. Each chapter thus presents a paper, apart from
the condensed chapter for the case study description of Clos de Hilde (CdH) in Bordeaux,
France. The presented papers were redrafted in order to avoid unnecessary repetition of the
information regarding the case study. The chapters are ordered in a logical way, building on
one another. The individual contributions of the co-authors are given at the beginning of each

chapter.

Chapter 1 gives an overview of the case study and describes the measurement campaigns
to obtain the necessary data for the development of the PSVD-based integrated model. This
chapter as such does not provide a novel approach; the description of the case study, however,
is necessary to understand the case study-related results. This chapter also includes the
description of the data provided by the utility as well as the description of the collected data

during the labor-intensive measurement campaigns.

Chapter 2 presents a general procedure to develop a conceptual model from its detailed
counterpart. Although it is common to build a conceptual model based on the detailed model,
no methodology was previously reported in the literature. The procedure is validated with

two independent combined sewer case studies.

Chapter 3 adopts a model-based OED methodology to efficiently plan a measurement cam-
paign for final model calibration and validation of a new sewer water quality model. In
comparison to previous studies, the methodology considers the actual measurement error

characteristics when calculating the information content of measurement data.

Chapter 4 presents the PSVD approach to assess particulate behavior in the sewer, the
RTs, the grit chamber (GC) and the primary clarifier (PC). The approach is extended with
a catchment and a simple biofilter (BF) model, relevant for the biological treatment at the
WRRF of the case study. The approach is validated by successfully calibrating and validating
the integrated model for all the described sub-systems of the case study.

Chapter 5 proposes a procedure to select control handles under parameter uncertainty and
input variability. The existing methodology for selecting the most effective control handles
with a GSA is extended with an approach which explicitly considers parameter uncertainty
and input variability. The procedure is applied to the case study to make a no-regret selection

of the control handles for the development of scenarios that permit emission reduction.

Chapter 6 evaluates different scenarios based on the previously selected control handles. This

allows confirming the benefits of a practical application of PSVD-based IM for the case study.



Literature Review

This literature review addresses the overall topics of this dissertation. The literature specific
to the topic of each chapter will be addressed in the introduction to the corresponding chapter
and is not repeated here to avoid repetition. This section addresses the topics of Integrated
Modelling, Focus on Particulates and Project-Relevant Regulations Regarding the Case Study
CdH.

Integrated Modelling
Historical Development

The field of integrated modelling (IM) is vast and many different models exist — and almost
as many definitions of IM. According to Bach et al. (2014), the different models found in the
literature can generally be classified in four levels of integration. At the first level, the inte-
grated component-based models, different components of the same sub-system are modelled,
such as several treatment processes within a WRRF, often also refered to as plant-wide mod-
elling. Typical examples of this subcategory are the Benchmark Simulation Models (BSMs),
of which different versions have been developed (see, for example, Copp, 2002; Rosen et al.,
2004; Nopens et al., 2010). Bach et al. (2014) defines the second level of integration as the
integrated urban drainage models, which extend the scope of the previous category to urban
drainage. The third and fourth levels extend the scope even further, to integrate across the
total urban water cycle (level 3), respectively integrating across different disciplines (level 4),
such as societal models, while retaining a water-centric focus. The definition of IM as mod-
elling the interactions between catchment, sewer and WRRF as applied in this dissertation

(see Rationale) corresponds to the second level of integration of Bach et al. (2014).

In the late 1970s and 1980s, the first integrated approaches were developed and the effect
of the sub-systems on the entire system was questioned and studied (see, for example, Beck,
1976, 1981 and Lindholm, 1985). Figure 0.1 is one of the first graphics showing the different
components of the integrated system. It is interesting to note that the first mention of the
integrated approach concept referred to it as ‘operational water quality management’ actually
highlighting the purpose of the approach (Beck, 1976). The first integrated physical study
was carried out in Zurich, Switzerland, where measurements were simultaneously taken in the
catchment, sewer, WRRF, river and groundwater during and after a rain event (Gujer et al.,
1982).

Initial modelling studies confirmed the advantages of the integrated approach, such as the
work presented by Lessard (1989), who modelled stormwater discharges from combined sewer
overflows (CSO) and the WRRF and evaluated potential hydraulic control strategies. He
found that the state of the river will strongly influence the control strategy ultimately chosen.

Additional early studies confirming the positive effect of IM can be found in Lessard (1989),
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Figure 0.1: This graph published in Beck (1981) represents the different components (abstrac-
tion, purification and supply of potable water as well as the sewer network, the WRRF and
the receiving water body) of integrated approaches referred to as operational water quality
management.

Lessard and Beck (1990), or Beck and Reda (1994).

A second wave of IM studies appeared in the 1990s, and the idea was widely spread by different
research groups who advanced the field. In comparison to the initial studies, the second wave
was more applied. A case in point is Gustafsson et al. (1993), who evaluated different pumping
operations for the optimal operation of the WRRF in G&teborg, Sweden. Another convincing
study is the case of Brussels, Belgium, which directly considered the receiving water quality
when discussing the implementation of storage tanks in the sewer system (Vanrolleghem et al.,
1996). The hypothetical study by Harremoés and Rauch (1996) showed that especially for
the issue of oxygen depletion in the receiving water both the CSOs and at the same time the
WRRF need to be considered and that neglecting one of them conveys an erroneous impression
of the behavior of the total system. And a slightly later study demonstrated the potential
of optimizing the control of the IUWS in view of the receiving water quality (Schiitze et al.,
1999).

In the 1990s the European Union began to change the approach to its water legislation (Bloch,
1999) culminating in the Water Framework Directive (WFD). The directive was put in force
in 2000 and officially imposes “integrated river bagin management” and has the aim of a “good”
quantitative and qualitative status of the water bodies (CEC, 2000). Rauch et al. (1998) have
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stated that most efficient technical measures are designed when the wastewater discharge reg-
ulations are driven by the receiving water objectives. They also stated that this requires that
the impact to the aquatic ecosystem can be predicted quantitatively by means of integrated
wastewater models. This change in regulation has thus caused an increase in IM studies,
among others by Erbe et al. (2002), Rauch et al. (2002), Rauch et al. (2005), Vanrolleghem
et al. (2005b), Solvi (2006), Freni et al. (2008), or Muschalla (2008). Driven by the WFD, the
Central European Simulation Research Group (Hochschulgruppe, HSG) presented a guideline
for IM (Muschalla et al., 2009). Although water quality-based assessment has become quite
wide spread, Blumensaat et al. (2012) have shown that for the actual implementation a wide
range of different national protocols exist. They highlighted the considerable risk of subjective
assessment due to the differences in protocols with respect to structure, complexity, assess-
ment concept, spatial and temporal scale as well as the handling of uncertainty. The Clean
Water Act (CWA) was amended in 1972, and in its current form of 2002 specifically asks for
a unified wet weather approach on a watershed or sub-watershed basis (EPA, 2002). And
the Canada-wide Strategy for the Management of Municipal Wastewater Effluent (CCME,
2009) indicates that monitoring at a watershed level will conform to the protection of the
environment. The focus on the watershed did, in comparison to Europe, however, not lead to
an increased amount of IM studies, since the central element is the river and not the urban

catchment.

More recent IM studies have widened the traditional scope. An extensive study in Australia
highlighted the interaction between the drinking water supply and the corrosion issues in the
urban drainage system caused by sulfate. IM showed that the aluminum sulfate addition
during drinking water production was a primary source of the sulfide in the sewer system and
that switching to a sulfate-free coagulant in the drinking water supply would only cause minor
additional costs for the drinking water production but would lead to large savings in the sewer
corrosion issue (Pikaar et al., 2014). Another study looked at the interaction between the
sewer system and the waterways in view of flood protection (Zhu et al., 2016). IM modelling
studies have also become broader in the sense of including the estimation of the uncertainty
of the runoff forecast when minimizing CSOs by RT'C (Vezzaro and Grum, 2014) or they aim
to enhance the resilience of water infrastructure by including failure scenarios in the planning
phase (Mugume et al., 2015). In the context of climate change, modelling the greenhous gas
emissions from the ITUWS has also gained importance (Mannina et al., 2018). Highlighting
the importance of IM, a hypothetical, system-wide Benchmark Simulation Model has been
proposed to allow objective comparisons of different control strategies in the ITUWS (Saagi
et al., 2017).
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Figure 0.2: Possible interactions of combining different measure A and B. The total effect does
not need to be the sum of the two single effects, but can result in either a positive (synergy)
or a negative (antagonism) effect (Blumensaat et al., 2009).

Motivation for IM

IM for quantification of effect on receiving water The interaction between different
sub-systems of the urban infrastructure and the effect of a rain event on the receiving water has
already been analyzed in Gujer et al. (1982) with a vast measurement campaign throughout
the IUWS. The study also reveals that carrying out such a measuring campaign may not
always be feasible. An IM may thus provide a valid alternative to quantitatively predict the
effect on the receiving water (Rauch et al., 1998). In a semi-hypothetical integrated case study
it was shown that the local analysis of CSO performance evaluated via spill frequency and
volume was only under certain conditions a good indicator for the receiving water quality (Lau
et al., 2002). This finding was confirmed by Butler and Schiitze (2005), who have been able
to show that an integrated analysis is necessary since conventional design criteria, such as the
limitation of overflow volumes as also used in the previous example, can result in misleading

conclusions as the receiving water quality is not considered.

IM for comparison of measures and strategies The possibly interacting effects of dif-
ferent measures to improve water quality were studied with IM in the Ruhr area, Germany
(Blumensaat et al., 2009). To assess the overall effect of different measures, a single value
index was developed to summarize the set of criteria that were identified as deficits of the
system. The normalized single index value was aggregating over all the criteria to permit the
relative comparison between the current status of the system and the status that would be
obtained by implementing the measures. Applying this index to different scenarios showed
that the combined effect (index AB) of two measures A and B, with an effect index A and
index B, may result in synergy (index AB is larger than index A+B), a positive effect (index
AB is larger than each single index) or even antagonism, where the combination reduces the
positive effect of a single measure, see Figure 0.2. This study has thus shown that a local
evaluation of different measures might lead to an over- or underestimation of the effect on the

water quality improvement and that the overall effect has to be assessed carefully.

An example of a study comparing different measures was conducted in Bauma, Switzerland
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(Holzer and Krebs, 1998), where three different options with respect to the total ammonia
impact on the receiving water from CSOs and the WRRF were compared. The options were
no retention tank (RT), a RT for combined, and a RT for pure sanitary water. The model
found that the sanitary RT performed better with respect to the total load emitted. The
combined tank, however, performed better with respect to reduction in peak concentrations
of NH4-N.

Another integrated study taking into account the interactions of the sewer system and the
WRRF compared three different measures to improve the system performance with respect to
the water quality of the receiving water (Langeveld et al., 2002). It was found that the use of
a stormwater settling tank at the inlet of the WRRF was to be preferred over the enlargement
of the WRRF treatment capacity, respectively the enlargement of the hydraulic capacity of

the primary treatment followed by a by-pass of the excess water.

Solvi et al. (2008) compares different measures in the TUWS, including source control, con-
struction work, different operational strategies as well as measures in the river, such as artificial
aeration to improve the receiving water quality. It was found that an upgrade of the upstream

WRRFs of the considered catchment was inevitable.

An example in which different strategies are compared can be found in the analysis of the
optimal dosing strategy of chemicals for the control of hydrogen sulfide in sewers (Sharma
et al., 2012). A number of simulations were carried out to find the optimal location for
the chemical dosing in order to ensure an optimal performance of the WRRF, since some of
the added chemicals can have negative effects (e.g. nitrate and oxygen addition reduces the
available carbon sources for biological nitrogen and phosphorus removal at the WRRF'), while

others would be beneficial (e.g. support chemical phosphate precipitation).

IM for planning Schulz et al. (2005) have shown with a hypothetical case study that IM
provides a tool for planing future rehabilitation activities. The study analyzed the performance
improvements of the urban wastewater system by incorporating reduced infiltration rates
of the rehabilitated pipes. The improvement with respect to the receiving water quality
allowed prioritizing of the rehabilitation of different sewer sections. Similarly, Benedetti et al.
(2013b) have demonstrated that IM is a powerful tool for planning and decision support, as
it allows evaluating the effect of different measures before implementation and thus allows
striving for cost-effective solutions. In that particular case study the monitoring campaign
and modelling work had a pay-back period of only 6-14 months, depending on the calculations

and assumptions, and thus proved the power of IM.
IM for adaptation Another rationale for IM is provided by the constant requirement to

optimize urban water infrastructure (Dominguez and Gujer, 2006). As shown in Neumann

et al. (2015), infrastructure is constantly challenged with problems for which it was not devised.

14



Throughout its lifetime, it therefore needs to adapt constantly. IM allows re-assessing the
situation by evaluating strategies for adaptation, other than the “muddling-through” strategy
which was found to be pre-dominant in Neumann et al. (2015). An example for strategic,
transdisciplinary planning and adaptation of the TUWS is the IM in Lima, Peru (Schiitze et al.,
2019), where together with stakeholders scenarios for the development of the IUWS over the
next decades have been identified and evaluated under different climate change scenarios. This

resulted in an action plan to which the responsible authorities of the water sector committed.

IM for control IM is also important in view of the evaluation of control strategies. An
early study of Beck et al. (1991) compared different control strategies of the WRRF based on
their receiving water impact, once with respect to dissolved oxygen concentrations and once
with respect to ammonium. Seggelke et al. (2005) found that an integrated model predictive
control of the inflow to the WRREF is able to improve the receiving water quality with respect
to the reduction of NH4-N peak concentrations. Another study by Tranckner et al. (2007)
showed that integrated control of the inflow to the WRRF can lead to a significant reduction
of the total emission, especially for small and medium rain events. For a catchment in the
north of Luxembourg fuzzy decision making did not only reduce the overflow from the sewer
system, but also directed it to the less sensitive parts of the river (Regneri et al., 2010). IM
also allows evaluating the effect of implementing a RTC to the sewer system on the IUWS
(Schiitze et al., 2018). For the given case study it was shown that the RTC reduced the overflow
volume almost as much as increasing the inflow to the WRRF. Another recent case study by
Kroll et al. (2018) has revealed very interesting RTC results for both the improved effluent
water quality of the WRRF and energy savings during dry weather conditions. This was
achieved by synchronizing sewer storage activation at pumping stations in combination with
intermittent aeration at the WRRF. This strategy thus promotes variable WRRF inflow, which
is in contrast to the equalization of WRRF inflow during dry weather flow (DWF). During wet
weather flow (WWTF), RTC reduced the overflows and decreased the sedimentation potential.
What makes the results particularly interesting is that this RTC can be applied to about 50
Belgian WRRFs without any structural changes.

Software for IM

Different modelling platforms have been found valuable for IM. A list of early examples of
successful implementations can be found in Erbe et al. (2002). They found that a main
difference is whether all the different sub-models are implemented in the same software or

whether different platforms are used and then require coupling.

According to Benedetti et al. (2013a), a main differentiation results from the type of models
used in the sewer subsystems. One can distinguish between models using full hydrodynamics,
namely the de Saint-Venant equations, requiring solution of partial differential equations,

and models using simplified hydrodynamics, such as the tanks-in-series approach (also called
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hydrological or conceptual approach), which solve ordinary differential equations. If the full
hydrodynamic models are used, the software usually has to be connected to a WRRF simulator.
If different modelling platforms are used for the subsystems, they need to be linked for the
creation of the IM (Rauch et al., 2002). Muschalla et al. (2015a) have proposed a possible
approach.

If the conceptual approach is chosen for the sewer system, different modelling software allows
implementing the models on one platform. Here only those most frequently used are presented.
One is SIMBA#, which is provided by ifak system GmbH' and allows taking into account
the sewer system, the WRRF, the sludge treatment and the river. Another is AQUASIM,
provided by Eawag?, which allows connecting different compartments, such as mixed reactors,
biofilm reactors, plug flow reactors, river sections and lakes. Then, there is WEST by DHI?,
which was initially developed for modelling of WRRFs, but thanks to its open model library
and the foundation on differential and algebraic equations, different types of models can be
implemented (Solvi, 2006). According to Bach et al. (2014), it is a platform that allows

implementing fast models for long-term simulation.

Examples of IM Case Studies

Various case studies around the globe have already been carried out highlighting different
aspects of the integrated system and each addressing distinctive challenges. This section does
not strive for completeness and only highlights those studies found to be relevant to this PhD

thesis as they focus on a similar scope in terms of subsystem modelled.

In order to upgrade one of its WRRFs and plan reconstruction work for its sewer system, the
city of Trondheim, Norway, implemented an IM. The objective was to minimize pollutant loads
from storm sewer overflows, CSOs and the WRRF (Milina et al., 1999). Two different sets
of measures were compared, including extended pumping capacities, adjustment of overflows,
separation of storm water runoff from the combined system, retention and real-time control of
sewer storage volumes. It was shown that the hydraulic load of the WRRF could be reduced
by 14% with one set of imposed measures in comparison to the other set while treating almost

the same flux of pollutants.

Several IM case studies have tackled the problem of ammonia (NH3-N) in the river. With a
semi-hypothetical model based on a catchment in Tielt, Belgium, a proof of concept was given
for RTC actions in the sewer and on the WRRF based on water quality measurements in the

receiving water (Meirlaen et al., 2002).

The analysis of a model-based predictive controller of the sewer system and the WRRF of the

www.ifak.eu
2www.eawag.ch
3www.mikepoweredbydhi.com /products/west
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city of Hildesheim, Germany, showed that the receiving water quality could be improved, since
the ammonium peak concentrations in the receiving water could be limited (Seggelke et al.,
2005).

Another case study covering the same issue was caried out in Odenthal, Germany (Erbe and
Schiitze, 2005). Limiting the ammonia and nitrite concentrations in the receiving water is
especially important since it is a salmon-spawning river. It was found that managing the
system based on the water quality variables in the WRRF and the receiving water could
significantly improve the situation. It also was found that for different single events the peak

concentrations could approximately be halved.

The catchment of the Congost river in Spain includes two sewer systems, their corresponding
WRRFs, an interceptor which connects the two WRRFs, and the river. For this case study
different scenarios were studied, a reference scenario and a number of potential emergency
scenarios, such as unplanned industrial spills (Devesa et al., 2009). It was found that the use
of storage tanks originally designed for preventing CSOs during rain events could significantly
lower peak concentrations in the receiving water. Modelling these scenarios was conductive
to gaining knowledge on how to deal with such events from a management point of view. The
models were implemented in Infoworks CS, GPS-X and Infoworks RS for the sewer systems,
WRRFs and stream reach, respectively and used a specifically developed software based on

the Delphi programming language to connect the different models.

For the same river catchment, Prat et al. (2012) later developed an integrated model on the
modelling platform WEST as a decision support tool. The following water quality components
were modelled: soluble and particulate chemical oxygen demand (COD), total nitrogen, NHy-
N, total phosphorus and POy4-P. Five scenarios were analyzed, namely a reference dry-weather
flow, a Mediterranean storm, an increase of population, and two organic shock loads at different
locations in the system. With the degrees of freedom, Monte Carlo simulations were carried
out to find the optimal parameters for flow rates, wastage sludge flow rates and set-points
of the dissolved oxygen concentration in the two WRRFs. With these simulations both the
performance was improved (better effluent characteristics) and the costs were reduced for all

scenarios.

In the Shezhen River Catchment, part of Shezhen City, China, an integrated model including
a sewer, WRRF and receiving water was used to evaluate the expected benefits from the
renovation plan (Dong et al., 2012). With the findings of the IM the effectiveness of different

measures with respect to the total pollution load was quantified.

For the catchment of the Quebec City, Canada, an integrated model was developed to optimize
the strategy of RT emptying and alum addition in the PC in order to reduce the overall amount

of particulates released to the environment (Tik et al., 2014b).
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In the city of Dresden, Germany, for more than ten years an integrated flow control of the RTs
and the sewer system has been in operation. The implementation of integrated control has
resulted in savings of approximately 60 million Euro which did not have to be spent on the
construction of RTs. In addition to the cost savings, the integrated control also includes flood
protection measures and allows for special operation modes. These special operation modes
can be activated, for instance, during construction work to reduce flow in a certain part of the
system, or the flow can temporarily be increased for sediment flushing purposes (Ménnig and
Lindenberg, 2013).

One year after the implementation of an integrated RTC strategy in the city of Wilhelmshaven,
Germany, the analysis of the system performance showed that the integrated approach is most
effective during small and medium sized rain events. In total, 22 % of the CSO events were
avoided, while the total CSO volume was reduced by 25%, without overloading the WRRF,
since inflow limitation was included in the RTC strategy (Seggelke et al., 2013).

Using an integrated model in combination with a cost model proved to be a powerful tool to
find cost-effective measures to increase the quality of the Dommel River in the Netherlands.
With an integrated model (sewer-WRRF-river), Benedetti et al. (2013b) have shown that it
is possible to reach the quality goals with different combinations of measures, but that there
are substantial cost differences between the scenarios. They found that the modelling and
measurement work necessary to produce these findings had a pay-back time of about 6-14

months, depending on the cost calculation.

Initially, the renovation planning of the WRRF in Lemgo, Germany, revealed the necessity for
the construction of a third secondary clarifier to upgrade the existing system. Investigating an
integrated approach with an IM revealed, however, that alternative optimization approaches,
such as making optimal use of the storage volume in the sewer and implementing a RTC for
the inflow to the WRRF, would make the construction of the third clarifier obsolete. The
responsible approval authority considered the theoretical findings and has called for an 18-
month test operation prior to final approval. If the test operation is successful, investments

in the order of four million Euros can be avoided (Seggelke et al., 2017).

Focus on Particulates

According to Tchobanoglous et al. (2004), wastewater can be defined “as a combination of
the liquid or water-carried wastes removed from residences, institutions, and commercial and
industrial establishments, together with such groundwater, surface water, and stormwater as
may be present”. The definition of liquid or water-carried waste shows that water pollution is

commonly split in soluble and particulate compounds (Vanrolleghem et al., 2018).
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Motivation for Focus on Particulates

As stated earlier, this research focuses on particulates. Particulates are widely acknowledged as
a primary source of pollutants throughout the sewer system (Ashley et al., 1994). If particulate
pollution reaches the receiving water, it does not only lead to visual pollution, but also to
oxygen depletion since it contains considerable organic matter, and causes eutrophication
since it contains nutrients (Vanrolleghem et al., 2018). Depending on the type of sediment,
the particulates function not only as carriers of COD, but also of additional pollutants, such as
pathogens and heavy metals and hydrophobic micro-pollutants (Ahyerre and Chebbo, 2002;
Ashley et al., 2004).

Another motivation derives from operational issues caused by particulates, as they block
and damage screens, cause pump abrasion, create gases and odors and reduce the hydraulic
capacity of the sewer system (Ashley et al., 2004). The latter was further assessed and sediment

depositions in the sewer system were found to cause minor flood events (Cherqui et al., 2015).

Excess particulate depositions in sewers constitute, however, not only an operational issue but
also a problem with respect to pollution, since they can be resuspended during rain events
and be released to the environment via CSOs (Murali et al., 2019). An effect related to this
phenomenon is the so-called first flush, which is caused by an increasing flow in the sewer
and results in an initially increased concentration of solids and other pollutants (Ashley et al.,
2004). The effect of the flow increase is different for soluble and particulate concentrations,
as a sudden increase in flow causes a wave propagating through the sewer. Krebs et al. (1999)
have shown that the wave celerity is faster than the flow velocity of the water, implicating that
the soluble concentration in the wave front originates from the water already in the sewer and
thus with (increased) DWF concentrations. They conclude that the first flush of particulates
is caused by the increased erosion of sewer sediments. This corresponds with the findings from
a study in Paris, where it was shown that 30-80% of the mass of suspended solids during a rain
event resulted from in-sewer sediments (Ahyerre and Chebbo, 2002). The more recent and
quite stringent definition of the first flush, as 80% of the pollutants having to be found in the
first 30% of the water flow volume, makes the first flush a complex and fairly rare phenomenon
(Bertrand-Krajewski et al., 1998).

From the perspective of resource recovery the correlation between settling and organic content
is interesting, as suggested by Bachis et al. (2015). The addition of coagulants and flocculants
in the primary treatment can maximize the settling of organic material and thus increase
biogas production. In an integrated approach, maximizing solids production does not need to

be seen as maximizing waste, but rather as maximizing a resource of energy and nutrients.

Results from two case studies in Italy have shown that sewer sediments play a major role in
the assessment of the impact of rain events and should be included in future assessments of the

urban drainage system (Mannina and Viviani, 2010). The recent literature review by Murali
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et al. (2019) concluded that further research is required to understand solids erosion, deposited
bed processes, and gross solids transport. Furthermore, current modelling approaches to
particulates are deemed to lack sufficient detail to capture the ongoing processes in the sewer
system. Or, as Vanrolleghem et al. (2018) put it, understanding the particulate pollution in
the IUWS and predicting its fate remains a considerable challenge and warrants ample further

investigation.

Characterization of Particulates

Although the importance of particulates is widely acknowledged, no general definition of sewer
solids is widely accepted and different definitions exist (Friedler et al., 1996). Common differ-
entiation is made between gross solids and sewer sediments, gross solids being sewer solids with
a diameter of >6 mm in any one direction and the sewer sediments being smaller (Jefferies and
Ashley, 1994). In Ahyerre and Chebbo (2002) sewer sediments are further divided into three
classes; Type A sediments, which represent the coarse, loose, granular sediments at the bottom
of pipes, biofilms found along pipe walls and organic sediments at the water-bed interface. For
the Type A sediments, a correlation between settling velocity and volatile solid content was
found: The faster the sediments settle, the lower their volatile solid content. Regarding the
characterization of involved transport processes for sewer sediments, a recent review by Mu-
rali et al. (2019) presented the processes illustrated in Figure 0.3: Erosion, settling, suspended

transport, bedload transport and saltation.

-

Bed Ercsion Sediment  Suspended Rolling and Saltation
Settling and Sediment Dragging (Bedload (Bedload
bed processes Transport Transport) Transport)

- Large Sediment
- Small Sediment
i - Deposited Bed

Figure 0.3: Illustration of processes affecting the transport of sewer sediments: erosion, set-
tling, suspended transport, bedload transport and saltation (Murali et al., 2019).

Different measurements exist for the characterization of particulates. A considerable number
of these focus on particle density, particle size distribution or the description of their composi-
tion, for example, with respect to COD content (Ruban et al., 2015). None of these measures
is, however, described in detail, since they address the settling velocity only indirectly. Nev-
ertheless, the settling velocity was found to be a key parameter with regard to the description

of sedimentation, transport and erosion of particulates (Michelbach, 1995). Chancelier et al.
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(1998) distinguish between two types of protocols for the measurement of the settling velocity:
those using a homogeneous sample of a mixture between solids and the liquid phase, and those
using a floating layer, i.e. a layer of solids added to the top of the liquid phase at the begin-
ning of the experiment. According to the review by Berrouard (2010), all these measurements
belong to the class of static measurements, which use a static water column. This is opposed
to measurements of the settling velocity under dynamic conditions, such as the elutriation by
Exall et al. (2009). Berrouard (2010) conducted an extensive study of different protocols to
measure the settling velocity, such as the Aston column (Lin, 2003), a column of the UFT type
(Umwelt und Fluid Technik) described by Wong and Piedrahita (2000) or the ViCAs column
presented in Chebbo and Gromaire (2009). Considering different criteria, such as the possi-
bility to measure small settling velocities without any pre-treatment of the sample, the use of
a comparably small sampling volume, and the reasonable size of the sampling equipment, led
to the conclusion that the ViCAs column is the most suitable for the measurement of settling
velocities. This finding that the ViCAs measurement is a comparably simple, yet accurate,
method to describe the settling behavior is confirmed by Tik et al. (2014a), who applied it
throughout the entire IUWS. The method is presented in detail in Section 1.4.

Ongoing PSVD Modelling Developments

As stated earlier, this thesis uses the PSVD modelling approach based on the ViCAs experi-
ment. The development of the PSVD modelling approach is a joint effort by the model FAU
team from Université Laval, Quebec City, Canada. Not only has a lot of prior work already
been conducted (such as Maruéjouls et al., 2014; Muschalla et al., 2014; Maruéjouls et al.,
2015; Bachis et al., 2015; Tik et al., 2016a and Vallet et al., 2016 to name only some) but the
developments are ongoing. Next to this dissertation, three complementary theses on PSVD
modelling are in progress: Sovanna Tik adopts PSVD models (PSVDM) for optimizing the
TUWS with RTC (see, for example, Tik et al., 2014b), Queralt Plana studies the behavior of
particulates in the grid chamber via PSVD (see, for example, Plana et al., 2018) and Kamilia
Haboub investigates the behavior of suspended solids in sewers, also based on PSVD (Haboub
et al., 2019). This work thus forms part of a broader, concerted effort by the model AU team
to better understand and describe the fate of particulates in the TUWS.

Project-Relevant Regulations Regarding the Case Study CdH
Sewer System

The current regulation for environmental compliance of the Bordeaux sewer system is found
in the “Note Technique du 7 septembre 2015 sur la conformité relative & la mise en ceuvre
de certains disposition de l'arrété du 21 juillet 2015 relatif aux systémes d’assainissement
collectif”. To assess compliance of the sewer system, three possible criteria exist, one of which

has to be chosen:
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e The total volume discharged during rain weather has to be smaller than 5% of the total

volume produced by the catchment per year.

e The total pollutant flux discharged during rain weather has to be smaller than 5% of
the total flux produced by the catchment per year.

e Less than 20 days of overflow for each overflow structure with a load exceeding 120
kgBODS/d during DWEF.

The first criterion, using the volumes, is calculated using Equation 1, where volume Va1
represents the discharged volume within the sewer system, Vao the volume by-passed at the
entrance of the WRRF and Vi3 the volume entering the WRREF for treatment. The second

criterion is calculated with the same equation, exchanging volume for pollutant flux:

Va1

* 100 < 5. 1
Va1 + Vao + Vas - 1)

WRRF

The current legislation for the WRRFs in France was published in the “Journal officiel de la
République francaise” in 2015 (JORF, 2015). The minimum effluent requirements for WRRFs
discharging in receiving waters not considered sensitive to eutrophication are shown in Table
0.2 and depend on the loading of the 5-day biochemical oxygen demand (BODs3) of the WRRF.

Table 0.2: Minimum requirements for WRRFs in France

Parameter BODj5 Load  Max. daily average  Min. daily average

of WRRF  effluent concentration reduction
(kg/d) (mg/1)
BODs T ” a0t
v S 123 T
s 10 5 o0t

The WRRF of the case study is described further in Chapter 1, but has a load of approximately
24’500kg/d, which means that the more stringent effluent conditions apply. The effluent
concentrations must be met by 95% of the flow arriving at the WRRF, while for a limited

amount representing no more than 5% of the flow these concentrations may be exceeded.
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Chapter 1

Case Study Description - Clos de
Hilde Catchment

1.1 Catchment and WRRF overview

The case study “Clos de Hilde” (CdH) is located in the city of Bordeaux, in the south-west
of France, as shown in Figure 1.1. The city was founded on the banks of the Garonne river,
which traverses the city from south to north. It is one of the major rivers in France, has a
length of approximately 600 km and discharges to the Atlantic Ocean not much downstream
of Bordeaux. The flow follows a annual pattern, with low flow in summer and autumn and
high flow during winter and spring (average monthly flow in Mas-d’Agenais, approximately
100 km upstream of Bordeaux, for August: 190m3/s and February: 1030m3/s). At the level
of Bordeaux, the river starts being influenced by the tide of the sea (“Garonne”, 2019) and
has very high turbidity.

The climate in Bordeaux is a typical oceanic climate with mild winters and hot summers.
Bordeaux has frequent rainfalls (approximately 1000 mm /year), which are evenly distributed

throughout the year, but in summer often caused by storms (“Bordeaux”, 2019).

Figure 1.2 indicates the six water resource recovery facilities (WRRF) of the Bordeaux urban
community with a total treatment capacity of almost 1 million person equivalents (PE). The
historical city center is located in the Louis Fargue catchment. The catchment of the case
study, CdH, is south of the city center and therefore discharges upstream of the old town into
the Garonne river. It can be seen from Figure 1.2 that the catchment is located both on the
east and the west banks of the river. This requires the water to be pumped from the left side
to the right side, where the WRRF CdH is located.

The CdH catchment is a typical urban catchment consisting of housing, industrial and com-

bined areas. Figure 1.3 shows that the catchment consists of both combined (hatched) and
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Figure 1.1: Location of Bordeaux within France.
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Figure 1.2: WRRFs (brown circles) and corresponding catchments of the Bordeaux urban
community, with the main catchments Louis Fargue and Clos de Hilde.
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Figure 1.3: Sewer system and WRRF of the CdH catchment with an indication of the key
hydraulic structures. Hatched subcatchments indicate combined, and dotted subcatchments
separate sewer systems. The colored lines indicate the sewer stretches modelled (see Chapter
2). Since the river flows from south to north, the WRRF is located upstream of the catchment.

separate sewer systems (dotted). The older part of the system is mostly covered by a combined
system, whereas the newer part of the system, located in the outer circle, has a separate sys-
tem. The main sewer system is indicated with colored lines. This is also the sewer system that
will be modelled. One color corresponds to one modelled sewer stretch. The development of
the model as well as the calibration and validation of the sewer model is described in Chapter
2. A special characteristic of the CdH catchment is that the WRRF is located upstream of the
catchment itself, which leads to the situation that most of the water needs to be pumped to
the WRREF. To this end, several pumping stations as well as overflows are located on the river
banks (see Figure 1.3). These pumping stations an overflows limit the flow to the WRRF. The
figure also shows four RTs located further upstream in the catchment. All the RTs are off-line
tanks and have unusually large volumes as they were built for flood protection in response
to the big flood events in the 1980s (“Météo France”, 2019). The Bastide tank for example,

which is located in the north of the eastern catchment area, has a volume of 9550 m?.

The WRRF has five tributaries, four tributaries from the catchment and the WRREF internal

wastewater, which is comparably small. The contributions of each of the tributaries are listed
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Table 1.1: Description of the five tributaries of the WRRF CdH with their respective con-
tribution during DWF and WWF. For the calculation of the WWEF contribution the later
calibration event is chosen (for more detail see Chapter 4).

Tributary Description Sewer Contribution
System DWF WWF

%) %)

CdH Tributary 1  Ars-Bourde Sanitary 37 36
CdH Tributary 2 Rive Gauche Combined 25 ab
CdH Tributary 3 Blanche Sanitary 5 5
CdH Tributary 4 Arcins Sanitary 3 4
CdH Tributary 5 WRRF Internal Sanitary ~ ~

in Table 1.1. From the four tributaries of the catchment, two can be considered the main
contributors to the flow at the WRRF. Tributary 1, the “Ars-Bourde” catchment, contributes
approximately 37% of the total DWF. It is the main sanitary catchment located in the south-
west of the CdH catchment. Tributary 2, also known as the “Rive Gauche” catchment, is
a sanitary catchment contributing 55% of the DWF inflow to the WRRF. The name of this
tributary is a bit misleading: “Rive Gauche” is French and means “left bank”, but this tributary
does not only include the combined part of the left bank, but also the major part of the
wastewater from the right bank of the Garonne. The map in Figure 1.3 indicates that the
water from the pumping station Jourde joins the water on the left side in the outflow chamber
of the pumping station Carle Vernet. To indicate the WWEF contributions of the different
tributaries, the rain event is chosen, for which the model will be calibrated later. This rain
event has an estimated return period of approximately 3 months (for more detail, see Chapter
4). Table 1.1 indicates that the contributions do not substantially change under WWF. It
should however be noted that in the Ars-Bourde catchment no major overflow exists, whereas
the Rive Gauche catchment suffers from heavy overloading and multiple major overflows exist.
This can also be observed on the map in Figure 1.3. Including all those overflow volumes in

the analysis would thus only increase the importance of the Rive Gauche tributary.

The WRRF CdH has a treatment capacity of about 400 000 PE and a nominal flow capacity
of 100000 m?3/d. The two WRRFs Louis Fargue and CdH treat together more than 70% of the
wastewater and can therefore be considered as the two main WRRFs of the Bordeaux urban
community. The CdH WRRF was constructed in 1994 by Degrémont and was extended from
2004 to 2007 by the same company. This two phase development is reflected in the plant layout
shown in Figure 1.4. The wastewater arriving via four different sewer lines and the internally
produced wastewater is pre-screened (50mm), followed by four fine screens (16 mm). The
wastewater passes the aerated GC and then additional fine screens (3mm). After the fine
screens the extension of the WRRF becomes visible: The upper part in Figure 1.4 represents
the old line (from 1994) and the lower part represents the new line (from 2007). The unit

processes however, stay the same: first the water is treated by chemically enhanced primary
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Figure 1.4: CdH WRRF layout with the main sewer lines arriving (orange), the regular water
line (continuous blue), possible bypass options (dashed blue) and backwash water (dotted
yellow).

treatment (CEPT). The PC installed is a lamella settler (Densadeg by Degrémont) to which
iron trichloride (FeCls) is added. The control of the CEPT will be described in more detail
in Section 1.2. After the primary settlers, the water is redistributed and flows through two
upflow submerged attached growth processes (Biofor biofiltration by Degrémont). Due to the
design of the BFs no secondary clarifier is necessary and the effluent is directly discharged to

the receiving water.

1.2 Control of Chemically Enhanced Primary Treatment

The addition of the coagulant, ferric chloride FeCls, is controlled on the WRRF CdH. The
control of the CEPT is described in more detail, since the control implemented on the WRRF

has to be implemented in the model too.

The CEPT controller calculates the FeCls coagulant concentration added in the PC based
on the TSS concentration measurement in the inlet of the PC (7SS;,). Equation 1.1 shows
the detailed calculation of the coagulant concentration (FeCls) and reveals that if the TSS
concentration in the inlet T'SS;, reaches a certain level T.SSax the coagulant concentration
will increase no further and reaches its maximum FeCl3 max. The same can be found for the
minimal coagulant addition F'eCl3 min that is reached when TSS;, reaches the minimum TSS

concentration T'SSyin. If the T'SS;, concentration thus passes the boundaries of the controller
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the minimal, respectively the maximal, concentration of coagulant is added.

FeclS,max - F60l37min .
7SS, — TS5 (TSSmax — TSSin)

FeCl&min S FeClg S FeC’lg,maX

FeClz = FeCl3 max —

where:
FeClg Dosed FeC'lz concentration dosed
FeCl3z max Maximum FeCl3 concentration 45
FeCl3 min  Minimum FeCl3 concentration 20
TSSin TSS concentration in the inlet of the PC measured
TSS max TSS concentration for which maximum dosage is reached 400
TSS min TSS concentration for which minimum dosage is reached 150

1.3 Data from the Utility

mg/1
mg/1
mg/1
mg/1
mg/1
mg/1

Several measurements are regularly taken by the utility. The available data for this project

are presented here. The main difference is made between water quantity measurements (pre-

cipitation/flow) and water quality measurements. For the sewer system water quantity mea-

surements are available at different locations; water quality measurements however are only

available at the WRRF.

The water quantity measurements provided in the sewer system are measured based on a 5 min

interval at the following locations (also indicated in Figure 1.3):

e Precipitation measurements (tipping bucket)

Abria
Jourde

Eau blanche

— Petit Bordeaux
e Flow rate measurements
— Jourde:

Calculated via pump operation and opening level gate

— Carle Vernet:

Calculated via pump operation

— Noutary:

Calculated via height (piezometer) and velocity (ultrasound))
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Figure 1.5: Turbidity measurements performed by the utility are indicated with a red dot
and measurements collected during the project’s measurement campaign are indicated with a
violet dot on the WRRF layout of CdH.

— WRRF CdH
« Tributary 1 (Ars-Bourde):

Calculated via flow channel and velocity (ultrasound)
« Tributary 2 (Rive Gauche):

Electromagnetic flowmeter
« Tributary 3 (Blanche):

Electromagnetic flowmeter
« Tributary 4 (Arcins):

Calculated via flow channel and velocity (ultrasound)

The water quality measurements available for this study are turbidity measurements (Hach,
Loveland, CO, USA) located at different unit processes on the WRRF. The locations are
indicated in Figure 1.5 and all data is stored based on a 5 min interval. For the control of the
WRRF, a turbidity measurement is also available at the inlet of the new line of Densadegs
for the control of the FeCls dosing in the CEPT, see Section 1.2. Unfortunately, the data was

not available for this study.
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1.4 Data from Measurement Campaigns

1.4.1 Overview Measurement Campaigns

Three measurement campaigns were conducted in the course of this project, a preliminary
measurement campaign and two full-scale measurement campaigns. An overview of the cam-
paigns is given in Table 1.2. The measurements conducted during the measurement campaigns
stayed the same and can be divided into online measurements and the necessary laboratory
measurements for their calibration and the ViCAs experiment conducted in the laboratory to
obtain the PSVD curve. The online measurements are explained in more detail in Section
1.4.2 and the ViCAS measurement in Section 1.4.3.

Table 1.2: Overview of the measurement campaigns conducted in the course of this project.

Name Duration Aim

Preliminary September 2016 Installation and test of equipment
Preparation laboratory

1st May to August 2017 Online measurements Noutary and CdH
ViCAs measurements Noutary and CdH

2nd Mid-May to mid-July 2018 Online measurements Noutary and CdH

ViCAs measurements Noutary and CdH
ViCAs measurements primary treatment

1.4.2 Online Measurements with RSM 30 stations

For the online measurements, two RSM 30 stations (Primodal Systems, Canada) were avail-
able. The RSM 30 stations are flexible online monitoring stations, the vision of which has
first been presented in Rieger and Vanrolleghem (2008). The key element of the vision is the
station’s flexibility: both with regard to the modular system, that allows including different
sensors, and the compact set-up that allows installation in different places in combination with

remote access to the data.

The sensors installed at each of the two RSM 30 stations during this project are a pH, a
turbidity and conductivity meter of the brand WTW (Weilheim, Germany), as well as a
spectro::lyser by s:can (Vienna, Austria), which is a spectrometer sensor able to measure total
COD, soluble COD and TSS. The two available TSS measurements are based on different
measurement principles. The turbidity meter measures the intensity of light scattered at
90 degrees as a beam of light passes through a water sample, whereas the second sensor, the
spectrometer, measures the absorption spectra in the UV /vis range. The sensors are calibrated

with laboratory samples.

The installation of the sensors has been developed in collaboration with Le LyRE (Le LyRE,
2016) and was presented in Ledergerber et al. (2017a). The installation aims at flexibility,

which is in accordance with the vision for the RSM 30 stations. The created hardware set-up
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Figure 1.6: Example of installation of the RSM 30 online monitoring station at the inlet of
the WRRF CdH. The left-hand side shows the support pipe in which the sensor rack can be
lowered and the right-hand side shows the sensors mounted on the sensor rack in front of the
RSM 30 station.

allows reusing the same installation at different locations. As shown for the installation at
the inlet of the WRRF in Figure 1.6 it consists of two parts: the sensor rack and its support
structure. The sensors are mounted on a cylindrical, re-usable sensor rack attached to a chain.
To keep the sensors stable and protected, the sensor rack is placed in a pipe support structure.
The chain attached to the sensor rack allows to lift them inside the support pipe for inspection
and maintenance. This is necessary as for both measurement sites the sensors are installed

far below ground (five respectively twelve meters).

One of the RSM 30 stations was placed at the inlet of the WRRF CdH after the pre-screens
(50mm), more specifically at the second tributary (Rive Gauche). The placement of the
RSM 30 station at this particular tributary was chosen, since, as described in Section 1.1,
this is not only the biggest tributary, it is also the tributary experiencing the most important
overflows during WWEF. The location of the RSM 30 station is also indicated in Figure 1.5.
The second RSM 30 station was placed at the pumping station Noutary (NT). The location
of this station is indicated in Figure 1.3. This location was confirmed for the 2°¢ full-scale

measurement campaign thanks to OED, see Chapter 3.

Building on the work of Plana (2015) for WRRFs two different maintenance protocols have
been developed (Ledergerber et al., 2017b) for sewers. They are based on the sensor’s need for
on-site data quality validation (pH, conductivity, turbidity) or its ability for off-site validation
and calibration (spectrometer). The protocols are presented in Figure 1.7. The off-site method
for the spectrometer includes standard laboratory analysis of COD, CODs and TSS. To obtain
the grab samples, a portable sampler (SIGMA SD900, Hach, Loveland, CO, USA) was used
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Figure 1.7: Maintenance protocol adapted from Plana (2015) for on-site (left) and off-site
(right) maintenance.

for both sites. The quite special installation of the sampler at NT is shown in Figure 1.8.

The data quality of the measurements was assured by applying the univariate data quality
assessment method of Alferes et al. (2013a) resulting in validated high frequency data. The
resulting water quality data will be used for model calibration and validation at NT and CdH
in section 4.6. The work by Philippe (2019) improved the existing method and it was found
that for the TSS measurements at NT approximately 18% of the collected data points were
outliers and 12% of the data points had to be rejected.

1.4.3 ViCAs Measurements

The method used to determine the characteristic PSVD of a wastewater sample is the ViCAs
protocol (Chebbo and Gromaire, 2009). ViCAs is the French acronym of "vitesse de chute en
assainissement” which stands for settling velocity in wastewater handling. The ViCAs protocol
allows determining the static settling velocity of a wastewater sample with comparably simple

equipment. The experimental set-up is shown in Figure 1.9.

A homogeneous sample is filled quickly (<5s) into the settling column, where the particulates

are subject to settling. The settled particulates are trapped in a cup that is placed underneath
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Figure 1.8: Sampling at the monitoring station RSM 30 at the pumping station NT.

Figure 1.9: ViCAs experimental set-up as installed at the WRRFEF CdH with the settling
column on the right-hand side.
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the column. The cup is replaced by a series of cups that each cover a certain interval so that
the ViCAs experiment captures the most relevant part of the anticipated settling time. The
particulates trapped in each cup are filtered using a pore size of 1.6 um (for filter equipment,
see left-hand side of Figure 1.9), dried and then weighed. The mass settled cumulatively in
the series of cups is mathematically treated and calibrated to a pre-defined function, using
the second approach suggested in Chebbo and Gromaire (2009). The cumulative settled mass
M (t) is fitted to the function indicated in equation 1.3 by changing the parameters b, ¢ and d.
The resulting PSVD curve can then be used to define the particle classes in the PSVDMs, as

described in Section 4.3.

b
M(t) = ——— (1.3)
1+ ()"
where:
M(t) Cumulative settled mass g
b Adjustment parameter b>0
c Adjustment parameter c>0
d Adjustment parameter 1>d>0
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Chapter 2

An Efficient and Structured Procedure

to Develop Conceptual Catchment and
Sewer Models from Their Detailed

Counterparts

This chapter is redrafted from the article:

Ledergerber, J., Pieper, L., Binet, G., Comeau, A., Maruéjouls, T., Muschalla, D., and Vanrol-
leghem, P. A. (2019). An efficient and structured procedure to develop conceptual catchment
and sewer models from their detailed counterparts. Water, 11(10):2000.

Author contributions Conceptualization, J.M.L., D.M. and P.A.V.; Funding acquisition,
A.C., T.M. and P.A.V.; Investigation, J.M.L. and L.P.; Methodology, J.M.L., L.P., D.M.
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idation, J.M.L. and L.P.; Visualization, J.M.L. and L.P.; Writing—original draft, J.M.L.;
Writing—review & editing, L.P., A.C., D.M. and P.A.V.

2.1 Abstract

Modelling flow rates in catchments and sewers with a conceptual, also known as hydrological,
approach is widely applied if fast simulations are important. In cases where a detailed hydro-
dynamic model exists, it is common to start conceptualizing from this detailed counterpart.
Unfortunately, no generalized procedure exists, which is surprising as this can be a complex
and time-consuming task. This research work proposes a procedure that is validated with
two independent combined sewer case studies. The conceptual models provide the targeted

results with respect to representation of the flow rates and reduction in the computational
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time. As the desired performance could be reached for different levels of model aggregation,
it is concluded that the conceptual model can be tailored to the points where accurate flow
rates need to be predicted. Furthermore, the comparison of the conceptual model results with
flow measurements highlights the importance of analyzing and eventually compensating for
the limitations of the detailed model.

2.2 Résumé

La modélisation des débits dans les bassins versants et les égouts avec une approche concep-
tuelle, également appelée hydrologique, est largement appliquée car les temps de simulation
sont significativement réduits en comparaison avec des modeéles hydrodynamiques classiques.
Dans les cas ou il existe un modéle hydrodynamique détaillé, il est courant de commencer &
conceptualiser & partir de cette contrepartie détaillée. Malheureusement, il n’existe pas de
procédure généralisée, ce qui est surprenant car cela peut étre une tache complexe et longue.
Ce travail de recherche propose une procédure qui est validée par deux études de cas indé-
pendantes sur des égouts unitaires. Les modeles conceptuels fournissent les résultats visés en
ce qui concerne la représentation des débits et la réduction du temps de calcul. Etant donné
que les performances souhaitées ont pu étre atteintes pour différents niveaux d’agrégation du
modeéle, il est conclu que le modéle conceptuel peut étre adapté aux points ot des débits pré-
cis doivent étre prévus. De plus, la comparaison des résultats du modeéle conceptuel avec les
mesures de débit souligne 'importance d’analyser et éventuellement de compenser les limites

du modéle détaillé.

2.3 Introduction

The use of lumped conceptual models is widespread in urban drainage modelling where fast
calculations are necessary for multiple model evaluations, such as sensitivity or uncertainty
analysis and optimization questions (Wolfs et al., 2013), or for simulations of long timeseries
with complex models, such as integrated models where multiple sub-system models are eval-
uated at the same time (Achleitner et al., 2007; Rauch et al., 2002). The potential beneficial
use of lumped conceptual models was proven with several successful case studies over the last
decades. Some examples of their application include sensitivity analysis (Gamerith et al.,
2013; Vanrolleghem et al., 2015), uncertainty analysis (Mahmoodian et al., 2017), RT'C and
model predictive control (Meirlaen et al., 2002; Weinreich et al., 1997) or optimization and
integration (Bauwens et al., 1996; Benedetti et al., 2013b; Willems, 2008).

Hydrodynamic routing, also known as distributed flow routing, calculates the flow based on
a time and space component using the de Saint-Venant equations (Maidment, 1993). The
evaluation of these equations is however computationally demanding and different approaches

exist for simplification or emulation of hydrodynamic models (Davidsen et al., 2017; Machac
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et al., 2016). Conceptual modelling, also known as hydrological or lumped modelling, is an
established approach that uses time alone to calculate the flow rate at a certain location (Maid-
ment, 1993). Conceptual models respect the conservation of mass, but conceptual relations
replace the momentum equation, which makes them computationally less demanding (Achleit-
ner et al., 2007). In comparison to hydrodynamic models no flow prediction at intermediate
points is possible as the spatial component is lost and several other flow characteristics, such
as velocity and water height are no longer calculated. Also, the hydraulic principles that form
the basis of conceptual models are that downstream flow conditions do not influence upstream
flow conditions. However, in cases where backwater conditions exist, approaches are available

to properly approximate those effects (Vanrolleghem et al., 2009).

For the development of a conceptual catchment and sewer model, including runoff generation,
flow concentration and routing, spatial data representing the catchment and sewer charac-
teristics, as well as flow rate information, have to be available. If a detailed model of the
catchments and full hydrodynamic model (de Saint-Venant equations) of the sewer system
exist, it is a common approach to use the detailed model as a starting point for conceptualiza-
tion. This allows incorporating the knowledge already available in the detailed model, thus not
imposing a need for extensive collection of flow rate measurement data (Meirlaen et al., 2002).
For some part of the conceptualization process, semi-automated model layout and calibration
tools have been developed to speed up the process (Wolfs et al., 2013; Guo et al., 2019; Kroll
et al., 2017). To the knowledge of the authors, the most complete guideline for conceptual
modelling approaches is the Austrian guideline (Muschalla et al., 2015b), which provides a
very good overview of conceptual modelling concepts, including different aggregation strate-
gies for various levels of lumping (available in German only). But even given those tools, a
significant amount of time and effort has to be spent developing a conceptual model (Wolfs
et al., 2013; Kroll et al., 2017). It is therefore surprising that no general procedure exists
to develop conceptualized catchment and sewer models from its detailed counterpart. It was
even concluded that a main shortcoming of conceptual modelling is the lack of a formalized

generic procedure (Wolfs, 2016).

Modellers from different disciplines of water system modelling describe that a standardized
modelling protocol leads to more efficient and reproducible development of models and makes
the process more transparent. Good modelling practice protocols are available for instance in
integrated urban wastewater modelling (Muschalla et al., 2009), river modelling (Wolfs et al.,
2015), wastewater treatment modelling (Gernaey et al., 2004; Rieger et al., 2012), and river
basin and groundwater management (Refsgaard et al., 2005; Scholten et al., 2007).

This research proposes an efficient and structured procedure to develop conceptual catchment
and sewer models from their detailed counterpart (Section 2.5). The proposed procedure is not
automated, but certain sub-steps, such as the development of the aggregated conceptual sewer

model (Kroll et al., 2017), could be automated. The conceptualization of special structures,
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such as pumping stations, RTs and flow diversion structures, is not part of the developed
procedure, as a general approach to conceptualization is very difficult. Special structures have
to be conceptualized on a case-by-case basis. The procedure is applied to two case studies
(Ottawa, ON, Canada and Bordeaux, France). Section 2.6.1 evaluates the performance of the
developed conceptual models in comparison to their detailed counterpart. In Section 2.6.2 the
procedure is further tested by evaluating the impact of the level of aggregation on the Ottawa
case study. To do so, the initial model, where attention was paid to ensure that catchments
were of similar shape and area, is compared to a maximally aggregated model. Section 2.6.3
challenges the conceptual model of Bordeaux by comparing it to actual flow rate measurements

and not only to flow rate data generated by the detailed model.

2.4 Materials and Methods

2.4.1 Case Studies
Case Study 1: Ottawa, Canada

The first case study is located in the central urban area of Ottawa, ON, Canada, covering
an area of approximately 6400 ha. The catchment contains sanitary, partially separated and
combined sewers. In the studied area, rain data from seven rain gauges are available (Pieper,

2017). A map of the considered sewer system is shown in Figure 2.1.

Case Study 2: Bordeaux, France

The second case study is the catchment of the WRRF CdH. This case study is described in
detail in Chapter 1. Relevant is that, in contrast to the first case study, flow rate measurements
are also available and provided by the local utility. The relevant flow rate measurements are
located at the four different tributaries of the WRRF and the pumping stations Jourde, Carle
Vernet and Noutary (see Figure 2.2 for the locations of the WRRF and pumping stations).

2.4.2 Modelling Approach and Software

The catchment model to test the methodology is described in section 4.4.1 and the conceptual

sewer model, based on reservoirs in series, in Section 4.4.3.

To determine the reservoir parameters, such as the number of reservoirs in series n and the
residence time k, see equation 4.5, methods exist to determine them from the detailed model.
Euler (1983) adapted the Kalinin-Miljukov method to define the linear reservoir parameters
from the pipe characteristics. An alternative method to determine the parameters is the
Muskingum method (Maidment, 1993). In the non-linear case the parameters can also be
defined using the pipe characteristics from the detailed model, maximum flows and volume-
outflow gradients (Mehler, 2000).
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Figure 2.1: The map shows the central sewer area of Ottawa indicating rain gauges and key
hydraulic structures as well as the catchments and sewer conduits of the developed conceptual
model with the comparison points of the hydrodynamic and conceptual model, indicated by
a Z-code (see Section 2.6.1).

2.4.3 Model Performance Criteria

The model performance criteria chosen for this study are the percent volume error (PVE) in
equation 2.1, percent error in peak (PEP) in equation 2.2 and the Nash-Sutcliffe efficiency
(NSE) in equation 2.3. The PVE, also known as the percent bias, measures the overall ade-
quacy between predicted (F;) and observed (O;) data. The PEP characterizes the difference
between the observed peak (max({0;})) and the modelled peak (max({F;})) for a single event
but does not evaluate the timing of the peak. The NSE compares the squared residuals with
the squared residuals a model written as the mean of the data (O) would create. The optimal
value equals one, zero means that the model is equally good as a mean value model and a
negative value means that the model is performing worse than the mean value of the observa-
tions. Due to the squared nature of the criterion, it compares to the well-known Root Mean
Square Error (RMSE) model performance criterion, used in other disciplines. This criterion

is sensitive to extreme values (Hauduc et al., 2015).
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Figure 2.2: Map of the Bordeaux case study. The map shows the CdH catchment of Bordeaux
with combined (hatched) and sanitary (dotted) sub-catchments of the separate system, the
pumping stations with flow rate measurements (Jourde, Carle Vernet and Noutary) as well
as comparison points of the hydrodynamic and conceptual model, indicated by a code of two
letters and a number (see Section 2.6.1).

PVE

PEP

NSE

where:

P, Predicted data
O; Observed data

> (0 — P)
W o -
max ({O;}) — max ({P;})
100 max ({O0;}) 22
n 2
2 (0= R) (2.3)
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Figure 2.3: Schema for the proposed procedure for the development of a conceptual model
from its detailed counterpart.

2.5 Proposed Methodology

The proposed procedure to develop a conceptual model from its detailed counterpart consists
of four main stages (Figure 2.3): project definition, model development, calibration, and

validation. Each of the stages will be explained in more detail in a dedicated sub-section.

2.5.1 Project Definition

In the stage of the project definition, the first step is to determine the conceptual model’s ob-
jectives. These objectives usually reveal on the one hand a certain need of model performance
and on the other hand the need of fast calculations, for example for sensitivity or uncertainty
analysis or model predictive control. A measure for calculation time is the speed-up factor

that needs to be attained for a case study, which is calculated by dividing the simulation
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time of the detailed model over the time of the conceptual model. The objectives determine

whether the development of the conceptual model is an appropriate solution.

The second step is the review of the available data and the detailed hydrodynamic model from
which the conceptual model can be developed. The quality of those data and the detailed
model have to be assessed. Special attention should be given to the purpose for which the de-
tailed model was built. This influences the limitations and assumptions of the detailed model
and therefore also of the conceptual model. Depending on the objectives of the conceptual
model, simplifications of the detailed model might be considered to facilitate conceptualiza-
tion. Possible simplifications affect hydraulic structures where complexity can be reduced, for
instance by replacing complex hydraulic relationships and/or RTC rules by simplified overflow

structures.

2.5.2 Model Development

When developing a conceptual model, it is crucial to identify the comparison points, i.e. the
points where the conceptual model should predict accurate flow rates and is therefore compared
to the detailed model. To do so, it is important that locations of rain gauges, overflows and
key hydraulic structures are known. Because conceptual models only predict flow rates at
the outlet of a catchment or sewer conduit but not within, no aggregation of catchments and
sewers should take place over the comparison points. The selected comparison points therefore

have to be calibrated and validated with a corresponding point in the detailed model.

The next step is the delineation and aggregation of catchments and sewers in accordance with
previously identified comparison points. The delineation of catchments and sewers has to be
carried out simultaneously as they are directly linked. Figure 2.4 illustrates a simple sewer
system and its conceptualization. In the example sewer system, two points are identified as
comparison points where flow rates have to be predicted. The illustration shows that the local
sewers (dotted lines) are represented as sewer conduits in the detailed model. In the aggregated
conceptual model, however, they are no longer represented as a sewer conduit model but are
incorporated in the catchment model. Only the main sewer trunk between comparison point
1 and 2 is represented in a specific sewer conduit model. Special attention must be paid to
catchments through which a conceptual sewer flows as the parameters of the catchment and
the sewer model cannot be calibrated independently at the downstream comparison point.
In Figure 2.4, this situation corresponds to comparison point 2, where the flow rate at this
point represents both the flow from the sewer conduit and catchment 2. The parameters of
the sewer model can be identified by using the methods described in Section 2.4.2. Therefore,
the flow rate at point 2 can be used to calibrate and validate the catchment parameters of
catchment 2 after having calibrated and validated catchment 1. It might be that structural
properties of the detailed catchment models are too different and do not allow for aggregation.

However, if possible, it is suggested that only one conceptual catchment model is calibrated
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Figure 2.4: Schema illustrating a detailed model and its conceptual counterpart with two
comparison points resulting in a conceptual model of two catchments and one sewer. The
labeling of the comparison points indicates the calibration order.

per comparison point to avoid overparameterization. The catchments have therefore to be

delineated accordingly.

2.5.3 Calibration

For the calibration of a conceptual model from a detailed model, two approaches are possible.
The first is the parallel calibration of all sub-models (Wolfs et al., 2015). For each of the
conceptual sub-models the detailed model results serve as input at the upstream comparison
point. The parameters of the conceptual model are then calibrated at the downstream compar-
ison point by fitting to the detailed model output. This allows independent calibration of all
sub-models, which thus permits parallelisation of the calibration task. The second approach
is the sequential calibration of the conceptual model, where the output of the previously cali-
brated upstream conceptual model serves as input to the conceptual model to be calibrated,
and not the simulation results of the detailed model. For the proposed procedure, the second
approach is adopted, as this approach allows for correction of inevitable model structure errors
that occur during conceptualization. Even though the performance of each sub-model might
be smaller due to the substitution of the detailed model’s input with the upstream conceptual
model, it is assumed that the overall performance at the downstream emission point is better,

since upstream errors can be compensated for.

The order in which the parameters are calibrated is important and should be established
prior to performing a calibration, as this will ensure that upstream model parameters are
calibrated before the downstream parameters. In Figure 2.4, comparison point 1 is a first

order comparison point, as it is further upstream, whereas comparison point 2 is a second
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order comparison point. Assigning a calibration order for each comparison point has also
the effect that it allows for parallel calibration of comparison points with the same order of

calibration and therefore speeds up the calibration process.

Once the calibration order is identified the actual calibration is performed. If the catchment
model is not known to the modeller, it is suggested to carry out a sensitivity analysis of
the catchment model prior to calibration to determine the impact of the available model
parameters. The calibration is first carried out for DWF and then for WWEF| respecting the
calibration order in both cases. For both DWF and WWF, the flow volume is calibrated before
the flow dynamics. The previous step identified the parameters that can directly be translated
from the detailed to the conceptual model. If the input and generation parameters can be
translated directly, volume calibration is not necessary, but validation is recommended. The
concentration and routing parameters representing the dynamics of the conceptual catchment
model, however, are to be calibrated. Depending on the objective of the conceptual model,
different performance criteria can be selected to assess the goodness of fit between the detailed
and the conceptual model, see also Section 2.4.3. If the attained model calibration performance
cannot be reached, it is suggested to go back to the previous stage of model development and

refine the structure of the model.

2.5.4 Validation

In the last stage, the conceptual model is validated using a different rain time series. The rain
data are used as an input to both the detailed model and the conceptual model. Comparing
the flow rates at the identified comparison points with the chosen performance criteria will
either validate the model or reveal that a recalibration of the conceptual model is necessary.
If flow rate measurements at some points are available, it is strongly suggested to also validate
the conceptual model with actual flow rate measurements. If the model validation is not
successful it is suggested to go back to the stage of model development and refine the model

structure.

2.6 Results

2.6.1 Developed Conceptual Models
The first stage of the project definition is summarized for both case studies in Table 2.1.

To identify the comparison points, the location of the rain gauges, overflows, and key hydraulic
structures are indicated in Figure 2.1 for Ottawa and Figure 2.2 for Bordeaux. The chosen
comparison points are shown in the same figures. The input and generation sub-models
of the catchment were parametrized by aggregation and translation of the detailed model

information. The sewer routing parameters were calculated for both cases by using the Kalinin-
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Table 2.1: Project definition for case studies with objectives of conceptual models, detailed
models and available data.

Step Ottawa Bordeaux
Objectives Fast conceptual model Fast conceptual model
conceptual for later extension to valid over wide range of conditions
model an integrated model to be extended with a
(including WRRF). water quality model.
Simulation time rain event < 1 min Simulation time rain event < 1 min.
Calibration: NSE > 0.8 Calibration: NSE > 0.8
Validation: NSE > 0.65 Validation: NSE > 0.65
Detailed SWMM 5 model Mike Urban model
models (United States (DHI, Horsholm, Denmark),

Environmental Protection Agency),
built in 2013 to evaluate

pipe capacities and overflows

for large storm events

(e.g. 100-year return period).

built in 2012 to evaluate
pumping capacities and overflows
under WWF conditions for
current and future scenarios

(10 to 20 years).

Available data

7 rain gauges

4 rain gauges and
8 flow measurements

QT
'!ZdH[;|

3rd Order

Figure 2.5: Schema of the calibration order for one of the four inlets at the WRRF of the
Bordeaux case study.

Miljukov method (Euler, 1983) mentioned in Section 2.4.2. The flow concentration and routing

parameters in the catchment could not be derived from the detailed model and are therefore

calibrated and validated in the next stage.

As a first step in the calibration stage, the calibration order was determined for both case

studies. This process is illustrated in Figure 2.5 for one of the tributaries of the Bordeaux

case study. Catchments of the same order of calibration were calibrated in parallel. Following
the procedure, the models were first calibrated for DWF and then for WWEF. The calibration
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Table 2.2: Summary of calibration and validation results. The full calibration and validation
results can be found in Table A.1 and Table A.2 for Ottawa and Bordeaux, respectively.

Performance DWF WWEF WWEF
Indicator Calibration Calibration Validation
Ottawa Model V1

Average NSE 1.00 0.96 0.95
Range NSE 0.99-1.00 0.89-0.99 0.84-1.00
Bordeaux

Average NSE 0.93 0.95 0.87
Range NSE 0.84-1.00 0.84-1.00 0.71-0.94

Table 2.3: Comparison of detailed and conceptual models including the calculation time for
the detailed and the conceptual model. Note that the conceptual model includes advective
transport for water quality components in both cases.

Model Ottawa Bordeaux
Detailed Conceptual V1 Detailed Conceptual

Catchments # 271 92 a7 20
Conduits # 2600 33 783 16
DWF (2 days) (min) 8.03 0.53 7.64 0.37
Speedup factor 15 21

WWF (3 days) (min) 30.7 0.63 10.7 0.92
Speedup factor 49 12

procedure applied was a grid search, where the best performing set of parameters was chosen
if the performance objectives were met. Otherwise the grid was refined. If this did not lead
to the desired results, the model structure had to be adapted. The summary of the results
given in Table 2.2 shows that the calibration objective is met for all comparison points. The
full results are provided in Table A.1 for Ottawa and Table A.2 for Bordeaux. For the fourth
and last stage (model validation), a summary of the attainment of the objectives is also given
in Table 2.2. Tt shows that the objective for the NSE is met in both case studies. The
full validation results can likewise be found in Table A.1 and Table A.2. The results of the
additional criteria for the simulated overall flow volume and peak flow values show that the
conceptual model is not performing as well as during the calibration phase. Nevertheless, the

values are still considered acceptable for the current case studies.

A summary of the developed models can be found in Table 2.3, which indicates the number
of catchments and sewer conduits for both the detailed and the conceptual models, as well as

the calculation time needed for the same flow rate simulations.

The speed-up factor was calculated by dividing the simulation time of the detailed over the
conceptual model. It is to be noted that the conceptual model for both case studies already
includes advective transport for water quality components in contrast to the detailed model,

where this feature was deactivated as these models were never meant to be used for water
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Table 2.4: Comparison of model V1 and V2 for Ottawa. Characteristics of sub-catchments
and sewer conduits and summary of model performance.

Indicator Attribute Model V1 Model V2
Number of sub-catchments 52 22
Catchments Average/median size 146/102ha  289/192ha
Size range 26-435ha 26-732ha
Number of conduits 33 17
Sewers Average/median length 1480/1280m  2580/1490 m
Length range 100-3000m  770-7720m
DWF (2 days 15 24
Speedup factor WWF ((3 dzi/ys)) 19 31
NSE DWF calibration average 1.00 1.00
NSE DWF calibration range 0.99-1.00 1.00-1.00
Performance NSE WWF calibration average 0.96 0.97
NSE WWF calibration range 0.89-0.99 0.92-0.99
NSE WWF validation average 0.95 0.81
NSE WWF validation range 0.84-1.00 0.68-0.91

quality. Nevertheless, a speed-up factor of over 10 could be reached for all studied flow
conditions. The objective of simulating a WWEF event within one minute (Table 2.1) is met

for both case studies.

2.6.2 Level of Aggregation

For the Ottawa case study, the influence of the level of aggregation on model performance was
evaluated. For the previously developed model (V1), it was ensured that catchments and sewer
conduits were of similar size and that the aspect ratio of the catchments was not too elongated.
To do so, large catchments and sewers were further subdivided to avoid a large variation in
size and shape. For the further aggregated model V2, this was not considered anymore. This
means that, with model V2, the maximum level of aggregation for the chosen comparison
points was attained. The resulting characteristics of the catchment and sewer sub-models of
the two different aggregation levels are indicated in Table 2.4. The more aggregated model
V2 has approximately half the number of sub-catchments and sewer conduits than model V1

and thus shows an increased range of size and length parameters.

Sample calibrations of model V1 and V2 in comparison to the detailed model are shown in
Figure 2.6. A summary of both calibration and validation results is given in Table 2.4, while
the full calibration and validation results are provided in Table A.1. The validation results
indicate that the performance of the model V2 is generally lower, but the validation objective
for the NSE (NSE > 0.65) is met at all comparison points. The observation that the dynamics
of the flow are generally a little less well represented in the model V2 makes sense, as the

further aggregation results in a loss of resolution.
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Figure 2.6: Sample flow results at selected location for DWF calibration (left-side) and WWF
calibration (right-side) for the less aggregated conceptual model (V1) and the maximally
aggregated model (V2).

The results of the comparison of the simulation times between both levels of aggregation are
also summarized in Table 2.4. As expected, the further aggregated model V2 is faster than
V1, using approximately 2/3 of the simulation time of model V1.

2.6.3 Comparison of Conceptual Model with Actual Flow Rate Data

As mentioned in Section 2.6.1, flow rate measurements are available for the Bordeaux case
study. The model can thus be compared to actual measurement data and not only to simula-
tion results of the detailed model. This was first done without any further model parameter
adjustments after validation with the detailed model and is thus a true validation with respect
to the model’s capability to represent reality. Figure 2.7 shows the total influent rate at the
WRRF CdH inlet (left-side) and one of the four tributary branches (right-side) for 9-13 May
2017. From the left-hand side illustration, it can be concluded that the overall average DWF
(DWF volume) is approximately correct, but that the dynamics are not well represented (dry
weather day 8). The WWF| as such, seems underestimated (wet weather days 9-10) but this,
as later will be demonstrated, is mainly due to the errors in the DWF. Furthermore, observa-
tions at one particular tributary to the WRRF CdH (right-hand side) shows that not only the

dynamics do not match, but the average DWF flow for this tributary is clearly underestimated.

Table 2.5 summarizes the comparison of the conceptual model results (developed solely based
on the detailed model), with the available flow rate measurements, the location of which is
indicated in Figure 2.2. While the overall percentage volume error (CdH total) lies almost
within an acceptable 10% error, the errors for each of the individual tributary branches at the
inlet of the CdH WRRF are mostly higher. The NSE values demonstrate that the dynamics
are poorly represented. Visual analysis of the results indicates that this is mainly caused by
the poorly calibrated DWF volume. Good performance under DWF conditions was however

never the intention of the detailed model.

As the results indicate shortcomings under DWF conditions, the DWF flow generation in the
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Figure 2.7: Comparison of the conceptual model built using the detailed model only with flow
rate measurements for the total influent flow rate at the WRRF CdH (left-side) and one of
the four tributary branches (right-side).

Table 2.5: Comparison of conceptual models with all available actual flow rate measurements.
The location of the flow rate measurements is indicated in Figure 2.2. First the conceptual
model built using the detailed model only is compared to the measurements and then the con-
ceptual model with measurement based recalibrated DWF is compared to the measurements.

Mea- Conceptual model Conceptual model

Comp. Point sured calibrated on DWF recalibrated on
detailed model only measurements
Vol. Vol. PVE PEP NSE Vol. PVE PEP NSE
(10°m*) (10°m®) (%) (%) () (10°wm*) (%) (%) ()

CdH total 259 231 -11 -22 0.31 247 -5 -2 0.80
Tributary 1 93 58 -37 -42 247 92 -1 2 0.85
Tributary 2 150 162 8 -10 0.59 139 -7 -3 0.69
Tributary 3 9 8 -14 -25  -0.47 10 9 5 0.65
Tributary 4 7 3 -56 -66  -1.99 6 -13 24 0.72
Jourde Out 40 41 2 -16  0.70 38 -7 5 0.52
Jourde Over 0 3 n.a. n.a. n.a. 2 n.a. n.a. n.a.
C. Vernet Out 48 61 26 -18  -0.10 46 -5 -18  0.67
Noutary Inflow 61 59 -2 -17 0 0.44 55 -10 -12 0.60
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Figure 2.8: Comparison of conceptual model with recalibrated DWF contributions with actual
flow rate measurements. Actual flow rate measurements were used to recalibrate the concep-
tual model for comparison with measured influent flows for the total influent flow rate at the
WRRF CdH (left-side) and one of the four tributary branches (right-side).

catchment was recalibrated based on the available flow rate measurements. The parameters
changed were the number of PE per catchment and the hourly representation of the daily DWF
profile. In addition, it was recognized that some WWF pumping capacities in the system were
increased in the time period between the development of the hydrodynamic model (2012)
and the collection of more recent flow measurements (2017). These modelled capacities were

revised to reflect current maximum pumping capacities.

The results of the recalibrated DWF model are shown in Figure 2.8 for the same validation
period as in Figure 2.7. The total inflow to the WRRF CdH is shown on the left-side while
the flows within one of the four tributary branches is depicted on the right-side. The example
shows that both the average flow rate and the dynamics of the hydrograph are matching
much better, even though shifts in time can be observed. This is due to the fact that the
DWF profile in the conceptual model is now calibrated based on representative data, but the
reality is that the system does not have such a consistent DWF pattern at all locations where
it is applied in the model. With respect to the WWEF response, one can observe that the
measurements and the conceptual model simulation results match much better, even though

no WWF parameters were changed.

The performance of the conceptual model with the recalibrated DWF contributions in com-
parison to the available flow measurements is also summarized in Table 2.5. It can be noted
that the recalibration of the DWF greatly improved the performance. However, the concep-
tual model indicates a small overflow at Jourde, whereas the flow measurements show no such
overflow. For this comparison point, the performance criteria could not be calculated (divi-

sion by zero). However, the actual volume of the overflow reported by conceptual model is
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comparably small.

2.7 Discussion

2.7.1 Development of Conceptual Models

The proposed procedure has been successfully tested with two independent case studies. The
results demonstrated that the conceptual models represent the detailed model with the desired
level of accuracy and result in considerably shorter simulation times compared to the detailed
models. The question may arise why a conceptual model is better developed from a detailed
model and not directly from information about the sewer system and flow rate measurements.
The sewer system can be conceptualized with information about its physical properties only
(see methods in Section 2.4.2), but the concentration and routing parameters in the catch-
ment models need to be calibrated and validated on the basis of dynamic flow rate data (see
the explanation in Section 2.5.2). Even though, in general, flow rate measurements can be
available at several measurement points throughout the system, they are rarely available at
every identified comparison point of the system. A detailed hydraulic model provides the best
estimate for this non-existing data. In addition, the detailed model already and inherently
contains a significant amount of characteristic data related to the catchment and the sewer
system that are needed for the conceptualization, such as the PE per catchment and the phys-
ical properties of the sewer pipes. Conceptualization is thus made more efficient by the fact

that this data does not need to be collected from other sources.

2.7.2 Level of Aggregation

Comparing a less aggregated conceptual model (V1) to a maximally aggregated model (V2) for
the Ottawa case study showed that model V2 was still able to represent the flow dynamics of
the detailed model at the comparison points (Table 2.4) although only about half the number
of sub-catchments and conduits were used. This means that catchments and sewers can be
aggregated to their maximum regarding the comparison points that are to be represented, as
long as the special structures’ locations are taken into account. While the number of sub-
models was halved, the calculation time dropped only by about one third. This is due to the
fixed overhead calculations (e.g. reading input files or plotting), which are independent of the

number of sub-models used.

Further model aggregation results in faster simulations and less work to be spent on calibration
and validation of the model. However, it comes also at a loss of information at the intermediate
points that are no longer simulated and comes with the potential loss of accuracy, if the model

structure is oversimplified and rain gauge influence zones are no longer respected.
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2.7.3 Comparison to Flow Rate Measurement Data

Comparing the performance of a conceptual model purely built from a detailed model with
real flow rate measurements highlighted two important points. First, the performance of the
conceptual model with respect to replicating flow measurements is limited by the performance
that the detailed model has with respect to the same flow measurements. This highlights
the importance of the project definition stage, where the limitations and assumptions of the
detailed model are analysed (see Section 2.5.1). For the Bordeaux case study, the detailed
model was built to evaluate the sewer system under WWF conditions for current and future
scenarios (see Table 2.1). Therefore, average flow rate approximation under DWF conditions
was deemed sufficient. The poor performance of the conceptual model with respect to flow
rate measurements was therefore caused by the purposeful omission of a DWF calibration and
validation of the detailed model. These findings highlight the different purpose for which the
detailed model was developed. In addition, it should be noted that the detailed model was
developed in 2012, whereas the conceptual model was validated with 2017 flow rate measure-
ments. A part of the discrepancy under DWF conditions might therefore also be caused by
additional housing and industrial developments in specific sub-catchments over these 5 years.
It is important to note, however, that the sewer network itself was not substantially changed

or upgraded during this period.

Second, if the limitations of the detailed model are accounted for and/or rectified (in this case,
the recalibration of the DWF model), the conceptual model can perform well in comparison
to flow rate measurements without any further adjustments (see Table 2.5). It can therefore
more generally be concluded that if the purpose of the detailed and the conceptual model are
not identical, one has to carefully identify the assumptions underlying the detailed model and
compensate for them when developing the conceptual model. Nevertheless, the advantages of
developing the conceptual model by leveraging the modelling efforts already invested in the

development of the detailed model remain very strong.

2.8 Conclusions

A four-stage modelling procedure was established to develop conceptual catchment and sewer
models by maximizing the reuse of information and efforts invested in the development of a de-
tailed hydraulic model. It was applied by different modelers on independent case studies. The
procedure resulted in the successful validation of conceptual models for both cases, providing a
speed-up factor of 10 to 80 for all comparison conditions. Thus, the conceptual models provide
similar results to the detailed models at the selected comparison points but at a simulation
rate that is at least ten times faster. It can therefore be concluded that, by applying the pro-
cedure, a faster conceptual model can be developed in a structured way. At the same time, it

can be concluded that the procedure is sufficiently generic and transportable for application to
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different case studies. The developed procedure follows similar stages as the Good Modelling
Practice protocols reviewed for other disciplines, but is tailored to conceptualization, focusing

on aggregation of catchments and sewers.

The study of additional aggregation showed the advantages and disadvantages of further ag-
gregated models. A significant decrease in simulation time (33%) was obtained for an increased
level of aggregation, but it was not found to be directly proportional to the level of aggre-
gation. This can be expected for other case studies as well, but the reduction in simulation
time is likely to depend on the modelling approach of the conceptual models and certainly
also depends on the computational efficiency of the software chosen for both the detailed and

the conceptual model.

From the validation of the conceptual model with actual flow rate measurements it could be
concluded that the detailed and the conceptual model’s objectives, and with this the modelling
assumptions, need to be aligned. If they differ, they reveal where recalibration on actual
measurements may be useful. The challenge of the Bordeaux model with actual flow rate
data, however, also demonstrated that, if the assumptions of the detailed model are corrected,

the conceptual model performs very well without further adjustments.

It is overall concluded that the proposed procedure provides a structured way to use the
detailed model to develop the conceptual model. The procedure helps modelers to systematize
the modelling process. The suggested procedure therefore improves the current situation in

conceptual modelling, for which such a generally applicable procedure was missing.
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Chapter 3

Optimal Experimental Design for

Calibration of a New Sewer Water
Quality Model

This chapter is redrafted from the article:

Ledergerber, J. M., Maruéjouls, T., and Vanrolleghem, P. A. (2019). Optimal experimental
design for calibration of a new sewer water quality model. Journal of Hydrology, 574:1020-1028.

Author contributions Conceptualization, J.M.L. and P.A.V.; Methodology, J.M.L. and
P.A.V.; Investigation, J.M.L..; Writing — Original Draft Preparation, J.M.L.; Writing — Review
& Editing, J.M.L. and P.A.V.; Visualization, J.M.L.; Supervision, T.M. and P.A.V.; Project
Administration, T.M. and P.A.V.; Funding Acquisition, T.M. and P.A.V.

3.1 Abstract

Water quality data in the sewer system are indispensable for modelling, but rarely available,
as measurements in sewers are challenging to conduct. Optimal experimental design is a
powerful tool to identify and maximize the information content of measurement data. This
chapter adopts a model-based optimal experimental design methodology to efficiently plan a
measurement campaign for final model calibration and validation of a new sewer water quality
model. To do so, a preliminary calibrated model of the case study is used to evaluate the
information content of different potential measurement locations and scenarios for suspended
solids as measured variable. The case study first demonstrates how optimal experimental
design can identify the best measurement location within a complex sewer network. It secondly
demonstrates that measuring the beginning of a big rain event results in the most information-

rich data among all scenarios evaluated. Thirdly, it analyses in detail the information content
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of dry weather flow data. In comparison to previous studies the methodology is improved
by considering the actual measurement error characteristics when calculating the information

content of measurement data.

3.2 Résumé

Les données sur la qualité de l’eau dans le réseau d’égout sont indispensables a la modéli-
sation, mais rarement disponibles, car les mesures dans les égouts sont difficiles a effectuer.
Le plan d’expériences optimal est un outil puissant pour identifier et maximiser le contenu
d’information des données de mesure. Ce chapitre adopte une méthodologie basée sur un
modéle pour planifier efficacement une campagne de mesure pour ’étalonnage final et la vali-
dation d’un nouveau modéle de la qualité de I’eau d’égout. Pour ce faire, un modele calibré
préliminaire de ’étude de cas est utilisé pour évaluer le contenu en information des différents
points de mesure potentiels et des scénarios pour la matiére en suspension comme variable
mesurée. L’étude de cas montre d’abord comment le plan d’expériences optimal peut identifier
le meilleur point de mesure dans un réseau d’égout complexe. Deuxiémement, il démontre que
la mesure du début d’un épisode de pluie abondante permet d’obtenir les données les plus
riches en information parmi tous les scénarios évalués. Troisiémement, il analyse en détail le
contenu informatif des données de flux de temps sec. Par rapport aux études précédentes, la
méthodologie est améliorée en tenant compte des caractéristiques d’erreur de mesure réelles

lors du calcul du contenu informatif des données de mesure.

3.3 Introduction

Tackling the question of TSS in sewer systems goes beyond simply understanding the fate
of particulates throughout the sewer system itself. TSS is known as a carrier of nutrients,
but also as a carrier of heavy metals, pesticides and pathogens among others; moreover, it
is the cause of organic and inorganic pollution. TSS can thus be considered an indicator
substance (Vanrolleghem et al., 2018). Developing models for the prediction of the TSS flux
for the control of overflow structures or the optimal management of the WRRF has therefore

far-reaching benefits.

Water quality modelling for particulates remains challenging in the sewer. A main reason
are the complex processes involved when it comes to TSS, as they greatly transcend mere
advective transport. Particles can settle and resuspend; depending on the condition, they can
flocculate, aggregate or break; and once settled, they can be consolidated on the bottom of the
sewer pipes. In addition, different physical, chemical and biological processes take place both
in the water phase and the sewer sediments (Ashley et al., 2004). Modelling developments are
on-going, focusing on one or several processes to improve the understanding of those specific

processes (e.g. for gross solids, Penn et al., 2018, or for bed load, Mohtar et al., 2018). But
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even if models are currently not able to incorporate all the processes involved, they help to

understand the behavior of TSS in sewer systems.

Independent of the TSS process modelled, data are indispensable for model calibration and
validation. In particular, calibrating dynamic models benefits from high-resolution data as
provided by online sensors. Unfortunately, these data are rarely available, as measuring in
the sewer system is not very widespread and ambitious to conduct. Furthermore, they are
distributed systems that may require measurements at multiple locations (Vanrolleghem et al.,
1999). Measurements in sewers not only require a considerable investment in the equipment
and the set-up of the measurement site, but also require a tight and intensive maintenance
schedule to ensure measurements of reliable quality. The sensors need to be manually cleaned,
calibrated and validated, which includes labour-intensive laboratory experiments (Ledergerber
et al., 2017a). Moreover, not all data have the same information content for model calibration
and validation. In order to calibrate a parameter, the parameter has to be influential during
the time period when the data are collected (Dochain and Vanrolleghem, 2001). If a data
set is available for calibration and validation of a complex model where overparameterization
might be an issue, identifiability analysis is a method to assess the parameters that can be
estimated from the given measurement data set (Freni et al., 2011). If, however, a new data
set is to be collected, model-based OED can evaluate prior to the measurement campaign
which potential experiment of a set of proposed experiments contains the most information
for model calibration (Vanrolleghem et al., 1995). OED has mostly been applied in laboratory
scale experiments and therefore in a controlled environment (see, for example, Vanrolleghem
and Coen, 1995). OED utilizes a preliminary model that has been calibrated on an initial set
of data: first, different experiments are proposed and simulated with the preliminary model;
then simulation results are evaluated in terms of their information content (De Pauw and
Vanrolleghem, 2006a). The information content of an experiment can be calculated from the
Fisher Information Matrix (FIM), indicated in equation 3.1.

J

FIM = kz: (gZ{ (tk))T Qta) (ggj (tk)> (3.1)

where:

FIM Fisher Information Matrix

Yi Model output corresponding to measurements, ¢ number of measurements
0; Parameters, j number of parameters

tr Timestep k, with maximum timestep N

Q Square matrix with user-supplied weighting coefficients

The FIM links the information content of an experiment to the sensitivity of the model out-

put corresponding to the measurements y; with respect to the parameters studied 6; for the
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timesteps ¢ during the period of the experiment (time step 1 to N) and a square matrix @
with user-supplied weighting coefficients (De Pauw and Vanrolleghem, 2006a). @ is typically
chosen as the inverse of the measurement error covariance or as the identity matrix (Vanrol-
leghem et al., 1995). An important characteristic of the FIM is the fact that the inverse of
the FIM corresponds to the parameter estimation error covariance matrix V' (Dochain and
Vanrolleghem, 2001), thus allowing the direct assessment of the confidence region of the cali-
brated parameters. Different criteria exist to evaluate the information content of the proposed

experiments, see, for example, Mehra (1974).

This chapter transcends the laboratory scale use of OED by applying it to design a second
measurement campaign in a full-scale sewer environment. It studies how the potential infor-
mation content of a new measurement data set can be optimized. It starts from the point that
a first measurement campaign has already been conducted without OED. Those results allow
calibrating and validating a preliminary model necessary for OED. It illustrates how OED can
be adopted considering an approximation of the measurement error to select the best location

and the best timing of the measurement for the second measurement campaign.

In the first Section 3.5.1, the measurement error is estimated with the results from the previous
measurement campaign. This error approximates the weighting coefficients of the square
matrix ¢ when calculating the FIM, rather than working with the identity matrix assumption
as in previous studies (Vanrolleghem et al., 1995; Freni and Mannina, 2012). Then, the
degrees of freedom and the constraints of the second measurement campaign are evaluated.
Since the degrees of freedom include both the measurement location and the timing of the
measurements, Section 3.5.2 re-evaluates the location of the RSM 30 station and Section 3.5.3
studies different scenarios, thus timing of the measurements, for the chosen optimal location.
In the final Section 3.5.4 DWF measurements are studied in more detail. These results allow
planning the second measurement campaign in the most efficient way, making optimal use of

the available budget, such as measurement equipment and working hours for maintenance.

3.4 Material and Methods

3.4.1 Case Study
Description Potential Measurement Locations

The case study CdH is described in detail in Chapter 1. Here only the relevant information
for the OED is summarized. The studied sewer system is displayed in Figure 3.1 showing that
pumping stations are located on both sides of the river Garonne. For the first measurement
campaign, one RSM 30 station was installed at the pumping station N'T, and the second was
installed at the inlet of the WRRF CdH. The pumping stations considered for the relocation

of the RSM 30 station in the sewer during the second measurement campaign are indicated
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Figure 3.1: Catchment of the WRRF CdH with potential measurement locations for the
RSM 30 station in the sewer system indicated with a two letter code.

with a two letter code.

Available Data and Models

The data provided by the local utility is described in Section 1.3. Relevant for this chapter
is, that water quantity (flow) data are available throughout the sewer system, water quality
measurements however are collected by the utility only at the WRRF. In the framework of
this project, a first measurement campaign to obtain an initial water quality data set for the

sewer system was conducted in 2017.

In addition, a calibrated hydraulic model, implemented in Mike Urban (DHI, Denmark), is
available for the water quantity calibration and validation. For further description for the

conceptual model development based on the detailed model see Chapter 2.
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Measurement Equipment and Installation

For this project, two RSM 30 stations were available, each equipped with online T'SS measure-

ments. More detail on the measurements can be found in Section 1.4.

To collect the data for the preliminary model during the first measurement campaign, one
RSM 30 station was installed at the inlet of the WRRF CdH, while the other RSM 30 station
was installed at the major pumping chamber NT. The location of the sensors is indicated in

Figure 3.1.

3.4.2 Preliminary Model
Modelling Approach

The preliminary model, with which the OED is conducted, describes the catchments and the
sewer network of the WRRF CdH. The catchment model is described in detail in Section 4.4.1

and the sewer model in Section 4.4.3.

Calibration and Validation of Preliminary Model

The preliminary model for OED was calibrated for water quantity (flow) and water quality
(TSS). The water quantity model for WWTF was calibrated and validated (RMSE=0.058 m? /s)
on the existing calibrated Mike Urban by DHI model. Only the DWF parameters had to be
recalibrated on actual flow measurements, as the Mike Urban model focused on WWF. For

more information on this see Section 2.6.3.

The validation period on actual flow measurements during a 4-day period, including WWF, is
indicated in Figure 3.2 (left-hand side) and resulted in a RMSE of 0.064m3/s. The preliminary
water quality calibration and validation was conducted using TSS data obtained during the
first measurement campaign. The time series were chosen based on an analysis of quality of
the available data. A coherent measurement set was selected in which high quality data from
both RSM 30 station were available at the same time. The model was calibrated on a 10-day
period including two rain events and was validated for the same 4-day period as the data set
used for water quantity model validation, also indicated in Figure 3.2. Validation resulted in
a RMSE of 58 mg TSS/1.

3.4.3 OED Methodology
Overview of Methodology

As mentioned in the previous Section 3.3, the core of OED is the calculation of the FIM and
the evaluation of the experiments for a specific criterion. However, OED has to be viewed in
a broader context. Figure 3.3 shows the OED methodology applied for this case study. It was
inspired by many previous studies (e.g. Vanrolleghem and Coen (1995); Vanrolleghem et al.

29



1 T T T 500 r :
—WEST W —WEST
----- Measurements ~400 i ----- Measurements| -

Flow (m3/s)
o
[e)]

o
'S

o
[N}

Time (d) Time (d)

Figure 3.2: Validation of preliminary model for water quantity (left-hand side) and water
quality (right-hand side) used for OED.
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Figure 3.3: Proposed schema for the OED methodology.

(1995); De Pauw and Vanrolleghem (2006a)). The methodology is divided into two phases:
the preparation phase (left) and the actual experimental design phase (right). Each phase will

be described in a dedicated subsection.

Preparation Phase

The intended outcome of the preparation phase is a preliminary model, with which (a) future
planned experiments can be evaluated, (b) the measurement error can be characterized, and (c)
initial values can be assigned to the set of parameters for which the OED and, ultimately, the
measurement campaign is conducted. The preparation phase consists of three steps, the first

of which is inherent to all modelling tasks (Dochain and Vanrolleghem, 2001): identifying the
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purpose of the model and with it the modelling objectives as well as the choice of corresponding
model structure. The second step is to evaluate the data requirements for model calibration
and validation. The data for the preliminary model have to be collected, which can include
either obtaining available data or conducting a first measurement campaign if not sufficient
data are available. An important aspect of this step is to analyse the measurement data
and characterize the measurement error. The third step of the preparatory phase is to build,
calibrate and validate the preliminary model and identify the parameter set for which the
OED is conducted. Manifold references exist for calibration and validation criteria (see, for

example, Hauduc et al., 2015).

Experimental Design Phase

The output of the second phase, the actual experimental design phase, is the optimally de-
signed measurement campaign in view of recalibration of the previously identified parameters.
This phase consists of three different steps. The first step is to propose experiments that
could potentially be conducted. In the context of a sewer system, this step is better described
as the identification of the measurement scenarios, as, unlike in laboratory conditions, the
measurement conditions as such cannot be influenced, but the timing and location of the
measurements can be chosen. The proposed scenarios have to be realistic with respect to
the available measurement equipment, the duration of the campaign and the work required
for implementation of the experiment. The second step is then to evaluate the proposed sce-
narios in terms of expected information content, taking the proper measurement error into
account. Given the results of the OED evaluation criteria for the different scenarios proposed,

the accordingly optimized measurement campaign can be implemented.

3.4.4 Additional Information Calculation
Considered Parameters for OED

As mentioned in Section 3.3 the aim of the OED for the case study is to acquire the most
information-rich data for model calibration and validation of a model built for TSS predictions.
Since the measurement campaign focuses on getting water quality measurements, for the
OED only the parameters for water quality were considered. Water quantity parameters are
constrained by the water balance and were well calibrated on the basis of the Mike Urban

model and a DWF recalibration on measurement data (see Chapter 2).

The 29 parameters affecting water quality are present both in the catchment and the sewer sub-
model. The parameters to be recalibrated are the following parameters: (i) in the catchment
sub-model, the mean concentrations under DWF, WWF and infiltration flow, and (ii) in
the sewer sub-model, the re-suspension parameters in each of the series of linear reservoirs
(Tresusp,max, @hatf and n). For further information on the model parameters see Section 4.4. As

the particle setting velocity distributions were obtained from good quality laboratory ViCAs
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experiments, they were not considered as parameters to be included in the design of the
second measurement campaign. Also, in contrast to other OED studies, e.g. Vanrolleghem
et al. (1995), the initial conditions of all state variables of the model were not part of the
OED. Indeed, they were not relevant for the simulation results as several days of warm-up

were used In the simulations before the actual scenarios were simulated.

Calculation of Parameter Sensitivity

To complete the Fisher Information Matrix elements, the local sensitivity was calculated at
each anticipated measurement point for the second measurement campaign as the central
difference, according to equation 3.2 (De Pauw and Vanrolleghem, 2006b). The perturbation
factor Af; to calculate the sensitivity was +/- 1% of the parameter value for each of the

parameters 0;.

y; (t) ~ yi(t, 9j + Agj) - yi(t, 9]' — AGJ) (32)
00; 2A0;
where:
Yi Model output corresponding to measurements, ¢ number of measurements
0; Parameters, j number of parameters

Af; Perturbation of parameters

Definition of Measurement Error of TSS

As indicated in Section 1.4, the data obtained in the first measurement campaign of 2017 was
filtered using the method developed by Alferes et al. (2013b). The comparison of the raw and
the filtered data allows characterizing the measurement error ]e\meas,TSS, which is defined as
the absolute difference of the filtered (datagiered) and the raw data (dataay), as in equation
3.3.

|€|meas,TSS (t) = ’dataﬁltered(t) - dataraw(t)‘ (33)

where:

€] meas.Tss  Measurement error for TSS
datagiiereq  Filtered measurement data
data,aw Raw measurement data
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Evaluation Criterion for OED

For this study the D-optimal design criterion in equation 3.4 is chosen among the available
scalars that can be calculated from the FIM (Mehra, 1974). As the FIM is the inverse of the
parameter estimation error covariance matrix, maximising the determinant of the FIM results
in minimizing the volume of the covariance matrix, thus minimizing the parameter estimation

error (Dochain and Vanrolleghem, 2001).

max [det (FIM )] (3.4)

3.5 Results

3.5.1 General Results
Measurement Error Estimation of TSS

Based on the assumption that the relative measurement error a does not depend on the
TSS concentration (Conctss), the absolute measurement error (|e|, ... rsg), as defined in
Section 3.4.4, depends linearly on Concrss, as shown in equation 3.5. This relationship can

be observed in Figure 3.4 for the TSS measurements at the pumping station NT.

lg‘meas,TSS = Q- OO”CTSS (35)

where:

€] meas.Tss  Measurement error for TSS
« Relative measurement error
Concrss T'SS concentration

The coefficient o was obtained by fitting the above equation using least squares regression for
both measurement locations: 0.09 for the inlet of the WRRF CdH and 0.18 for the pump-
ing station NT. This difference between locations confirms the experience of the far more

challenging measurement conditions in the sewer than at the WRRF.

Degrees of Freedom and Constraints for OED

In order to be able to identify the best possible experiments, hereafter named scenarios for
the reasons mentioned in Section 3.4.3, the degrees of freedom of the measurement campaign
had to be identified. They include the location of the RSM 30 station and thus the location
of the measurements as well as the timing of the measurement, differentiating between WWF
and DWF and identifying different timings for both situations resulting in a two-dimensional

problem.
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As mentioned initially, two RSM 30 station were available for the measurement campaigns.
During the first measurement campaign in 2017, which was designed based on expertise and
practical experience, one RSM 30 station was installed at the inlet of the WRRF CdH and
the second was placed at the pumping station N'T in the sewer system. The location of the
RSM 30 station in the sewer system was re-evaluated for the second measurement campaign,
comparing eight potential locations (see Figure 3.1). The evaluated locations correspond to 7
pumping stations, respectively overflows upstream of the WRRF, the eight location CV&JR
representing the confluence of two pumping stations. The first RSM 30 station was always
maintained at the inlet of the WRREF since this is the final outlet of the sewer system. As
preliminary measurements were only available at the pumping station NT and the inlet of the
WRRF CdH, the measurement error could only be estimated for those two locations. For the
OED calculations, it was assumed that the measurement error found at N'T was representative

of the other seven locations in the sewer system.

Knowledge of the typical performance of the used measurement equipment and anticipation
of different measurement conditions allow proposing measurement scenarios. The experience
of the first measurement campaign showed that maintenance of the sensors is of fundamental
importance and that sensors give only reliable data for a relatively short period of time after
a maintenance event (Ledergerber et al., 2017a). For the given case study, it is assumed that,
in the worst case, the reliable period lasts for only about 12h after a maintenance event. So,
scenarios of 12h were planned with a measurement interval of three minutes, corresponding

to the storage interval for the online sensors.

Different measurement scenarios were then created for the typical DWF pattern. For DWF,

the day is split into day and night conditions, splitting at 09:30, respectively 21:30, assuming
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that a workday starts at 09:00 at the site and sensors would have received their routine
maintenance and be ready for use by 09:30. Measurement scenarios were also defined for
WWEF conditions, considering that, in contrast to DWF conditions, each rain event is different.
To have representative rain scenarios, the proposed experiments were simulated using actual
rain data of the previous measurement campaign, conducted in 2017. One big summer storm
(cumulative 24h rainfall: 24.9 mm) was chosen in which multiple overflows were taking place in
addition to a smaller rain event (cumulative 24h rainfall: 2.4 mm). Similar rains were observed
several times over the summer of 2017. In total seven different scenarios were proposed,

summarized in Table 3.1.

3.5.2 OED for Evaluation of Measurement Location

Due to the two dimensional problem (location and time), for the evaluation of the location of
the RSM 30 station in the sewer, scenario 6 (beginning of big rain event) was chosen. This
was expected to be the best scenario independent of the location chosen, given the large TSS

dynamics occurring (this will be confirmed in Section 3.5.3).

Figure 3.5 illustrates how the information content represented by value of the D-optimal
criterion changes with the location of the RSM 30 station in the sewer. The location of the
RSM 30 station at the pumping station NT, which was chosen for the first measurement
campaign, ranks third among the eight identified options. The two places that rank better
(CV&JR or JR) are located further upstream and contain information about the sewer system
on the right bank of the Garonne, which NT lacks.

For the second measurement campaign a re-location of the RSM 30 station from NT to either
CV&JR or JR was therefore considered. A closer evaluation of the sites, however, revealed
that those locations were no practical option, either due to the elevated risk of vandalism (JR)
or accessibility (CV&JR). The location of the RSM 30 station for the second measurement
therefore remained at NT as it was the best possible location of those that were practically

feasible.

3.5.3 OED for Evaluation of Measurement Scenarios
Most Information-rich Scenario

Since the information content (value of the D-optimal criterion) of a scenario depends on the
location of the measurement station chosen, it was counted how often a scenario is evaluated as
the most information-rich scenario for all eight measurement locations. The analysis was con-
ducted once for all DWF and WWF scenarios and once for the DWF scenarios only (scenario
1 to 4, see Table 3.1). Figure 3.6 gives the results of this analysis, showing that, independent

of the location chosen, the best-case scenario is always scenario 6, which corresponds to the
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Figure 3.5: Comparison of different measurement locations for the RSM 30 station in the
sewer. The information content of the locations is evaluated with the D-optimal criterion for
the timing of scenario 6.
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Figure 3.6: Evaluation of the best measurement scenario by counting the number of location
pairs for which a scenario provided the most information content among all scenarios or all
DWF scenarios.

beginning of a big rain event. This information was necessary for the previous analysis of the

best measurement location in Section 3.5.2.

If the analysis is conducted for the DWF scenarios only, the results show that in seven out
of the eight possible locations, scenario 4 (Night following WWF, see Table 3.1) contains the
most-information rich data.

Detailed Scenario Analysis for Chosen Location

A detailed analysis of the actual information content is carried out only for the best practically

feasible location combination of the RSM 30 stations, corresponding to the combination of NT
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Table 3.1: Description of scenarios and resulting values of the D-optimal criterion for chosen
RSM 30 station location (NT and CdH).

# Description Scenario Characteristics D-Opt value
1 Day long DWF period Preceding DWF: 7 days 5.7E-142

2 Night long DWF period Preceding DWF: 7 days 4.2E-127

3 Day following WWF Preceding DWF': 0 days 2.6E-136

4 Night following WWF Preceding DWF: 0 days 3.0E-127

5  Entire small rain event 24h cumulative rain: 2.4 mm  3.9E-115

6  Beginning big rain event 24h cumulative rain: 24.9 mm 9.0E-91

7  Tail big rain event 24h cumulative rain: 24.9 mm 2.7E-117

and CdH, as concluded in Section 3.5.2. The value of the D-optimal criterion for this location
combination is summarized for all the scenarios in Table 3.1. One will notice that the absolute
values for the D-criterion are very low in absolute terms, but this is due to the units used for
the variables and parameters of the model. Optimality of the experiment does not depend on

the absolute values, but on the ranking of the D-values.

For the DWF scenarios, only 28 parameters were considered, as the WWEF T'SS runoff concen-
tration can only be estimated during WWF scenarios. The tabulated results show that the
values of the D-criterion are by orders of magnitude higher for the WWF scenarios than for the
DWF scenarios. The measurement campaign has therefore to focus on capturing wet weather
conditions. It is also to be noted that the beginning of a big rain event (scenario 6) is by far
richer in information than the tail of the event (scenario 7). In case of DWF-only conditions,
the results show that data collected during night (21:30 — 09:30) are richer in information
content than during day (09:30 — 21:30), with a longer preceding DWF period resulting in
the best DWF scenario (scenario 2). A detailed analysis of the DWF is conducted in Section
3.5.4.

As the inverse of the FIM , V', corresponds to the parameter estimation error covariance matrix,
the relative parameter estimation error of each parameter can be evaluated (the squared
parameter estimation errors of the parameters j, ajz, are the diagonal elements of the matrix
V). The resulting relative parameter estimation error (g—j) is shown for three measurement
scenarios in Figure 3.7, the worst-case scenario 1 (top), the best-case DWF scenario 2 (middle)
and the overall best-case scenario 6. The figure clearly shows that parameter identification with
only DWF measurements, even under the best conditions, is very difficult. Many parameters
remain unidentifiable with a parameter estimation error much larger than the parameter value
itself (Z—j > 1). An example for this is parameter 5, the flow at which half of the resuspension
rate is reached (Qpai¢) for an upstream series of linear reservoirs. In the information-poorest
scenario 1, the parameter has a parameter estimation error approximately 12 times its own

value, while in the best-case DWF, this ratio is only reduced to approximately 3.

Analysing scenario 6 in Figure 3.7 shows, on the contrary, that the error on the parameter
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Figure 3.7: Relative parameter estimation error (g—j) for the worst-case scenario 1 (top), the

best-case DWF scenario 2 (middle) and the overall best-case scenario 6 (bottom), with a zoom
on the errors for the best experiment (scenario 6).

estimation reduces dramatically for most parameters when measurements are conducted under
WWF conditions. For instance, parameters 1 to 6 can now be estimated with a parameter
estimation error that is less than 20% of their respective parameter value, an excellent result
for water quality process parameters. It must be accepted though that some parameters

remain difficult to identify, which is further studied in the next section.

Parameter Estimation Error and Distance from the Measurement Point

For the chosen location combination of the RSM 30 stations and the best-case scenario 6, the
parameter estimation error is studied with respect to where in the model the parameter occurs,
i.e. in which sewer stretch the parameter occurs in the model. The hypothesis analysed here
is that the farther the sewer stretch is from a measurement point, the lower the information
content relative to the parameter occurring in that stretch is. The distance measure that is

adopted here is the number of series of linear reservoirs between the sewer stretch of interest

68



Vs
[

O
<O
L

Level 1 Level 3

(-
E:r
(.

NT Level 2

Level 1

can | @

Figure 3.8: Definition of the distance from the closest measurement point, indicated as the
number of series of linear reservoirs between the measurement point and the sewer stretch in
which the parameter of interest occurs.

and the closest downstream measurement point. For this the layout of the case study shown in
Figure 1.4 is schematized in Figure 3.8, indicating the distance from a measurement point by
levels, which indicate the number of series of linear reservoirs. Global parameters are primarily
the different T'SS concentrations in the catchments, which determine the global mass balance

and are thus considered to be “Level zero” parameters.

In Figure 3.9 the distance to the closest downstream measurement point is given for the
parameters ordered with respect to their relative parameter estimation error g—j This figure
shows a marked tendency for the parameter estimation error to increase with the distance to
the closest downstream measurement point. Global parameters (Level zero) and parameters

close to a measurement point can generally be better estimated.

3.5.4 OED for Optimal 12h Measurement Segment of DWF Day

Following the analysis of the different scenarios in the previous section, this last analysis
tackles the question of which 12h measurement segment during stable DWF flow conditions
contains the most information. Figure 3.10 shows the D-optimal value for every 12h segment
following the full hour of the day. As the previous section already suggested, the information
content is highly variable during the day. Figure 3.10 indicates that the information content
is generally lower during measurement segments starting during day hours than during night

hours. The 12h segment with the most information content starts at 02:00.

69



6 T T T T T
5 ° oo e oo
>
Qar ° e o oo o o0 -
) ) )
(&)
%2' ° Y i
1)
A ° o0 ° ° °
0 oo e o0 ! ! !
0 5 10 15 20 25 30

Parameters ordered (best to worst estimate)
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Figure 3.10: Evaluation with the D-optimal value of the information content of every 12h
measurement interval starting at every full hour of the day.

3.6 Discussion

The estimation of the measurement error and the evaluation of the degrees of freedom for the
second measurement campaign in Section 3.5.1 were necessary for the evaluation of the best

possible set-up of the second measurement campaign.

Section 3.5.2 showed how OED can be used to identify the optimal measurement location.
The results showed that the chosen location of the measurement station in the sewer, NT,
ranked third. The better-ranked locations with regard to information content, CV&JR and
JR, were unfortunately not feasible for practical reasons. This finding about the optimal
location of the RSM 30 station is consistent with the location of the sewer stretch in which

parameters occur that have a large parameter estimation error (see results Section 3.5.3). It
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was demonstrated that parameters occurring in sewer stretches located at a large distance to
the closest downstream measurement point (high level) are difficult to estimate. In general,
those stretches are located on the right bank of the river Garonne. Moving the second RSM 30
station to CV&JR or JR would indeed have allowed collecting more information about the
parameters in those stretches. The current placement at N'T collects information about the

upstream part of the left bank of the river Garonne, as can be seen in Figure 3.1.

Section 3.5.3 evaluates different measurement timings for the best feasible measurement loca-
tion (CdH and NT). It illustrates that for the same effort, i.e. a measurement campaign of
12h, data of markedly different information content can be obtained. It was shown that data
collected under WWF conditions generally contain more information than those under DWF,
with the beginning of a big rain event containing the most information. This is due to the im-
portant dynamics occurring during WWF conditions and the first-flush phenomenon observed
for the given case study. The scenario analysis for DWF showed that the measurement cam-
paign starting at 21:30 contains more information than the one starting at 9:30. This might
be because the T'SS concentrations during the night are generally lower than during daytime,
which means that the measurement errors are smaller. Thus, the information content per TSS

value is higher for the studied parameters.

The results in Section 3.5.4 analysed all theoretically possible 12h measurement segments
starting at a full hour of a DWF day. The analysis also demonstrated that the information
content of a measurement segment starting at 02:00 would contain most information, but those
segments are not feasible from a practical point of view due to accessibility issues of pumping

stations at night.

For the planning of the measurement campaign, it was imposed that the maintenance of the
sensors must be performed prior to rain events because, if the sensors fail during a rain event,
no maintenance intervention can be conducted for safety reasons. Since the beginning of the
rain event is critically important, this is quite acceptable. In case DWF conditions prevail,
the measurement campaign has to start late during the workday, in order to capture the
information-rich night values to the fullest extent practicable. Having all of this information
allows for planning a measurement campaign in its most efficient way, as it clearly indicates
when the measurement campaign should be prepared and started. This ensures the optimal

use of the measurement equipment and the limited resources during the campaign.

3.7 Conclusions

This research demonstrates that adaptation of model-based OED to complex sewer models
is possible. It also shows that OED is a valuable tool for planning measurement campaigns
in the challenging sewer environment as it allows making optimal use of the investments

necessary for such a campaign. In comparison to posterior analysis of a measured data set,
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OED evaluates the best location and timing for measurements prior to the actual measurement
campaign. This would otherwise need to be planned by expert opinion only. OED allows to
objectively rank different measurement locations with respect to their information content.
This enables balancing how far upstream or downstream an RSM 30 station should be placed.
With respect to the timing of the measurements, both expert opinion and OED identify WWF
events as more important than DWF conditions. However, OED also differentiates between
the importance of a small versus a big rain event and their beginning versus their tail. From
a methodological point of view, it was demonstrated that considering the real measurement
error (in this case constant relative error) affects the evaluation of the DWF scenarios. This

would not have been possible without the mathematical tools provided by OED.
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Chapter 4

Calibration and Validation of a
PSVD-based Model of TSS in
Integrated Urban Wastewater Systems

Ledergerber, J. M., Maruéjouls, T., and Vanrolleghem, P. A. Calibration and validation of a

PSVD-based model of TSS in integrated urban wastewater systems. In preparation.
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4.1 Abstract

Since water quality limits no longer apply only to the water resource recovery facility but are
increasingly extended to the sewer system (in France since 2015), tools are necessary that
allow quantifying water quality throughout the integrated urban wastewater system. These
tools have to be able not only to represent the water quality at different points of interest,
but should also be able to represent the interactions of the different subsystems. Only this
allows to holistically describe and evaluate the integrated urban wastewater system and its
subsystems. This chapter proposes the particle settling velocity distribution approach to assess
the behavior of particulates throughout the integrated system. The approach is presented for
the different submodels and extended with a catchment and a biofilter model, relevant for the
biological treatment at the water resource recovery facility of the case study. The integrated
model is successfully calibrated and validated for all the described sub-systems of the case
study. The results demonstrate that the particle settling velocity distribution approach is
able to represent the dynamics of both water quantity (flow) and total suspended solids at
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the different validation points distributed over the integrated system. It is shown how the
calibrated and validated model can be used to assess and compare the different fluxes of the
particulates. It is thus concluded that the particle settling velocity distribution approach is a
valuable tool to assess the water quality with respect to particulates throughout the integrated

urban wastewater system.

4.2 Résumé

Comme les seuils limites de qualité de ’eau ne s’appliquent plus seulement au rejet de la station
de récupération des ressources de ’eau mais sont étendues au réseau d’égout depuis arrété
francais de 2015, des outils permettant de quantifier 1la qualité de I’eau sur I’ensemble du sys-
téme intégré d’assainissement sont nécessaires. Ces outils doivent étre capables non seulement
de représenter la qualité de 'eau en différents points d’intérét, mais aussi de représenter les
interactions entre les différents sous-systémes. Ce n’est qu’ainsi qu’il est possible de décrire et
d’évaluer de maniére holistique le systéme intégré d’assainissement et ses sous-systémes. Ce
chapitre propose ’approche de la vitesse de chute en assainissement pour évaluer le comporte-
ment des particules dans ’ensemble du systéme intégré. L’approche de la vitesse de chute en
assainissement est présentée pour chaque sous-modéle et complétée par un modeéle de bassin
versant et un modéle de biofiltre pour le traitement biologique & la station de récupération
des ressources de ’eau du site pilote. Le modéle intégré est calibré et validé avec succés pour
tous les sous-systémes décrits du site pilote. Les résultats démontrent que l'approche de la
vitesse de chute en assainissement est capable de représenter la dynamique des débits et des
concentrations en matiéres en suspension aux différents points de validation sur ’ensemble
du systéme intégré. Il est montré comment le modele calibré et validé peut étre utilisé pour
évaluer et comparer les différents flux de matiéres en suspension dans son ensemble. Il est
donc conclu que "approche de la vitesse de chute en assainissement est un outil précieux pour
évaluer la qualité de ’eau en ce qui concerne les particules sur ’ensemble du systéme intégré

d’assainissement.

4.3 The PSVD Modelling Approach

As described in the Section Focus on Particulates, the PSVD is an important characteristic
of particulates, when it comes to describing the behavior of the settling process. The PSVD
modelling approach uses this characteristic to model the TSS throughout the integrated sys-
tem where settling and resuspension are important processes to consider. The PSVD approach
is thus followed throughout the sewer network, including the RTs, down to the primary treat-
ment of the WRRF including the GC and the PC. The hypothesis is that once a particulate
has a certain settling velocity assigned, this settling velocity does not change. Thus, processes

such as breakage or agglomeration of particulates that could affect the PSVD are neglected.
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Figure 4.1: Overview of models with indication where PSVD approach is used.

The only exception is the CEPT, where the PSVD changes due to the addition of chemicals
(see Section 4.4.7). For the TSS generation process in the catchment, as well as in the bio-
logical treatment of the WRRF, the PSVD characteristic is not considered. An overview of
all IUWS subsystems to which the PSVD approach is applied is presented in Figure 4.1. In-
dependent of the subsystem studied, the conceptual approach of the PSVDM stays the same.
An introduction to the PSVDMs is given here.

As stated by Tik et al. (2014a), models that consider only a single, mean settling velocity for
all particulates do not incorporate the heterogeneity of particulate pollution. The purpose of
PSVDMs is to improve the predictive capacity of models by fractionating TSS into different
particle classes. Each particle class is defined by its proper settling velocity obtained, for
instance, by the ViCAs experiment (for the description of the ViCAs experiment see Section
1.4.3). Figure 4.2 illustrates how the total TSS is discretized into classes according to the
cumulative settling velocity distribution (D7gg) measured with the ViCAs experiment. Dis-
cretizing a function means always a loss of precision, since a certain amount of information is
lost. Discretizing the settling velocity (vs) into 10 classes (vs1 to vs10) has practically shown
to give sufficient flexibility to the model to represent the PSVD from the sewer down to the
PC sufficiently well. Approximating the distribution further down to a very small number
of classes would not lead to a successful model application, since not all the relevant settling
velocities for all specific submodels could be represented. Translating the cumulative settling
velocity distribution into the density function (drgs) results in the fraction f; to fio of the
total T'SS for each corresponding settling velocity class vs1 to vs10. The settling velocity
vs,; depends on the boundary velocities of the classes chosen vg1im; and is calculated as the

geometrical mean as in equation 4.1.
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Figure 4.2: Fractionation of the total TSS into ten different classes according to the cumulative
distribution of the PSVD (D rgg). The corresponding density distribution (drgs) is also given.

VUs,i = 4/VUs,lim,i—1Vs lim,i (41)
where:

Vs i Settling velocity of particle class i (L/T)
Uslim,i Upper boundary velocity of class i (L/T)

The settling flux in all PSVDMSs is calculated with the following assumption, that in order
to be settled and no longer be in suspension, a particle class ¢ with its mass M; has to settle
over the water height of the specific submodel with its corresponding settling velocity vs;. It
is generally assumed that the settling process is not hindered, for example by turbulence. If
the settling process is hindered, this is indicated in the specific submodel. The water height
is usually calculated with the (time-varying) water volume V() and the corresponding water
surface A of the submodel. It is assumed that A is independent of the height and thus time.
The settling flux can thus be calculated with equation 4.2.

A
Fse i(t Mz t)—<Us; 4.2
tt, ( ) ( )V(t) s ( )
where:
M;(t) Mass of particle class i (M)
A Surface of submodel (L%)
V(t)  Volume of submodel (L3)

Vs,i Settling velocity of particle class ¢ (L/T)

)
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The calculation of the resuspension flux is sub-model dependent, but in all submodels the
resuspension rate is independent of the particle class and its settling velocity. The resuspension

flux calculations will be explained for each sub-model separately.

The discretization of the TSS into the ten classes is described in Section 4.4.2 and the effect
of the CEPT on the PSVD in Section 4.4.7.

4.4 Description of Subsystem Models

4.4.1 Catchment model
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Figure 4.3: Extended KOSIM-WEST catchment model with a DWF and WWF module that
includes splitting of the WWF in a fast and a slow concentration component.

The extended KOSIM-WEST model was initially described in Pieper (2017) and the descrip-

tion given here is extended from Ledergerber et al. (2019a).

The catchment model is based on the KOSIM model implemented in the software WEST
(Meirlaen, 2002), coupling a module for WWF and a module for DWF. Figure 4.3 gives an
overview of the extended catchment model and shows for both modules input, generation and
routing. The input to the WWEF module is rainfall information only. The flow generation
takes into account different losses, such as wetting and depression losses to calculate the
net rain. To generate the WWF flow, the net rain is applied over the effective area. In
comparison to the original KOSIM-WEST model, the flow can be split into fast and slow flow
concentration and local routing through a series of reservoirs to represent the fast and slow
response characteristics of inflow and infiltration responses, respectively (Pieper, 2017). As
conceptual catchments are generally aggregated over several detailed catchments, this process
represents both flow concentration and local routing through the sewer network that is not

modelled explicitly in a conceptual, lumped model. The input to the DWF module consists of
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several information: the number of PE and their average wastewater generation rates, as well
as the average wastewater production by local industry and constant groundwater infiltration
to the sewer system. The DWF hydrograph is generated by applying hourly patterns over a
DWF day. In comparison to the original KOSIM-WEST model, this DWF is now also routed
with a series of linear reservoirs representing, as for the WWEF, the flow propagation in the

local sewer network (Pieper, 2017).

The water quality of the catchment for the WWF is considered with a simple event mean con-
centration. This concentration is applied to the runoff that is generated from the impervious
surface. For the DWF the pollution is characterized with an average concentration that is
distributed over the day with a relative pollution flux pattern. This means that if the pol-
lution has the same pattern as the flow during DWF, the concentration is constant over the
day. If the pollution pattern differs from the flow pattern, the concentration will vary. The
constant groundwater infiltration flow is considered to have a low constant concentration of

the pollutants.

4.4.2 Discretization from TSS to PSVD: the connector model

As mentioned in Section 4.3 the discretization from TSS to the PSVD classes occurs at the
outlet of the catchment model, before entering the sewer system. This connector model takes
the incoming T'SS concentration and discretizes it into a set of ten PSVD classes with their
corresponding settling velocity. Maruéjouls et al. (2015) found that the PSVD of the wastew-
ater is (linearly) depending on the TSS concentration. The correlation indicated that for
low TSS concentration the particulates are settling slower than for high TSS concentrations
where the particulates settle faster. A potential explanation for this correlation could be that
different TSS concentration are found for different flow conditions. Different flow conditions
indicate different sources of the particulates. Increased flow during DWF could increase the
fraction of particulates from in-sewer sediment resuspension, whereas during increased WWF
particulates from different surfaces are activated. The characteristic zone in which the PSVD

curves are located was found to be site specific (Maruéjouls et al., 2015).

The PSVD zone specific to the CdH catchment is indicated in Figure 4.4. The PSVD zone
has two boundary curves. Those curves correspond to the measured cumulative distribution
function of the highest (Dyign) and lowest (Dioy) measured T'SS concentration. The highest
curve was measured at TSS=500mg/]1 and lowest at TSS=90mg/1. The curves in Figure 4.4
indicate that at a higher T'SS concentration the fraction of fast settling particulates increases

in comparison to low TSS concentrations.

If the T'SS concentration at the outlet of the catchment (7°5S) is within those boundary con-
centrations ( 7'SSphigh=500 mg/1, respectively T'SS1,w=90mg/1) the cumulative settling velocity

distribution for that concentration (Drgg ;) is interpolated between the two boundary curves
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Figure 4.4: Zone of PSVD measurements in the CdH catchment. The boundary cumulative
distribution Dy;gp corresponds to TSS=500mg/1 and Doy, to TSS=90mg/1.

with equation 4.3. Figure 4.4 shows one example of an interpolated cumulative settling ve-
locity distribution for a T'SS concentration of 250 mg/1. If the T'SS concentration exceeds the
boundaries, the PSVD is approximated with the boundary curve itself. Another option would
be the extrapolation of the highest, respectively lowest, measured PSVD curve as applied by
Plana (2019). The connector model thus predicts a PSVD at each time step corresponding to

the TSS concentration.

Diow,i — Dhigh,i (4.3)

Drss,i = Dhigh,i — (TSS — T'SShign) TSShigh — TSS1ow

where
Drgs;  PSVD of a TSS concentration discretized for classes i (-)
Diow i Boundary PSVD curve of the highest measured TSS concentration (-)
Duigh,i Boundary PSVD curve of the lowest measured TSS concentration (-)
TSS\ow  Lower boundary TSS concentration corresponding to 90 mg/1 (M/L3)
TSShigh  Higher boundary TSS concentration corresponding to 500 mg/1 (M/L3)
TSS TSS concentration at the outlet of the catchment (M/L3)

4.4.3 PSVD Sewer Model

The PSVD sewer model is from a hydraulic perspective a conceptual model, also known as
hydrological or lumped model (Maidment, 1993), that uses the approach of linear reservoirs
in series. Water quality for particulates is considered with settling and resuspension within
each of the reservoirs. First, the water quantity and then the water quality model will be
described.
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Water Quantity Model

The linear reservoir approach uses storage volumes to calculate the flow rate. The approach
is based on the principle of mass conservation, shown in equation 4.4, which requires the
difference of the inflow Q;, and outflow @,y to be equal to the change of storage volume
V(t) of the reservoir (Maidment, 1993). The second equation of the linear reservoir approach
relates the outflow to the storage volume (equation 4.5). The storage constant of the reservoir
k is also known as the residence time (Maidment, 1993). If the value of the constant p
equals one, equation 4.5 corresponds to a linear reservoir, otherwise it would be a non-linear
reservoir (Maidment, 1993). The latter is, however, not considered for this study. If several
reservoirs are placed in series, this is known as a cascade of linear reservoirs. The hydraulic
principles that form the basis of the provided equations are that downstream flow conditions
cannot influence upstream flow. However, in cases where backwater conditions exist, there are

approaches available to properly approximate those effects (Vanrolleghem et al., 2009).

oV (t)
o Qin(t) — Qout(?) (4.4)
1
Qou(t) = V(B (4.5)
where:
V(t)  Storage volume in reservoir (L3)
Qin(t) Inflow reservoir (L3/T)
Qin(t) Outflow reservoir (L3/T)
k Storage constant of reservoir  (T~1)

Water Quality Model

To include water quality and in particular TSS, the linear reservoir approach is extended
with the PSVD approach that models the fate of particulates in each of the reservoirs. The
description of the sewer water quality model in this paragraph is based on Ledergerber et al.
(20194).

The PSVD sewer model consists of two compartments, the sewer compartment and the sedi-
ment compartment. Figure 4.5 shows that the sewer compartment is the compartment where
the water flow takes place and thus the hydraulics are modelled. The sediment compartment
however consists of sediment only and no flow is considered. The two compartments are needed
to model both settling and resuspension of T'SS. The TSS generated in the catchment is split
into ten particle classes ¢ before entering the sewer system. In the sewer compartment, it is
assumed that the particulates are in suspension and that each class settles with its specific

settling velocity vs; according to the general PSVD settling assumption, given in equation 4.2.
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Figure 4.5: Schema of PSVD sewer water quality model

The resuspension flux Fiesusp,i(t) is calculated with equation 4.6, which depends on the particle
mass settled in the sediment compartment Mseq ;(t) and the resuspension rate rresusp(t) that is
defined in equation 4.7. The resuspension is independent of the particle class ¢ and calculated
using the maximum resuspension rate rresusp,max and depends on the flow rate into the linear
reservoir Qi, (t) assuming a saturation function with parameters Qpaie, the flow at which half
of the maximum resuspension rate is reached, as well as the exponent n, which determines the
steepness of the change around Qpay¢. This fraction represents a sigmoidal behavior, resulting

in a value between 0 and 1.

Fresusp,i(t) = Msed,i(t)rresusp(t) (46)
m(t)
T'resusp (t) = Tresusp,maxcg?n(t)—% (47)
where:
resusp i(t) Resuspension flux for particle class i (M/T)
Mgeqi(t)  Particle mass of class i settled in the sediment compartment (M)

Tresusp(t) Resuspension rate (T
Tresusp,max ~ Maximum resuspension rate (T~
Qin(t) Inflow to reservoir (L3/T)
Qnalr Flow at which half of the maximum resuspension rate is reached (L3/T)

Exponent, indication for the steepness of change around Qnat (-)

The sigmoidal behavior of the fraction in equation 4.7 is illustrated in Figure 4.6. The left-
hand side shows the behavior of the fraction for a varying Qpaif, assuming a constant n. This
illustrates that indeed half of the resuspension rate riesusp(t) is reached at Qpair, since the
fraction of 0.5 is reached at a Qi corresponding to Qpa¢- The right-hand side of Figure 4.6

shows the behavior of the fraction for varying n, assuming a constant Qpar. This illustrates
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Figure 4.6: Illustration of the sigmoidal behavior of the fraction for the calculation of the
resuspension rate in equation 4.7. The left-hand side shows the behavior of the fraction for
varying Qnair, whereas the right-hand side shows the behavior for varying n.

that with increasing n, the change around Q. happens faster due to the increased steepness

of the function.

4.4.4 Retention tank model

The RT model is based on the off-line RT model proposed by Maruéjouls et al. (2012). In
order to have a fast running model, the model had to be simplified. The main change was

that the separately modelled pumping chamber of the original model was removed.

Quyerlt)
Clarified Foveril)
compartment Vipax A
Q. RO ] - Quuilt)
— V,0o 2O —
Fin,t) Foutilt)

Fseﬂ.i{t} . Fresusp.i{t:l

Sediment

Figure 4.7: Schema of PSVD RT water quality model

The schema of the RT model in Figure 4.7 shows that it consists, as the sewer model, of two

compartments: the clarified compartment, where the water can be stored, and the sediment
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compartment. As for the sewer model, the hydraulics take place in the clarified compart-
ment and the sediment compartment can be considered a storage compartment for the settled

particulates.

For the water flow and with it, the advective pollution transport, three fluxes are considered:
the inflow to the RT Qin(t), the regular outflow Qout(t) that generally brings the water back
into the sewer system and eventually to the WRRF and an overflow Qover(t) that represents
the security outflow when the maximum capacity of the tank is reached. For the particulates,
however, two additional fluxes have to be considered: the settling and resuspension fluxes. The
settling flux in the RT is calculated with the standard equation for settling in the PSVDMs
(see equation 4.2). The assumption for the resuspension is that it only takes place if a cleaning
mechanism in the RT is installed that is usually activated during the last emptying phase of
the tank. This mechanism can be activated, for instance, by giving the fraction of remaining
volume during emptying at which the cleaning mechanism is activated. The resuspension
flux Fresusp,i(t) is then calculated with equation 4.8, where Mgeq; represents the particle mass
settled in the sediment compartment and 7esusp the resuspension rate that is by default set
to 10d~! (Maruéjouls et al., 2012). Note that the resuspension is independent of the particle

class, as it was already for the sewer water quality model.

Fresusp,i (t) = Msed,i (t>rresusp (48)
where:
Fresusp,i(t) Resuspension flux for particle class i (M/T)
Mgeqi(t)  Particle mass of class i settled in the sediment compartment (M)
Tresusp Resuspension rate (T~h

4.4.5 Grit Chamber and Primary Clarifier Model

The GC and the PC have a very similar conceptual modelling approach and are therefore
explained in the same section. In fact, the concept of the GC is an extension of the PC.

Hence, the concept of the PC is explained first, so that it can later on be extended to the GC.

Primary Clarifier

The PSVDM of the PC is conceptually similar to the one-dimensional, layered settling model
presented in Takécs et al. (1991), which is commonly referred to as the Takécs model. However,
in comparison to the Takics model, where the T'SS concentration is not fractionated into
different classes, the PSVDM currently takes into account ten different particle classes with
their settling velocities. A schematic representation of the approach is shown in left side of
Figure 4.8.
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The PSVDM approach, initially presented in Bachis et al. (2015), uses ten layers to model
the spatial TSS gradient in the PC. For the water flow and with it, the advective pollution
transport, three fluxes are considered: The inflow Qi,(t), the outflow Qout(t) and the underflow
Qunder(t). The inflow Qin(t) is fed into the fifth layer. The clarified effluent Qout(t) leaves
the PC from the first layer (top layer), whereas the wastage flow rate Qunder(t) is modelled
from the tenth layer (bottom layer). Therefore, it is assumed that only the feed layer and the
layers above are affected by the advective flow caused by clarified effluent, which results in
the pollutant flux Fy,(t). For the advective flux caused by the wastage flow rate Fy,(¢) it is

correspondingly assumed that it only affects the feed layer and the layers below.

There is one additional flux that affects particulates only, the settling flux Fie4(t). It is
calculated for each class in each layer with the standard equation for settling in the PSVDMs

(see equation 4.2).

Aerated Grit Chamber

The PSVD aerated GC model is a conceptual extension of the PC model. By comparing
Figure 4.9 for the PSVD GC model with the PC model in Figure 4.8, the two main differences
from a conceptual point of view can be seen: the number of layers and the additional flux
Fiir,i(t) in the GC model. The number of layers in the GC is five only and the feed takes place
in the fourth layer.

The additional particle flux Fj; ;(t) represents the upstream flux of particulates per surface
caused by the air flow Qi introduced in the GC. The effect of the air on the settling process is
assumed to be decreasing with increasing height from the bottom, where it is added. The air

flow is taken into account by modelling the upwards velocity va,i, resulting from the airflow. To
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Figure 4.8: Schema of PSVD PC water quality model
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model the energy dissipation from the bottom to the top, this velocity decreases over the GC
height, making the velocity layer I dependent (v,ir;). equation 4.9 thus calculates the velocity
from the air flow as function of the layer index, taking into account the surface area of the GC
A. The surface is assumed to be constant over the height of the GC. The decreasing effect of
air is accounted by decreasing factor kq. The velocity v, for a specific layer [ is reduced by
kq to the power of 5 (total number of layers) minus the current layer number [. This means
that this induced velocity is highest in the bottom layer, i.e. layer 5, and decreases with the
distance from the air source, as energy dissipates. Note that the velocity v, is independent

of the particle class 1.

Similar to the other fluxes, the upstream flux induced by the air flow (Fyir;;) is calculated
using the specific concentration of the particle class 7 in layer I, T'SS;; which is multiplied

with the upstream air velocity v,i;; of the same layer, see equation 4.10.

Qair

Vair,l = kg_l A (49)
Faivig = airg 1TSS (4.10)
where:
Vair,] Airflow induced upstream velocity depending on layer [ (L/T)
k'g*l Decreasing factor for airflow induced velocity depending on layer [ (-)
Qair  Upstream air flow (L3/T)
A Surface area of the GC (L?)
Fiiri;  Upstream flux per surface induced by the air flow (M/L2/T)
TSS;; Concentration of the particle class 7 in layer [ (M/L?)
Fout,(t)
___________ Quelt)
"""""" ]:u;:.lct:| FEIF.I (U

Qgn(t) Fetlt)
Ty ll Fan,i(t)

Ou:‘der':t] u Funder.l':t:l

Figure 4.9: Schema of PSVD GC water quality model

85



4.4.6 Model of Coagulant Addition Controller

The control of the coagulant addition is modelled exactly as the controller that is implemented
on the WRRF CdH. The controller has been explained extensively in Section 1.2. Therefore
no further explanations are given here. How the effect of the chemical addition on the PSVD

is modelled is explained in the next Section 4.4.7.

4.4.7 Transformation of PSVD characteristics due to CEPT

By performing a ViCAs experiment on samples with and without coagulant addition (for the
specific study alum was used as coagulant), Bachis et al. (2015) showed that the addition
of coagulants and flocculants (CF) during the CEPT changes the settling characteristics of
particulates and thus the PSVD of the wastewater. Figure 4.10, which is a zoom of the overall
PSVD approach Figure 4.1, shows schematically the effect of CF addition. It was found that
the impact of CEPT on a wastewater sample tends to “shift” the PSVD curve to the right. This
shift implies that the fractions of particulates with higher settling velocity are increased at
the expense of classes with lower settling velocity (Bachis et al., 2015). Figure 4.10 also shows
this shift of the PSVD curve by showing that sample without CF addition (brown) has higer
fractions with lower setting velocities than the same sample with CF addition (green). The
green distribution is “shifted” to the right in comparison to the brown distribution. Tik et al.
(2016a) could reproduce this effect, but could additionally show that a minimum concentration
of chemicals is needed to start observing such a shift of the PSVD curve. The study could
similarly show that the effect of chemical addition saturates at a certain concentration. Adding
more chemicals than this saturation concentration does not lead to improved settability of the

particulates and thus no effect is visible on the PSVD.

This effect is taken into account in the model, by making the
TSS fractionation depending on the chemical addition by us- T — .
ing a sigmoidal representation of the PSVD change (Tik et al.,
2016a). The PSVD of the sample after the addition of the CF
Dgyt,i is modelled with equation 4.11. It shows that Dgy,; de-
pends on the PSVD of the inflow to the CF addition Dj, ;, thus
the PSVD of the sample without CF addition. The equation
shows also, that Dgyt,; depends on the PSVD corresponding to
the saturation effect of CF addition Dg,t ;. The last term of the

equation basically describes how close Dyt ; is to the saturation

Figure 4.10: Effect of CEPT
on the PSVD. Comparing
the same sample without
(brown) and with CF addi-

tion (green).

PSVD curve Dg,t ;. The parameter describing this, are the con-
centration of the CF added by the controller, here C'F(t), the
exponent expCF', which is an indication of how fast it changes
and the last parameter, CFy¢, the concentration at which half

the effect is visible. This means that if the CF concentration is comparably high to the half
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Figure 4.11: PSVD curve reached at saturation of CF addition. This curve corresponds to the
PSVD measured after CF addition at a T'SS concentration of approximately 400 mg/1.

effect constant CFh)¢, the outgoing PSVD curve Dyt ; will correspond to the CF saturation
PSVD boundary curve Dga ;.

Do) = Dini(t) ~ (Do) ~ D) 1)
1i(t) = Dini(t) — (Din.i(t) — Dsats.s 11
out,? n,? n,? satt,: CFEZ}CF N CF(t)expCF
where:

Doyt i(t) PSVD after CF addition (-)

Diyi(t)  PSVD before CF addition (-)

Dygat i PSVD curve reached at saturation, "maximum” PSVD (-)

CF(t) Dosed CF concentration (M/L3)

expCF  Exponent indicating the fastness of change (the larger the faster) (-)

Kcr Concentration at which half the effect is visible (M/L3)

For the case study CdH, the saturation curve Dg,; is assumed to correspond to the highest
measured T'SS concentration of a PSVD experiment (approximately 400mg/1). This con-
centration coincides with the TSS concentration where the maximum dosage of coagulat is
reached (see Section 1.2). This means that even if the incoming TSS concentration exceeds
400 mg/1, the controller will add no more than 45 mg/1 of the CF. The saturation PSVD curve
is shown in Figure 4.11, which also indicates the PSVD distribution measured prior to chemical

addition (see Section 4.4.2).

Given the measured saturation curve Dgyy, Figure 4.12 presents the modelled effect of the CF
addition for the CdH case study. The effect is shown for the distribution of four illustrative T'SS

concentration without (“in”) and with (“out”) CF addition. The lowest illustrated concentration
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Figure 4.12: Modelled Effect of CEPT for samples with different T'SS concentrations.

corresponds to 100 mg/1, whereas the highest corresponds to 400 mg/l. In Figure 4.12 it can
be observed that for all the concentration the addition of CF induces a shift to the right.
This means generally, that the particulates are settling faster after the addition of the CF. A
second observation is that both for the distribution “in” and the distribution “out” the smaller
TSS concentration have the lower settling velocity. This corresponds to the findings in Section
4.4.2.

4.4.8 Biofilter model

The simple approach for the BF model is shown in Figure 4.13. The BF is modelled with
a percentage removal efficiency approach and a completely stirred tank reactor (CSTR). As
usual, the inflow Qi (¢) has a corresponding influx of particulates Fi,(t), of which a percentage
fraction is directly removed. As for the GC and the PC, the removed flux is called Fynder,i(t)-
Since the BF is modelled with a percentage removal efficiency, the underflow of particulates
Finder,i(t) can be directly calculated with the removal efficiency RE from the influx, as given in
equation 4.12. It is assumed that this flux is removed constantly from the BF. This contrasts
with the common implementation of BFs where particulates are first retained in the filter and

then removed intermittently via the backwash of the filters.

Funder,i(t) = RE - En,i(t) (412)

where:

Funder,i(t)  Underflux of reactor, removed particle flux (M/T)
RE Removal efficiency (-)
Fin,i(t) Influx of particulates (M/T)
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The remaining flux is entering a CSTR, where the particulate flux Fyyui(t) of the outflow
Qout(t) is calculated with the standard equation for concentration and thus effluent concen-
tration of CSTRs, given in equation 4.13. M;(t) is representing the particulate mass and V'
the volume of the reactor. This results in the mass balance equation of the BF model given

in equation 4.14.

M;(t
Fout,i(t> = V( )Qout(t) (4.13)
dM; Mz(t)
= Fini(l — RE) — ou 4.14
M= R rey - 0, (4.14)
where:
Fout,i(t) Outflow particle flux (M/T)
M;(t) Particle mass of class i in reactor (M)
Vv Volume of reactor (L3)
Qout(t)  Outflow of reactor (L3/T)
Fin,i(t)  Influx of particulates (M/T)

4.5 Calibration and Validation Approach

For the calibration of the IUWS model, a step-wise approach has been chosen. This means that
the model was built element-wise and that it was calibrated and validated before the model
was extended with an additional submodel. The three main model elements were calibrated

and validated in the following order:

1. Catchment and sewer quantity model

2. Catchment and sewer quality model

\'
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Figure 4.13: Schema of simple BF water quality model
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Table 4.1: Data used for model calibration and validation with * indicating that data was
collected through measurement campaign.

Abbreviation Description Quantity Quality
Tributary 1 Tributary 1 of inflow WRRF CdH yes no
Tributary 2 Tributary 2 of inflow WRRF CdH yes yes™
Tributary 3 Tributary 3 of inflow WRRF CdH yes no
Tributary 4  Tributary 4 of inflow WRRF CdH yes no
JR out Pumping station / CSO Jourde: flow to WRRF yes no
JR over Pumping station / CSO Jourde: flow to Garonne yes no
CV out Pumping station / CSO Carle Vernet: flow to WRRF yes no
NT in Pumping station / CSO Noutary: inflow yes yes™*
PC out Primary clarifier outflow no yes
BF out Biofilter outflow no yes

3. WRRF quantity and quality model

The submodel-specific calibration information will be described in a dedicated section for
each element. The general calibration approach was however the same for all elements. All
sub-models have been calibrated using a grid search approach with the objective function of
minimizing the RMSE between the model and the measurements. The RMSE calculates a
mean error penalizing greater errors more heavily and results in a value with the same units as
the model results, which is useful for interpretation (Bennett et al., 2013). The model validity
is evaluated with the Janus coefficient that compares the performance of the validation period
in comparison to the calibration period. The coefficient is calculated by dividing the RMSE
of the validation period with the RMSE of the calibration period and should be close to 1 (Sin
et al., 2008).

The calibration and validation points are summarized in Table 4.1. The location of the
measurement points in the sewer system are shown on the map in Figure 1.3 and measurement

points on the WRRF are indicated on the plant layout in Figure 1.5.

The calibration period for all sub-models is the measurement period from day 65-75, corre-
sponding to the calendar days July 5" to 15" 2017. This calibration period has a rain event
with an estimated return period of approximately 3 months based on the rain depth-duration-
curve given in Figure 4.14. This return period corresponds to the aimed size of rain events
(see Problem Statement and Objectives and the evaluation in Chapter 6). Initially it was
planned to recalibrate the model with data obtained during the 2°¢ measurement campaign
in 2018, planned with OED. This was however not possible for practical reasons, as no rain

event could be measured at NT during this second campaign.

The model has been validated with rain events of different magnitudes. Eight different periods

were initially chosen for model validation. Only model results of validation 1 and 4 are
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presented in the results Section 4.6, since they show that the model is performing well over a
wide range of rainfall events. The first and slightly bigger rain event in the validation period 1
has an estimated return period <0.5 months and is thus quite a bit smaller than the rain event
chosen for calibration. The rain event in validation period 4 has a return period >24 months,
which is considerably bigger than for the calibration event. Unfortunately, no water quality

measurements were available at NT for model validation.

4.5.1 Catchment and Sewer Quantity Model

As described in Chapter 2, the quantitative conceptual catchment and sewer model was ini-
tially built based on a detailed hydraulic model and then partially recalibrated on measurement
data. The initial model development from the detailed model was an important step, since
it defined the level of aggregation of the catchment and the sewer stretches. As described in
Section 2.6.1, the water quantity sewer parameters were directly identified from the detailed
model using the Kalinin-Miljukov method (Euler, 1983). Since this method is purely based
on the sewer characteristics, the flow information from the detailed model at the comparison
points could be used to calibrate and validate the catchment parameters that could not be
directly aggregated from the detailed model. As described in Section 2.5.2; the catchment
parameters regarding water quantity were directly aggregated from the detailed hydraulic
model, whereas parameters regarding the dynamics were calibrated with the flow data from
the detailed model.

For the sewer water quantity model, several real flow measurements were available. Table 4.1
gives an overview of the flow measurements used for the recalibration of the conceptual model

on flow measurements. The comparison of the developed model based only on the detailed

Depth [mim)

Figure 4.14: Depth-duration-curve for Bordeaux to estimate the return periods of rain events.
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model with those data showed the need for recalibration in Section 2.6.3. The comparison
with the measurement data highlighted at first the need for recalibration of the DWF quantity,
thus the amout flow generated, and dynamics, meaning the flow distribution over the day and
revealed later on some slight adjustments for WWF dynamics. Even though the flow measure-
ments in Table 4.1 were available, they were less than the identified comparison points in the
detailed model. Thus, several catchment models had to be recalibrated based on a single flow
measurement location. For the recalibration of the DWF generation, the necessary adjust-
ments regarding PE and thus the DWF generated, were distributed proportionally between all
upstream catchments of a flow measurement. The assumption regarding the DWF profile was
that all catchments upstream of one measurement point have the same flow profile. This was
a necessary assumption since no more detailed information was available. In a later step, the
WWF dynamics of the catchment model were slightly adjusted, since it was found that the
catchments were reacting slower than suggested by the detailed model. The flow generation

parameters, however, needed no change.

The parameters regarding the sewer model were not changed from the initial development
with the Kalinin-Miljukov method.

4.5.2 Catchment and Sewer Quality Model

For the water quality aspects, no prior model was available. The water quality had thus to
be calibrated and validated directly on the measurements for both DWF and WWF. For the
DWF it was assumed that the pollution concentration is constant over the day, meaning that
the pollution flux has the same pattern as the flow. Table 4.1 shows that two measurement
points for water quality in the sewer were available: NT in and Tributary 2, with NT being a
subcatchment of Tributary 2 of the WRRF. The calibration process started furthest upstream,
thus calibrating the catchments and sewers upstream of N'T, before calibrating the remaining
catchments and sewers upstream of Tributary 2 with the measurement at this tributary. For
the calibration of the catchments and sewers upstream of Tributary 1, 3 and 4, where no water
quality measurements were available, it was assumed that the characteristics of Tributary 2
were representative for these tributaries. It was for example agsumed that the TSS generation

per PE was the same.

4.5.3 WRRF Quantity and Quality Model

For the WRRF no prior model was available and the models had thus to be built, calibrated

and validated based on the measurements.

Since no water is lost or generated on a WRRF, the water quantity flowing in the WRRF
should be equal the water flowing out the WRRF. The flow measurements at the inlet and
at the outlet however showed a discrepancy of ~10%. According to the operators a 10%

difference, however, lies within the error of the measurements and is considered sufficiently
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accurate. It was assumed that the four flow measurements at the inlet of the WRRF were
correct and that the one at the outlet was off by 10%.

The water quality model of the WRRF was also calibrated in a step-wise approach. Once
a specific sub-model was calibrated and validated, the next sub-model was calibrated using
the previous model output as input. This holds for all sub-models apart from the BF model
that was calibrated using the detailed input data available. This was made possible by the
fact that inflow measurements, corresponding to the outflow measurements of the PC, were
available, which was not the case for the other sub-models of the WRRF. The overview in
Table 4.1 indicates that no measurements were available for the calibration of the GC model.

For the GC an average performance of 7.5% TSS removal was assumed (Qasim, 2017).

4.6 Calibration and Validation Results

4.6.1 Calibration

The model calibration results for water quantity are shown in Figure 4.15 for the different
tributaries of the WRRF, respectively in Figure 4.16 for the available measurements in the
sewer system. The calibration results for water quality are indicated in Figure 4.17. The
calibrated water quality parameters and their values are indicated in the Appendix, Table
B.1. Detailed performance criteria of the RMSE and the relative RMSE with respect to the

measurements are summarized in the Appendix, Table B.2.

Visual inspection of the calibration results shows that the model is able to represent both
the quantity and the dynamics of the total inflow of the WRRF CdH well (Figure 4.15a).
The measured average flow of 0.71m?/s is well met by the 0.74m?/s of the model. Also, the
peak flow caused by the rain event at day 68 is well represented, with an error less than 1%.
Note that the total inflow has not been calibrated directly, but was calibrated indirectly by
calibrating the four tributaries shown in Figure 4.15b to 4.15e. From the results it is visible
that Tributary 1 and Tributary 2 are the two main contributors. Tributary 1 has a measured
mean flow of 0.26m?3/s that compares to 0.27m3/s in the model. Tributary 2 has an even
bigger measured mean flow of 0.40 m3/s in comparison to 0.42m?/s in the model. Tributary 3
and Tributary 4 have a lower performance with a relative RMSE of approximately 20%, but
since their contribution is comparably small (together not even 10% of the first two tributaries)

this is considered acceptable.

The pumping stations and overflows with available flow measurements are all located upstream
of Tributary 2 and the calibration results are shown in Figure 4.16a to 4.16d. The dynamics of
the overflows are generally less stable than at the inflow of the WRRF and thus more difficult
to model. Nevertheless, the model is generally able to approximate the magnitude and timing

of the peaks. It should be noted, however, that the quantity of water is overestimated at CV
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Figure 4.15: Calibration of water quantity model for all available calibration points at the
inlet of the WRRF. The description of the points is given in Table 4.1.
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Figure 4.16: Calibration of water quantity model for all available calibration points in the
sewer system. The description of the points is given in Table 4.1.

(Figure 4.16c) most likely due to the complex interactions with the upstream overflow and
that quantity of water is underestimated at NT during the calibration period (Figure 4.16d).
As the later model validation will show, it seems that the chosen calibration event was more
of an exception. It was thus concluded not to adjust the water quantity parameters originally
obtained from the detailed model.

As indicated in Table 4.1 only four locations are available for the calibration of the water
quality model. Two of them are located in the sewer system, one of them being at the inlet
of the WRRF (Tributary 2) and two of the points are in the WRRF. Figure 4.17 shows that
the model is able to capture the variations of T'SS concentrations throughout the system. The
performance with regard to the measurements is, however, smaller than for the water quantity
model with a relative RMSE of 22% to 35%. This is due to several different reasons. First of
all, the water quality performance is limited by the performance of the water quantity model.
If a deviation of the model with respect to the measurements is present for water quantity,
this deviation will as a consequence also influence the performance of the water quality model.
A second reason is the higher variation of the water quality measurements. While the water
quantity measurements are quite stable and show, for instance, during DWF a high level of

repetitiveness, this seems to be less the case for water quality measurements. A third reason is
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Figure 4.17: Calibration of water quality model for all the available calibration points. The
description of the points is given in Table 4.1.

that the water quality measurements are less accurate than the water quantity measurements,
which is passed on to the model performance. Nevertheless, also the quantitative assessment
of the model performance in Table B.2 indicate that the model is able to represent the water
quality throughout the ITUWS. Please note that the water quality measurements at N'T were
failing during day 71, see Figure 4.17a. This day was excluded from model calibration.

The power of the PSVD sewer model is highlighted with respect to two observations. The
first observation is that the WWF concentrations in the catchment can be modelled with the
relatively simple approach of the event mean concentration (see Section 4.4.1). The model is,
however, able to simulate the T'SS peaks observed at the beginning of a rain event. This is due
to the PSVD sewer model that is able to captured the increased resuspension during high flow.
During DWF the resuspension capacity is quite low and TSS has the tendency to settle in
the sewer pipes. When the flow is increasing, the resuspension capacity is increasing and the
settled TSS is resuspended. The equation for the resuspension flux (equation 4.7), however,
shows that the flux is not only depending on the resuspension rate, but also on the TSS mass

settled in the sewer. Once this “reservoir” is emptied, the resuspension flux decreases, even if
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the resuspension capacity is still high due to the high flow.

The second note worthy observation is, that the PSVD sewer model is able to capture the trend
of increasing TSS concentration for longer DWF period. As described in Section 4.4.1, the
DWPF generation is based on profiles both for water quantity and water quality. Thus, every
DWF day “generated” in the catchment looks identical at its outlet. Nevertheless, an increase
of the concentration can be observed over a longer DWF period (see, for example, day 71 to
75 at tributary 2 in Figure 4.17b). This is again due to the capacity of the PSVD sewer model.
After a rain event, the sewer sediment compartment has ‘lost’ a lot of particulates stored in the
sediment compartment. During the DWEF the reservoir is gradually filled, meaning that even
if the DWF is identical every day, the resuspension flux is increasing since more particulates

have settled in the sediment compartment over time.

The PC model also shows a good match between the model and the measurements in Figure
4.17¢ with a relative RMSE of 22%. The model, however, underestimates the performance of

the clarifier at the beginning of a rain event.

Even though the BF model is quite simple, it is able to capture the trends. The mean con-
centration of 7mg/l is met with a RMSE of 2mg/1. The initially increased T'SS concentration
at the outflow (day 65 in Figure 4.17d) has to come from non-modelled BF internal processes,
since this increase could not be seen at the outlet of the PC. Internal processes that influ-
ence the water quality dynamics during DWF are for example backwash activities or clogging

phenomenons that are not considered in the model.

4.6.2 Validation
Validation Period 1

The results for the first validation period are shown for water quantity at the WRRF in Figure
4.18 and in the sewer system in Figure 4.19. The available points for water quality validation
are shown in Figure 4.20. As for the calibration, the quantitative model performance is detailed
in the appendix, Table B.3.

Looking at the overall performance of the water quantity model at the inlet of the WRRF in
Figure 4.18a shows that the model is able to simulate this rain event, even if its magnitude
differs quite importantly from the calibration event. This validation rain event has a return
period smaller than every half a month, whereas the calibration event had a probability of
happening every three months. The modelled mean flow corresponds to 0.73m?3/s, whereas
the measured mean flow is 0.75m3 /s with a relative RMSE of 10%.

Regarding the peak flows of the rain events: the model is able to represent the peak of the
first rain event (start of rain event at day 9.3 approximately) as well as the peak of the second

rain event (approximately day 10.3). The model, however, misses the initial high flow of the
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Figure 4.18: Validation period 1 of water quantity model for all available validation points at
the inlet of the WRRF. The description of the points is given in Table 4.1.
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Figure 4.19: Validation period 1 of water quantity model for all available validation points in
the sewer system. The description of the points is given in Table 4.1.

second rain event at the beginning of day 10. A more detailed analysis of the single tributaries
shows that the increased flow at the inlet of the WRRF was mainly caused by Tributary 2
(see Figure 4.18c). A reason for this deviation between model and measurements might be
the distributed characteristic of this rain event. It is likely that the main allocated rain gauge

for the upstream catchments was not indicating any rain, when there actually was.

Special attention should also be given to the model validation at the pumping station and
CSO JR. The model indicates an overflow at JR where none has been measured (see Figure
4.19b). The amount of overflow modelled shows that the maximum overflow corresponds only
to 0.07m3/s. It can thus be considered a minor overflow, caused for example by minor devia-
tions between the measured and the actual rain. Figure 4.19a shows that the water pumped
towards the WRRF is well modelled, with the modelled and measured average corresponding
to 0.12m3/s and a RMSE of 0.023m3/s. The performance is considered acceptable. The
previously measured, but not modelled increased flow around day 10 at Tributary 2 (see Fig-
ure 4.18¢) can indeed be observed again in the two upstream overflows JR (Figure 4.19a),

respectively CV (Figure 4.19c¢).
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Figure 4.20: Validation period 1 of water quality model for all the available calibration points.
The description of the points is given in Table 4.1.

Visual inspection of the results of the first validation period of the water quality model at the
second Tributary in Figure 4.20a shows that the main dynamics are captured apart from two
exceptions. The missing flow during the night of day 10 is the reason for the bad performance
of the water quality model during the same period, since due to the low flow, the resuspension
is not sufficiently active. This increased flow and thus resuspension most likely created the
increased TSS concentration during this period. Another increased measured concentration
can be observed during the night of day 11. The model, however, does not represent that
peak. This increased concentration must be due to phenomena not incorporated in the model.
Since, in comparison to the previous concentration increase during the night of day 10, no
increased flow can be observed during this period. A potential explanation could be the
activation, respectively deactivation of one of two screw pumps right after the installed TSS
measurements. It could be observed that changes in the pumping activities have an effect on
the TSS measurements due to the changed flow conditions and thus settling and resupension
activities. This effect is discussed in detail for another case studies in Sharma et al. (2013)

and Plana (2019). The overall performance of the model at Tributary 2 is considered good,
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with a relative RMSE of 24% over the whole period. This is confirmed with a Janus coefficient
of 1.2, comparing the RMSE of the validation period with the calibration period (see Section
4.5).

The model is also able to capture the dynamics at the outlet of the PC (see Figure 4.20b).
While, in comparison to the measurement data, the peak concentrations induced by the rain
event arrive too early, the concentration profile as such matches well and the error in the peak
concentration is only about 1%. With 25% the relative RMSE is similar to the performance
at the inlet of the WRRF. The performance of the validation period can be considered equally
good as the performance of the calibration period, since the Janus coefficient corresponds to
1, see Table B.3.

The model performance at the outlet of the BF is clearly lower than for the previous sub-
models (see Figure 4.20c). A main reason for this is certainly the comparably simple BF
model presented in Section 4.4.8. This means that the efluent concentration dynamics highly
resembles the influent dynamics, which can be observed by comparing Figure 4.20b and Figure
4.20c. Due to the simplicity of the model, it is thus not able to represent peaks caused by
inner dynamics of the BF, such as the peaks approximately at days 10.8 and 11.8. Such peaks
could be caused by mechanisms such as the back washing of the BFs and the corresponding
switches of activated BFs. Nevertheless, the average mean concentration of 7mg/1 modelled
corresponds to the mean concentration measured. The Janus coefficient indicates with a value
of 1.5 that the validation is meaningful in comparison to the calibration. The overall removal

efficiency is thus considered to be well represented.

Validation Period 4

The results of the validation period 4 with the exceptionally heavy rain event (return period
>24 months) allow evaluating not only the flow towards the WRRF, but provide an especially
interesting validation period to evaluate the overflows, since they are activated during this
event. The results are shown for water quantity at the inlet of the WRRF in Figure 4.21 and
in the sewer system and thus the overflows in Figure 4.22. The results for water quality are

indicated in Figure 4.23. As previously, the detailed model performance is given in Table B.3.

Figure 4.21a shows that the model is able to represent the dynamics at the inlet of the WRRF
during this major rain event, although it has been calibrated to a rain event with a considerably
smaller return period (~3 months). The mean modelled flow of 0.92m? /s corresponds well with
the measured mean flow of 0.90m?3/s, with a relative RMSE over the whole period of only
12%. Also, looking at the tributaries individually reveals that the flow is quite well represented
(Figure 4.21b to 4.21e) with a slight underestimation of the flow in the last tributary. However,

that flow is comparably small.

Comparing model and measurements in the sewer system in Figure 4.22 reveals that the
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Figure 4.21: Validation period 4 of water quantity model for all available validation points at
the inlet of the WRRF. The description of the points is given in Table 4.1.
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Figure 4.22: Validation period 4 of water quantity model for all available validation points in
the sewer system. The description of the points is given in Table 4.1.

model seems to have some issues at the pumping station JR, see Figure 4.22a. According to
the measurement data, the pumping station was only working at half capacity (0.12m3/s)
pumping the water to the WRRF, whereas the actual installed pumping capacity towards the
WRRF corresponds to 0.25m?/s. The model assumes that during such a major rain event,
the pumping capacity would be fully activated, whereas the measurements indicate that only
half the capacity is used, even though quite important overflows were happening during this
period (JR over in Figure 4.22b). Those measures and activation of pumping capacity seems
especially doubtful, as during validation period 1, corresponding to a much smaller rain event,
the pumping capacity was fully activated. Even though the model thus performs quite badly
with a relative RMSE of almost 70%, the model performance is still accepted, since it is
considered to be the realistic behavior of the pumping station during such rain event. In
addition, Figure 4.22b shows that the overflow modelled at JR corresponds quite well to the
overflow measured. From a mass balance perspective the measurements can thus be doubted.
At the outflow of CV towards the WRREF (Figure 4.22c) the model assumes a constant high

pump activity, whereas the measurements show some on-off-behavior. At the inflow to the
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Figure 4.23: Validation period 4 water quality model for all the available calibration points.
The description of the points is given in Table 4.1.

pumping station NT (Figure 4.22d), the model captures the dynamics quite well. However,
the second rain peak (starting around day 10) is missed, which means that the main rain gauge
allocated to the catchments upstream of NT was not indicating any, receptively insufficient,

rainfall intensity.

The performance of the water quality model is presented in Figure 4.23. The especially good
match between model and measurements should be noted at the inlet of Tributary 2 in Figure
4.23a. A highlight is that the model is not only able to represent the dilution effects during
the rain event, but also, how well the model is able to predict the slowly increasing DWF TSS
concentration after such a major rain event (see Figure 4.23a day 62 to 67). As explained
previously, this good performance is due to the PSVD sewer model that is able to represent
the increased resupension flux thanks to the accumulated sediment in the sewer compartment.
This enables to model the increased flux for the same resupension rate, since the resuspension
flux increases as the sewer sediment compartment becomes slowly filled during DWF periods.
Wit a Janus coefficient of 1.3 in comparison to the calibration period, the performance is

considered meaningful. The model is also able to capture the dynamics after the PC indicated
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in Figure 4.23b. As for the previous events, the model is underestimating the PC performance
for the initial peak concentrations of the rain event (day 56 and 57). The model is also not able
to represent the unusually low night concentrations in the effluent during day 61, 62 and 68.
One might, however, also question the measurements, since the values are unexceptionally low,
even for nights (below 20 mg/1). The performance of the BF model shows that the modelling
results at the effluent can give only a rough approximation of the effluent concentration. The
model indicates a mean concentration of 7mg/l in comparison to the 10 mg/l measured, thus
overestimating the performance during this heavy rain event. Due to the simplicity of the
BF model, effects such as clogging of the BF that can occur during such rain events, cannot
be represented and the highly dynamic effluent concentration can not be explained with the
model (see Figure 4.23c). It should, however, also be noted that the BF is the last submodel
of a series of submodels, thus accumulating all prior errors. The performance of the model
should thus be seen in the context of the whole integrated model: It should be remembered
that the T'SS modelled here is generated at the catchment level and has thus been transported
over a long distance including different processes in all subsystem, such as the conversion
due to CEPT. Incorporating a BF model seems especially useful, as it allows estimating the
overall flux of TSS towards the environment which would not have been possible without
this approximate model. Additionally, with a Janus coefficient of 1.7 the validation can be

considered reasonable in comparison to the calibration.

4.7 Illustration of Changes in PSVD Curves along the IUWS

Grit Primary Biofilter
chamber clarifier

Figure 4.24: Location of the illustration of the different PSVD curves along the IUWS: the
inlet of a RT, the inlet of the WRRF, after the GC, after the addition of the CF, after the
PC and at the outlet of the WRRF

As described previously, the water quality model has been calibrated and validated on the T'SS
concentrations and thus the total of all PSVD classes (see Section 4.6). How the discretization
of the TSS into the ten classes was performed is described in Section 4.4.2 and how the CEPT
affects the PSVD in Section 4.4.7. Nevertheless, for a better understanding of the PSVD
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approach, it is illustrated how the fractions of the TSS classes change along the TUWS.

For a typical DWF day, day 65, corresponding to the first day of the calibration period, the
behavior of the PSVD curves at different points along the TUWS is demonstrated. The six
points chosen for this illustration are shown in Figure 4.24: the inlet of a RT, namely NT, the
inlet of the WRRF, after the GC, after the addition of the CF, after the PC and at the outlet
of the WRRF, corresponding to the outlet of the BF. For this day, all the observed PSVD
curves (at a bmin interval) are plotted at the given locations, thus indicating the evolution of
PSVD curves in the IUWS.

The corresponding illustration of the PSVD curves is presented in Figure 4.25 with a common
color coding, where dark indicates high TSS concentration. Comparing the different PSVD
distributions along the TUWS highlights several interesting points. The first being the obvious:
since at the WRRF TSS is removed, the TSS concentrations get smaller towards the outflow
of the WRRF. This is clearly visible by the gradually lighter shade of the PSVD curves from
Figure 4.25b to Figure 4.25f.

In Section 4.4.2 it was described that the TSS is discretized into the different classes by
considering the total TSS concentration, with the higher concentrations settling faster. This
is the second effect that can be observed in Figure 4.25 even long after the discretization (at
the outlet of the catchment) took place. Indeed, the darker curves are generally more to the

right, indicating a faster settling behavior.

Analyzing Figure 4.25 in more detail highlights in addition how the different subsystems
work. Comparing for example Figure 4.25b with Figure 4.25¢, indicates the particle fractions
removed in the GC. In Section 4.5 it was described that the GC has been calibrated on a 7.5%
TSS removal. Comparing the two Figures shows that only the fastest settling particulates are
removed, which is visible by remarking that the total distribution (equal 1) is reached at a
lower velocity after the GC in comparison to the inlet of the WRRF. This indeed means that

the fastest settling particulates were removed.

Comparing Figure 4.25¢ and Figure 4.25d demonstrates the drastic effect of CF addition on the
PSVD distributions. The concentrations at the outlet of the GC (Figure 4.25¢) and after the
addition of CF (Figure 4.25d) are totally identical since no particulates are removed between
the two processes. The distribution of the curves, however, changes drastically. As to be
expected, the particulates settle faster after the addition of the CF, which is clearly visible,

since the curves move to the right.

At the PC a large portion of the particulates is removed, which is indicated by the very light
gray of the PSVD curves corresponding to low concentrations in Figure 4.25¢. In addition,
it can be observed that the particulates remaining in the water line have very low settling

velocities.
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Figure 4.25: Illustration of the PSVD curves at different points in the IUWS for a typical
DWF day (day 65). The color indicates the total TSS concentration with dark representing
high (400mg/1) and light representing low (5mg/1) T'SS concentrations.

As presented in the BF model description in Section 4.4.8, the BF model makes no longer use
of the PSVD characteristics. The removal efficiency is defined independently of the PSVD
distribution, removing an equal fraction of all classes. This is visible when comparing Figure
4.25e and Figure 4.25f. Both figures have exactly the same PSVD distribution, the only change
is the shade of gray, indicating that the concentrations are lower at the efluent of the BF.

This demonstrates that the TSS is removal is modelled independent of the class.

4.8 Discussion and Conclusion

The calibration and validation of the model for the case study in Section 4.6 showed that the

PSVD approach extended with a catchment and BF model is a powerful tool for accurately
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Figure 4.26: Map of the case study CdH indicating the location of the modelled TSS fluxes
towards the receiving water.

representing the flow and TSS concentrations throughout the entire integrated system. Such
a model thus allows also assessing the TSS fluxes towards the environment over the CSOs,
the by-pass (BP) and the effluent of the WRRF, corresponding to the effluent of the BF.
The CSOs are namely: Arcins (AR), Bastide (BT), Carle Vernet (CV), Jourde (JR), Noutary
(NT), Siphon d’ars (SA), Saint Emilion (SE), Saint Jean (SJ) and Thiers (TR). The location
of the overflows as well as the WRRF is indicated in Figure 4.26.

A comparison of all fluxes towards the receiving water over a period of 120d (May to August
2017) is presented in Figure 4.27. This allows for instance comparing the TSS flux at the
effluent of the WRRF, mainly influenced by the DWF performance of the WRRF, with the
TSS fluxes during WWEF at CSOs. This comparison reveals quite interesting results. For the
given cage study, it can be seen for example that the WRRF discharges are non-negligible
contributions of T'SS to the receiving water (over 50t), although the TSS concentration at
the effluent of the BF is very low (~10mg/l). However, since the effluent of the WRRF
is constantly discharging, this adds up over the four months. Nevertheless, it can also be
observed the the sum of all overflows, that discharge only during WWF| is after all bigger
than the flux over the BFs. The figure also reveals quite important differences in flux for the
different CSOs. The flux resulting from the CSO NT (over 40t) represents more than two
thirds of the flux from the BFs, although only active during WWF, while other CSOs cause
fluxes quite small in comparison to the effluent of the BF, for example AR, SA and BT.
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Figure 4.28: Modelled TSS fluxes over 4 months (May to August 2017) including the sludge
line of the WRRF with the underflow of the GC and the PC.

Figure 4.28 is basically an extension of the previous Figure 4.27 and a powerful demonstration

of the importance of the WRRF in the integrated system. Because, in comparison to the

previous figure, the fluxes resulting from the sludge line are now also included as outputs of

the system, namely the underflow of the GC and the PC. This demonstrates quite impressively

the importance of the WRRF, since it can be seen that by far the biggest part of the particulate
flux is actually removed at the WRRF, in particular at the PC. The sum of the GC and PC
flux is actually the flux that is prevented to reach the receiving water thanks to the WRRF.

Figure 4.29 illustrates the power of water quality modelling in comparison to water quantity
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modelling only. At different locations in the ITUWS the flow and the TSS concentration,
respectively the flow and the TSS flux are compared. The period indicated in Figure 4.29
corresponds to the validation period 4, since, due to the size and distribution of the rain

event, this period includes multiple interesting phenomena. The sites for illustration are the
CSO at JR and NT, the inlet of the WRRF CdH and the outflow of the BF.

Both overflows show very high TSS concentrations during the first part of the overflow
(day 56.6). At JR the TSS concentration rises to approximately 400mg/l (Figure 4.29a)
and at NT to approximately 900mg/1 (Figure 4.29c). When the second part of the overflow
starts (day 57.5), with higher flows than during the first part of the overflow, the concentra-
tion rises only to approximately 200 mg/1 at JR, respectively 400 mg/1 at NT. Comparing the
resulting TSS fluxes for the first (day 56.6) and the second (day 57.5) period reveals different
behavior at JR than at NT. At JR, although the first part in concentration is higher than the
second peak, the resulting TSS flux is higher for the second part. Figure 4.29b shows a peak
flux of approximately 0.1kg/s for the first part and an increased flux of over 0.2kg/s for the
second part. Even though the TSS concentrations at NT' show similar behavior at JR with
higher concentrations for the first than the second peak, the TSS peak flux shows a different
behavior. Contrary to JR, at NT it decreases from over 0.4kg/s to under 0.4kg/s (Figure
4.29d).

At the inlet of the WRRF the concentration for the first peak (day 56.6) is clearly higher than
for the second peak (day 57.5), but since the flow shows the reversed behavior (see Figure
4.29¢), the resulting TSS flux of both peaks is around 0.7kg/s (see Figure 4.29¢). The model
allows the evaluation of flow, concentration and flux showing that those do not necessarily
coincide. For the studied period at the outflow of the BF however, flow and flux are behaving

quite proportionally (see Figure 4.29h).

These figures clearly demonstrate that for a given location, equal peaks in flow do not necessary
lead to equal peaks in pollution. Assuming that a RT is available, the fraction retained would
depend on the objective. If the the aim would be for example to reduce the flow for flood
protection, a different volume would be retained in the RT, than with the aim of the reduction
of the TSS flux for environmental protection. A purely flow-based analysis could not come to

such conclusions.

These figures also show that each CSO has its own characteristic and needs to be evaluated
independently. A conclusion for one CSO, for example, about which fraction of an event would

need to be retained for environmental protection, is not automatically transferable to another

CSO.

With respect to the WRRF, the model allows to draw conclusions about the flow, concentration
and flux, which is important, since different subsystems at the WRRF react differently to the

same rain event. For the given case study, the CEPT for instance is highly depending on the
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TSS concentration, since the CF addition is controlled by it. Activation of the BP is however
based on flow and for the evaluation of potential BF clogging, the TSS flux would be the most

important value.

As indicated earlier (see, for example, Chapter 2), the advantage of conceptual models is the
low computational demand and thus the fast calculations. For the given case study, 1 day is
approximately simulated in 1 min, calculated from the simulation time needed for the 120d
evaluation. This approximation thus includes a mixture of DWF and WWF days. Such speedy
calculations have the advantage that the model can also be used in applications that require
a large number of simulations. Only thanks to this characteristic, OED could be conducted
with the help of this model (see Chapter 3), the control handles can be evaluated considering
uncertainty (see Chapter 5) and different scenarios can be evaluated requiring multiple model

evaluation with different sets of parameters (see Chapter 6).

This chapter demonstrated the usability of the PSVD modelling approach throughout the
integrated system by the calibration and validation of the CdH case study (Section 4.6). The
calibration and validation results also revealed that future research should focus on the WWF
behavior of both PC and BF to further increase model performance. Section 4.7 showed how
the PSVD characteristics change over the different subsystems and how they can explain the
functioning of those subsystem. The chapter closed with a discussion of the power and the
potential uses of the developed integrated PSVDM.
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Chapter 5

Selection of Effective Control Handles
for Integrated Urban Wastewater
Systems Management considering

Parameter Uncertainty and Input
Variability

This chapter has been restructured allowing to give some additional explanations from the

following article:

Ledergerber, J. M., Maruéjouls, T., and Vanrolleghem, P. A. (2019). No-regret selection of
effective control handles for integrated urban wastewater systems management under param-
eter and input uncertainty. In Proceedings of the 10th IWA Symposium on Modelling and
Integrated Assessment (Watermatex 2019), Copenhagen, Denmark, September 1-4 2019.

Author contributions Conceptualization, J.M.L. and P.A.V.; Methodology, J.M.L. and
P.A.V.; Investigation, J.M.L..; Writing — Original Draft Preparation, J.M.L.; Writing — Review
& Editing, J.M.L., T.M. and P.A.V.; Visualization, J.M.L.; Supervision, T.M. and P.A.V_;
Project Administration, T.M. and P.A.V.; Funding Acquisition, T.M. and P.A.V.

5.1 Abstract

Water quality regulations are extended from the wastewater resource recovery facility (WRRF)
to the sewer system. It is thus necessary to properly integrate those systems for the evaluation
of the overall emissions to the receiving water. The integration of sewer system and the WRRF

however leaves us with multiple potential options to reduce overall emissions. The proposed
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approach builds on previous research using global sensitivity analyses (GSA) as a screening
method for available control handles. It considers parameter and input uncertainty to select
control handles that generate large benefits even if the model differs from reality (no-regret
selection). While model structure uncertainty is not considered in this work, the procedure
could be applied as well, through the evaluation of model structure scenarios. Results on a
real-life case study indicate that the three top-rated handles are comparably effective for all
considered uncertainty scenarios. But the results also showed that this does not apply to

lower-rated handles.

5.2 Résumé

Les limites réglementaires de qualité de I’eau sont étendues des stations de récupération des
ressources de I’eau au réseau d’égout. Il est donc nécessaire d’intégrer correctement ces sys-
témes pour ’évaluation des émissions globales dans les eaux réceptrices. L’intégration du
réseau d’égout et de la station de récupération des ressources de ’eau nous laisse cependant
de multiples options potentielles pour réduire les émissions globales. L’approche proposée
s’appuie sur des recherches antérieures utilisant des analyses de sensibilité globale comme mé-
thode de dépistage pour les points de contréle disponibles. Elle tient compte de l'incertitude
des paramétres et des entrées pour sélectionner les points de contréle qui générent d’importants
avantages méme si le modele différe de la réalité (sélection sans regret). Bien que U'incertitude
de la structure du modéle ne soit pas prise en compte dans ce travail, la procédure pourrait
également étre appliquée, par I’évaluation des scénarios de structure du modéle. Les résultats
d’une étude de cas réelle indiquent que les trois points les mieux cotés sont similairement ef-
ficaces pour tous les scénarios d’incertitude considérés. Mais ’analyse d’incertitude a montré

que pour les points de qualité inférieure, une analyse plus poussée est nécessaire.

5.3 Introduction

As highlighted in the Section Integrated Modelling, IM is a powerful tool for the evaluation

of the interactions between different sub-systems (Rauch et al., 2002).

Such integrated evaluation is of increasing interest, as water quality standards no longer apply
to the WRRF only, but are expanded to the sewer system, in particular to CSO. An example is
France, where each utility has to choose one out of three compliance criteria. One of the three
choices includes water quality limits for CSOs: the overflow pollutant flux has to be smaller
than 5% of the total pollutant flux per year (JORF, 2015). Integrated modelling covering
the sewer system as well as the WRRF is therefore more important than ever. By assessing
the overall pollutant emission to the natural environment, it allows evaluating the compliance

with regulations for both the sewer system and the WRRF. An integrated model also allows
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evaluating potential strategies to reduce these emissions considering the effects on the entire

catchment instead of conducting a local analysis of, for instance, one particular CSO.

If the objective is to improve the quality of the receiving water, an integrated approach, how-
ever, leaves us with plenty of potential modifications to different subsystems, named hereafter
control handles. Since all of those control handles could be used to reduce the overall emis-
sions, it seems reasonable to concentrate the efforts on the most effective ones. It is therefore
useful to use a screening technique of all potential control handles and identify the best han-
dles. Only once the set of handles is selected with the proposed procedure, the development

of the strategies, for example to reduce the emissions, starts.

GSA has been proposed as a model-based tool to perform such control handle ranking (Benedetti
et al., 2012; Langeveld et al., 2013b; Corominas and Neumann, 2014; Sweetapple et al., 2014;
Saagi et al., 2018), as it allows to identify the most influential parameters for a given objective.
For the ranking of the control handles, these studies conducted a GSA on the settings of the
control handles, basically a specific subset of model parameters, which allows ranking them.
The current research builds on these approaches for ranking the control handles. However, in
comparison to previous studies, the methodology is extended to consider uncertainty via an
uncertainty scenario analysis. It is thus possible to include different areas of uncertainty, if
they can be expressed with scenarios. A potential list of these uncertainties is presented by
Belia et al. (2009). This is important as the model is not a perfect representation of reality and
the control authority may depend on the particular reality modelled. Such considerations gain
of importance when costly infrastructure decisions are based on the model results. To account
for potential deviation between model and reality, variable model input and parameter un-
certainty have to be considered. The proposed procedure allows working towards a no-regret
selection of the control handles by accepting only those handles that will work effectively for
a wide range of parameter and input conditions and can thus be implemented in practice with

more confidence.

The proposed procedure is validated with a case study considering parameter and input un-
certainty. For the case study application, model structure uncertainty is not addressed, but
it could be included by developing scenarios with different model structures. As mentioned
in the Section Integrated Modelling, one of the three compliance criteria for the case study
limits to the pollutant emission towards the receiving water with respect to TSS. It is thus of
interest to identify the most effective control handles that reduce the T'SS flux to the receiving
water. Since a well-performing model is by far not a perfect representation of the reality and
the model input is variable, it is important to consider this, when selecting control handles.

This will help to avoid regret decisions, such as investing in a wrongly ranked handle.

115



Define objective function and identify
control handles

!

Develop n scenarios (Si)
representing parameter uncertainty
and input variability

| esasny | [ csasy |
! | YY)
[ mankngs1) | [ Ramkings2) | Ranking (Sn)

T

Evaluate effectiveness
control handles

Figure 5.1: Procedure to evaluate control handles under parameter and input uncertainty.

5.4 Proposed Procedure

The proposed procedure to evaluate control handles under parameter uncertainty and input
variability is presented in Figure 5.1. As in the approaches proposed in literature, the first
step is to define the objective function allowing to evaluate the potential of the control handles
and then identify the control handles to be studied.

Instead of directly ranking the control handle with the calibrated and validated model, in the
second step n different scenarios are developed representing parameter uncertainty and input
variability. The scenarios are created based on prior knowledge of the modeller resulting from

developing, calibrating and validating the model.

In the third step, a GSA is carried out for each of the scenarios. For each of the GSA, the

control handles are ranked according to the GSA results.

This then allows evaluating the consistency of the ranking of the control handles in the last
step, by comparing the results from the different scenarios representing parameter and input

uncertainty.

5.5 Material and Methods

The case study CdH is described in detail in Section 1.1. Relevant for this section is, that major
pumping stations, CSOs and RTs exist on both sides of the Garonne river (see Figure 5.2).
These represent all potential control handles for the reduction of T'SS emission to the Garonne.
Regulations for the WRRF include TSS, COD and BODjs and, importantly, potentially contain
for the first time CSO water quality standards that cities will have to comply by 2020 (JORF,
2015).

The integrated model of the case study covers the system starting at the catchments down
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Figure 5.2: Map of the case study CdH indicating the studied control handle with a two letter
code.

to the effluent of the PCs. It is a conceptual model using the PSVD approach for water
quality modelling of TSS (Maruéjouls et al., 2015). A detailed description of the submodels
is given in Section 4.4. It is important to note that this conceptual approach is very efficient
from a computational point of view: the evaluation of the whole integrated urban wastewater
system has on average a simulation time of less than one minute for a whole day of simulation
(including WWF).

The aim of the proposed methodology is to select control handles that can be included in
scenarios to reduce TSS emission in comparison to the current default situation. The control
handles are thus ranked based on their influence on total TSS flux. The potential control
handles to be evaluated are mainly pumping and throttle capacities that limit the flow to the
WRRF at pumping stations and overflows. Increasing a pumping, respectively a throttling,
capacity towards the WRRF will reduce the overflow at the particular CSO. These modifica-
tions will require either the installation of new pumps or modifications of the throttle device.
The additional control handles are related to the three RTs: the flow rates at which the filling
of the RT starts, and the emptying flow rate. To change the filling of the RT, the crest of
the weir will have to be modified, whereas for the emptying flow rate the currently installed
pumps will need to be controlled differently. The locations of the control handles are shown in
Figure 5.2. Table 5.1 summarizes the control handles with their currently implemented values

and the range over which they will be studied in the GSA. The range generally corresponds
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Table 5.1: Studied control handles for TSS flux reduction to the receiving water with currently
implemented values and upper and lower limits for the GSA evaluation.

Abbr. Description Value Lower limit Upper limit

(mP/d)  (wdd)  (m’/d)
QP,AR Max. pumping capacity at Arcins 5 182 2 590 7770
QP.BT Max. pumping capacity at Bastide 840 420 1260
QP,CV Max. pumping capacity at Carle Vernet 21 600 10 800 32 400
QP JR Max. pumping capacity at Jourde 21 600 10 800 32 400
QPNT Max. pumping capacity at Noutary 26 957 13 500 40 400
QEmpt,AG  Emptying flow rate RT Alfred Giret 65 000 19 500 65 000
QEmpt,BG  Emptying flow rate RT Bergonié 4 320 2 160 4 320
QEmpt,E2M  Emptying flow rate RT Entre deux mers 38 000 4 320 38 000
QT,SA Throttle capacity at Siphon d’Ars 38 880 19 400 58 300
QFillLAG Flow filling RT Alfred Giret 95 000 9 500 95 000
QFill,BG Flow filling RT Bergonié 5 000 2 500 7 500
QFill, E2M Flow filling RT Entre deux mers 5900 2 950 8 850
QP,SE Max. pumping capacity at St. Emilion 7 344 3670 11 000
QP TR Max. pumping capacity at Thiers 3 456 1730 5 180

to + /- 50% of the currently implemented value with the exception of the RT control handles.
For those parameters, only smaller values than the currently implemented values were studied.
Currently, the RTs are exclusively filled for flood protection control and are thus only very
rarely in use. The operators however want to extend their service to the control of CSOs.
Thus, lowering those values allows operating the RTs also for smaller rain events. The lower

limits are selected in such a manner that the installed pumps could handle the flow.

For the development of the scenarios representing parameter uncertainty, the model param-
eters considered are listed in Table 5.2. The parameters are all related to the water quality
model: the mean TSS concentration for DWF generation in the catchment (ConcTSS(DWF))
and event mean TSS concentration for WWF (ConcTSS(WWF)) for the two available mea-
surement points in the sewer system, CdH and NT respectively. These measurement points
are also indicated in Figure 5.2. The last three parameters are related to the TSS propaga-
tion in the sewer model and affect the resuspension function of the T'SS (rresusp,max, fQhalf,
nresusp). The catchment and the sewer model are described in more detail in Section 4.4.
For the development of the uncertainty scenarios, the values of the parameters are varied by
+20% of their calibrated value, as indicated in Table 5.2.

The inputs to the model are the rain intensity time series. Thus, to represent the variability
of the input, different rain events are chosen. The characteristics of the chosen rain events are
given in Table 5.3. Since the overall goal is to reduce the TSS flux towards the receiving water,
rain events are chosen with a return period for which CSO control is typically targeted (events

appearing several times over a summer). An additionally quite heavy rain event (expected
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Table 5.2: Default parameter values and its variation values representing parameter uncer-
tainty for the development of the different scenarios.

Parameter Unit Default Var1l Var2
ConcTSS(DWF,CdH) mg/1 350 420 218
ConcTSS(DWF NT) mg/1 440 528 352
ConcTSS(WWEF ,CdH) mg/1 50 60 40
ConcTSS(WWF NT)  mg/l 80 96 64
rresusp,max(CdH) 1/d 24 29 19
rresusp,max(NT) 1/d 48 58 38
fQhalf(CdH) - 1.4 1.7 1.1
fQhalf(NT) ; 15 18 1.2
nresusp(CdH) - 4 5 3
nresusp(NT) - 8 10 6

Table 5.3: Rain events representing input variability for the development of the different
scenarios.

Input Start date End date Cumulative Duration Return
Rain Event rain period

(dd.mm.yy) (dd.mm.yy) (mm) (h)  (months)
RE 1 01.05.17 04.05.17 19.2 14.0 2
RE 2 17.05.17 21.05.17 37.3 24.6 8
RE 3 29.05.17 01.06.17 7.5 7.7 0.5
RE 4 27.06.17 02.07.17 105.0 46.3 > 24
RE 5 14.06.17 16.06.17 4.0 24 0.5

less than every other year) is chosen to push the boundaries.

The resulting scenarios of the case study are thus the following: The first scenario analysed is
the default scenario, combining the default rain event (RE1) with the default model parameter
values. An additional 20 scenarios are evaluated to consider parameter uncertainty. For all
of the ten indicated parameters a scenario is run by combing the lower, respectively upper
variation (Var 1 and 2) of a specific parameter with the other default parameters and the
default rain event. The last four scenarios are run to consider input variability. For this, the
default parameters are combined with the four additional rain events chosen (RE 2 to 5). This

means, that a total of 25 scenarios is analysed, resulting in the evaluation of 25 GSA.

In contrast to Saagi et al. (2018), the standardized regression coefficient (SRC) method (Saltelli
et al., 2008) is preferred over the Morris method for the GSA, as convergence problems are
known with the latter (Vanrolleghem et al., 2015). The ranking of each control handle is
evaluated using the absolute value of the obtained SRC. For the control handles, a uniform
distribution with generally + 50% of the currently implemented limit is tested (Table 5.1).
Quality control of the GSA was performed by evaluating the quality of the regression (R? > 0.7;
Cosenza et al. (2013)) and the Variance Inflation Factor (VIF < 5; Rogerson (2014)).
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5.6 Results and Discussion

For each of the 25 uncertainty scenarios a GSA was conducted and the calculation of the
absolute SRC value allowed ranking the control handles according to their effectiveness. Since
25 different GSAs were conducted, 25 different rankings are available. This allows studying
the effect of uncertainty and variability, represented as scenarios, on the ranking. An option
to visualize the control handle ranking under uncertainty and variability is to count how often
a control handle takes a specific rank. Figure 5.3 indicates this for the case study, where 14
different control handles were studied, thus resulting in 14 different ranks. Since 25 scenarios
were analysed, each handle can take 25 positions. If the rank of a handle is indifferent to the
uncertainty scenario analysed, it will take 25 times the same position. If, however, the ranking
of a handle depends quite heavily on the scenario chosen, the 25 counts will be distributed over
a wide range of ranks. The ranking distributions of the top three control handles (QP,NT,
QP,CV, QP,JR) are highlighted in green. The distributions are narrow, meaning that these
control handles are ranked high constantly, i.e. irrespective of the uncertainty scenario anal-
ysed. Figure 5.3 also shows that some of the control handles have a very wide distribution
of their rankings. QP, TR and QFill,BG, for example, show ranks between 7-14, respectively
5-13 (highlighted in blue). This means, that depending on the scenario studied, the control
handle can be quite important, respectively unimportant. Interesting are also control handles
that show two fairly opposed peaks, meaning that, depending on the uncertainty scenario,
they are rather effective or rather ineffective control handles. Examples of this distribution
(QP,SE and QP,AR) are highlighted in orange in Figure 5.3. An analysis of the results in
more detail showed that they have the tendency to take opposing ranks in the same scenario,
meaning that if QP,SE is ranked high, QP,AR is usually ranked low.

Figure 5.4 gives the values of the SRCs of each control handle for every uncertainty scenario
evaluated. The results indicate a wide range of absolute SRC values (2*10~% to 0.86) meaning
that the potential impact of the control handles on receiving water quality improvement varies
over a wide range. The results also show that the three highest rated control handles (QP,NT,
QP,CV, QP,JR) have an average (0.78, 0.46 and 0.26) which is considerably higher than
the fourth highest average of QT,SA (0.07). Comparing these findings with the currently
implemented capacities at the pumping stations in Table 5.1 shows that the installed pumping
capacity at N'T is highest. It is however interesting to note that the same increase of the
pumping capacity at CV would have a more important effect than at JR, since those pumping

stations have currently the same pumping capacity installed (see Table 5.1).

Figure 5.4 also shows whether the SRC values are positive or negative. A positive, respectively
a negative SRC value gives an indication in which direction a control handle needs be changed
to reduce the overall TSS flux to the environment. For the three highest rated control handle
the SRC value is negative, which means that increasing the pumping capacity towards the
WRRF will reduce the TSS flux to the Garonne (because the TSS can be removed at the
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Figure 5.3: Evaluation of the control handle ranking distribution resulting from the 25 sce-
narios representing parameter uncertainty and input variability.

WRRF). This is, however, not the case for the limiting throttle capacity towards the WRRF
of the fourth control handle QT,SA. In this case, the limiting capacity to the WRRF would
need to be decreased, meaning that locally more overflow is created (!), to overall reduce the
TSS emission. Figure 5.2 shows that SA is located upstream of the highly used pumping
station NT. The catchment upstream SA is mainly influence by WWEF and the more polluted
DWPF plays only a minor role. This means that it is favourable to overflow the less polluted
water at SA instead of further transporting it to N'T, where it is mixed with more polluted

water and might cause a highly loaded overflow.

Finally, plotting the SRC values as in Figure 5.4 also allows evaluating whether a control
handle switches from positive to negative values depending on the scenario. This means that
depending on the actual model parameter values and the specific rain event, an increase of
the value of the control handle either increases or decreases the T'SS flux to the environment.
Depending on the unknown reality, such a control handle can thus have the desired or the
unwanted effect. For the given case study, this only occurred for control handles with generally
very low SCR values and thus quite unimportant control handles, such as QP, TR, QFill, E2M
or QFill, BG.
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Figure 5.4: SRC values of all studied control handles for the scenarios representing parameter
uncertainty and input variability.

5.7 Conclusion

The proposed methodology based on multiple GSAs of control handles conducted for a limited
set of uncertainty scenarios allows studying the sensitivity of the control handle ranking to
potential deviations between model and reality. In this work, the deviations evaluated param-
eter and input uncertainty, but the methodology can easily be extended with other sources of
uncertainty (e.g. model structure uncertainty) as long as they can be expressed in scenarios

to be run.

The results of the case study indicate that the three control handles that are on average
ranked highest are keeping their rank for a wide range of scenarios. They are thus probably
part of a no-regret decision on the system upgrade since it means that developing scenarios
for reduction of the T'SS flux to the natural environment based on these handles will not only
have the largest impact, but will also be robust with respect to deviations between model
and reality. Focusing on the lower ranked control handles would not only have a smaller

positive impact on the environment and (assuming comparable investments) seems therefore
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less sensible. Even worse, depending on the actual parameter values and the specific rain event
occurring, these control handles might even increase the TSS flux to the environment. The
evaluation of multiple GSAs representing parameter and input uncertainty showed that their
effect changes from positive to negative under certain conditions. This would not have been
visible in a static GSA with only one parameter set and one rain event, which might have led

to a regret-decision.

This methodology provides a tool to help urban wastewater system operators and stakeholders
to decide about the most effective control handles to include in the further development of
their management strategies. FEven though uncertainty and variability considerations were
included in the selection of the control handles, these considerations should also be included
in the next step, the evaluation of different management strategies using the selected control
handles.
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Chapter 6

Integrated Modelling Study —
Evaluating Scenarios Tackling the
Issue of Total Suspended Solids

Emission

Ledergerber, J. M., Maruéjouls, T., and Vanrolleghem, P. A. Integrated modelling study —

Evaluating scenarios tackling the issue of total suspended solids emission. In preparation.
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P.A.V.; Project Administration, T.M. and P.A.V.; Funding Acquisition, T.M. and P.A.V.

6.1 Abstract

Integrated modelling studies have successfully tackled various issues in the integrated urban
wastewater system. An integrated model has been developed for the case study of the Clos de
Hilde catchment in Bordeaux, France. The modelling approach chosen, the particle settling
velocity distribution approach, allows describing the fate of particulates as they move along
the different subsystems. A previous study (Chapter 5) identified the most effective control
handles to reduce total suspended solids emission to the receiving water, the “Garonne” river.
In addition to the four most effective control handles, a simple control of the three available
retention tanks is implemented as an additional measure. In this work, the measures are
combined in different scenarios and evaluated for periods including rain events of different
intensity. This allows studying under which conditions which measures are most effective.

The smallest rain events have a return period smaller than 0.5 months, whereas the biggest
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rain event has a return period of over 24 months. The size of the rain events were selected in
the order of magnitude where most impact is desired by the different measures. In addition,
the scenarios are evaluated over the entire summer period of 2017. This shows that scenarios
with single measure implementation are able to reduce the overall load by roughly 5% to 10%
of the initial total suspended solids load. Scenarios combining multiple measures however are
able to reduce the overall load by 25% to 30% depending on the measures chosen. The analysis
showed that multiple options are available for Noutary and Jourde, whereas for the overflow
Carle Vernet the options are limited, since the upstream catchment is a completely combined

catchment and no upstream retention volume is available.

6.2 Résumé

De nombreuses études de modélisation intégrée ont permis de s’attaquer avec succés & divers
problémes du systéme intégré d’assainissement. Un modéle intégré a été développé pour le
site pilote du bassin versant du Clos de Hilde & Bordeaux, France. L’approche de modélisation
choisie, I’approche de la vitesse de chute en assainissement, est capable de décrire le devenir des
particules sur les différents sous-systémes. Une analyse préalable a permis d’évaluer les points
de controle les plus efficaces pour réduire les émissions globales de matiéres en suspension
dans les eaux réceptrices, la riviere Garonne. Les quatre points de controle les plus efficaces
sont sélectionnés pour la mise en ceuvre des mesures visant & améliorer la qualité de 'eau
de la riviére. En plus des quatre points de contréle les plus eflicaces, un simple contréle des
trois réservoirs de rétention disponibles est mis en ceuvre comme mesure supplémentaire. Les
mesures sont combinées dans différents scénarios et évaluées pour des périodes comprenant
des événements pluvieux de différentes tailles. Cela permet d’étudier les conditions dans
lesquelles les mesures sont efficaces. Les plus petites pluies ont une période de retour inférieure
a 0,5 mois, alors que la plus forte pluie a une période de retour supérieure a 24 mois. L’ampleur
des précipitations est choisie dans l'ordre de grandeur ol un impact des mesures est souhaité.
Les scénarios sont évalués sur ’ensemble de la période estivale 2017. Pour l'évaluation de
I’ensemble de la période estivale, I’analyse montre que les scénarios avec une seule mesure
permettent de réduire le flux global d’environ 5% & 10% du flux total initial. Les scénarios
qui combinent plusieures mesures permettent toutefois de réduire le flux global de 25% a 30%
selon les mesures choisies. L’analyse a montré que de multiples mesures sont disponibles pour
Noutary et Jourde, alors que pour le déversoir Carle Vernet les mesures sont limitées, puisque
le bassin versant en amont est un bassin versant complétement unitaire et aucun volume de

rétention n’est disponible en amont.
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6.3 Introduction

This chapter aims at closing the loop of the thesis and can be seen as a summary chapter for

the case study. It builds on the results found in previous chapters in multiple ways.

Section Literature Review summarized successful IM studies. Integrated modelling has been
proven successful for planning (e.g. Schulz et al. (2005)), for the development of RT'C (Tranck-
ner et al., 2007; Kroll et al., 2018; Schiitze et al., 2018) or for decision support as found for
example by Benedetti et al. (2013b).

The case study CdH is driven by the recent developments in legislation (JORF, 2015), where
water quality criteria also apply to the sewer system and no longer only to the WRRF. The
receiving water, the river “Garonne”, has a very high turbidity, is influenced by tidal dynamics
and is not classified as a sensitive water body and nutrients are thus not addressed. The
issue of particulate pollution needs to be tackled though (see Section 1.1). For this reason
an integrated model of the case study, including the catchments, sewer and WRRF, has been
developed, calibrated and validated with data collected in 2017 (see Section 4.6). The PSVD
modelling approach was chosen for its capability to address the issue of the case study: describe
the fate of particulates in the IUWS.

During DWF the ITUWS of the case study shows no major issues and is performing well. During
WWF, however, major overflows occur. The aim of the case study is to tackle the issue of TSS
emissions during WWF. In order to do so, different measures are proposed to reduce them.
The results of the evaluation of the effectiveness of various potential control handles in Section
5.6 are considered. For the development of different measures, the four most effective control
handles are selected and a simple control of the RTs is suggested as an additional measure.
The different measures are combined to scenarios. The calibrated and validated integrated
model of the case study of the IUWS in 2017 (see Section 4.6) is representing the default
scenario. The model allows implementing the measures and estimating the overall TSS load
to the receiving water. The scenarios are evaluated for different evaluation periods, including
rain events of different magnitudes. This allows evaluating under what conditions (rain events)
scenarios are most effective. Harremoés and Rauch (1996) found that the analysis of scenarios
under short-term periods is not sufficient to replace longer simulations. For the case study
long term simulations are made possible thanks to the fast running conceptual model (see
Chapter 4). This allows evaluating the different scenarios also for the entire summer period of
2017 (4months). For the case study CdH this is the relevant period, since this is the period

where the most intense storm events generally occur (see Section 1.1).
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6.4 Material and Methods

6.4.1 Case Study Description

The case study CdH is described in detail in Chapter 1. Only a short summary is given here
to make the case study accessible for the current chapter. A map of the CdH catchment in
Figure 6.1 shows that the catchment is located on both sides of the river Garonne. Since the
WRRF CdH is located upstream of the catchment, major pumping stations are located along
the river. The pumping stations serve at the same time also as CSOs. Once the maximum
pumping capacity towards the WRRF is reached, the overflow is activated. Two RTs are
located upstream of the pumping station / overflow JR and one RT is located upstream of
the pumping station / overflow NT. As mentioned in section 1.1 the RTs were built for flood

protection and are currently only activated during major rain events.

The map in Figure 6.1 does not provide sufficient detail to note one particularity of the sewer
system: The combination of the water from the right side of the Garonne, pumped towards
the WRRF via JR, and water from the left side of the Garonne, pumped towards the WRRF
via CV, is only combined in the outflow of the pumping station CV. This means that the
water pumped at JR does not have to be re-pumped at CV. It also means that a change of
the pumping capacity at JR does not influence the overflow at CV, since the overflow at CV

occurs in the inflow of the pumping chamber and not the outflow.

The fluxes contributing to the overall flux to the receiving water can be differentiated in fluxes
resulting from CSOs in the sewer system and fluxes resulting from the WRRF. The fluxes in
the sewer system are from the following CSOs: AR, BT, JR, SA and TR on the right bank and
SE, SJ, CV and NT on the left bank, all indicated in Figure 6.1. The two fluxes towards the
receiving water from the WRRF are the BP flux after the primary treatment and the efluent
of the WRRF, BF. The fluxes from the WRRF are shown in Figure 6.1.

6.4.2 Modelling Approach

The modelling approach chosen is the PSVD approach, able to address the issue of TSS
emission to the receiving water. The modelling approach is described for all the submodels in
Section 4.3 and the calibrated and validated model of the case study is discussed in Section
4.6. The model is implemented in the software WEST (Wastewater treatment plant Engine
for Simulation and Training) by DHI, Hgrsholm, Denmark.

6.4.3 Definition of Measures and Scenarios

The scenarios analyzed to reduce the overall load of TSS towards the receiving water build
upon the evaluation of the control handles in Chapter 5. In accordance with the findings in

Section 5.6, the four most efficient control handles are chosen, namely: the maximum pumping
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Figure 6.1: Map of the case study CdH indicating the selected measures as well as the overflows
and the WRRF, representing the flux towards the receiving water.
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Figure 6.2: Modelled WRREF of the case study CdH indicating the two flows towards the
receiving water: the by-pass (BP) after the PCF and the outflow of the BF.

capacity towards the WRRF at the three pumping stations NT, CV and JR, as well as the
throttle capacity SA, limiting the flow towards the WRRF. In addition, a simple control of
the RTs is implemented. These represent different potential measures to improve the water

quality of the receiving water.

For the pumping capacities and the throttle capacity, the default values as well as the values
for the implementation of the measures are presented in Table 6.1. Whenever a value is
declared as ‘default’, it corresponds to the value implemented in the model in Chapter 4 and
thus the value corresponding to the calibrated and validated model of the case study. When
defining the values for the measures, the results from the control handle evaluation in Section
5.6 were considered. The results of that study indicated that the pumping capacities need to

be increased whereas the throttle capacity must be decreased for a decrease in the total TSS
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flux towards the receiving water. The measures assume an increase, respectively a decrease,

of the default values by 50%. The resulting values are indicated in Table 6.1.

Table 6.1: Measures to improve the receiving water quality based on capacities of pumping
stations and throttle devices.

Abbr.  Description of measure Values
Measure Default Measure
(w?/d)  (w?/d)
QNT Increased capacity towards WRRF at NT 26957 40 400
Qcv Increased capacity towards WRRF at CV 21600 32 400
Qir Increased capacity towards WRRF at JR 21600 32 400
Qsa Decreased capacity towards WRRF at SA 38880 19 400

In the default model, the RTs are filled based on the flow in the sewer next to the RT and
the pumps emptying the RTs are activated based on the stored volume, respectively the water
height in the tank. The implemented simple control of the RTs is based on the flow in the
adjoining sewer stretch, summarized in Table 6.2. As in the default scenario, the filling of
the RTs is still based on the flow. In this case, however, they are activated for comparably
small rain events. The filling starts once a flow in the adjoining sewer stretch of three times
(RT3), respectively twice (RT9), the maximum DWF is reached. The exception is the RT BG
that starts being filled for both scenarios at twice the DWF due to its large retention volume
with respect to the upstream catchment. The emptying of the RTs is no longer based on the
volume already stored, but takes into consideration the flow in the sewer next to the RT. The

emptying of the RTs only starts once the flow is decreased to 1.2 times the DWF.

The different measures can be analyzed separately or in different combinations resulting in

the scenarios. All the measures are evaluated as a single measure to quantify the individual

Table 6.2: Measures to improve the receiving water quality based on modified control of RTs.
The measure RT3 indicates that the RTs generally start being filled at 3 times the DWF flow
and for the measure RT9 at twice the DWF in the sewer next to the RT.

RT Parameter Abbr. Measure RT3 Measure RT9
Value Approx. Value  Approx.

(m®/d) () (m®/d) )

BG Flow sewer filling QsweFill, BG 1000 2xDWF 1000 2xDWF
Emptying flow rate QFEmpt,BG 2000 4xDWF 2000 4xDWF
Flow sewer emptying QsewEmpt,BG 600 1.2xDWF 600 1.2xDWF
AG Flow sewer filling QsweFill,AG 4500 3xDWF 3000 2xDWF
Emptying flow rate QEmpt,AG 6000 4xDWF 6000 4xDWF
Flow sewer emptying  QsewEmpt,AG 1800 1.2xDWF 1800 1.2xDWF
E2M  Flow sewer filling QsweFill, E2M 2400 3xDWF 1600 2xDWF
Emptying flow rate QEmpt,E2M 3200 4xDWF 3200 4xDWF
Flow sewer emptying  QsewEmpt,E2M 960 1.2xDWF 960 1.2xDWF
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Table 6.3: Combination of different measures resulting in the analyzed scenarios for overall
TSS load reduction. The measures regarding modified capacities are described in Table 6.1
and the measures regarding the control of the RTs in Table 6.2.

Abbr. Scenario description Measures
Qnt Qev Qir Qsa RT3 RTy

Default  No measures (calibrated model)

QnT Increased capacity NT vV

Qcv Increased capacity CV Vv

Qir Increased capacity JR vV

Qsa Decreased capacity SA

QNT,SA Capacities modified NT & SA V V

Q* All capacities modified vV Vv vV V

RT3 Control of RTs (3xDWF) v

RT, Control of RTs (2xDWF) V
Q*&RTy Mod. capacities & RTo vV vV vV v V

effect of that measure. In addition, several measures are combined and for one scenario it
is assumed that all measures are implemented. The scenarios evaluated are summarized in
Table 6.3 indicating the implemented measures of each of the scenarios with a /. The scenario
named QnT, for example, is the scenario where the pumping capacity towards the WRRF is
increased at NT. This is indicated by a / in the column of the measures. Since the scenario
RTy will prove more successful than RT3 (see Section 6.5), the scenario implementing all
modifications of the pumping capacities is combined with the control RTy in the scenario
named Q*&RT,.

6.4.4 Definition of Evaluation Period

In order to understand under what conditions certain measures are effective, various periods
are simulated to evaluate the effect of the measures on the total TSS load to the receiving
water. The aim is to reduce TSS emissions due to rain events occurring multiple times over
the summer period. The evaluation periods are thus chosen accordingly. One evaluation
period includes a major rain event, beyond the typically addressed magnitude. This allows to
estimate how the scenarios perform during heavier rain events than what they were initially
planned for. To facilitate the comparison with the previous Chapter 5, identical evaluation
periods have have been used with identical abbreviations. Since storage and later release of
water in RTs prolongs the period of increased water flow at the WRRF due to WWEF, certain
evaluation periods had however to be prolonged to capture all the WWF-induced flow. As
mentioned in Section 6.3, it is however also important to evaluate the scenarios on a long-
term basis. That is the reason for the addition of the evaluation of the different scenarios over

120 days. The chosen evaluation periods are listed in Table 6.4.

Although it is the aim to evaluate the different scenarios during WWF conditions, the chosen
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Table 6.4: Evaluation periods of scenarios to reduce the overall TSS load to the receiving
water.

Abbr. Start date End date Cumulative Duration Return

rain period

(dd-mm.yy) (dd.mm.yy) (mm) (h)  (months)

RE 1 01.05.17 04.05.17 19.2 14.0 2
RE 2 17.05.17 21.05.17 37.3 24.6 8
RE 3 29.05.17 01.06.17 7.5 7.7 0.5
RE 4 27.06.17 02.07.17 105.0 46.3 > 24
RE 5 14.06.17 16.06.17 4.0 24 0.5
120d 01.05.17 28.08.17 271.2 165.2 N/A

evaluation periods in Table 6.4 all include a certain amount of DWF time. This is important
to ensure that the entire rain event is covered all over the IUWS and that, thus, the overall
impacts of a rain event, including the delayed impacts, are covered. During DWF conditions,
the only TSS flux towards the receiving water is the flux resulting from the effluent of the
WRRF, corresponding to the BF flux. To not compromise the evaluation of the total load
towards the environment by the duration of the DWF period, the DWF from BF is thus
excluded from the evaluation. In the calculation of the TSS load from the BF, only the load
at the BF resulting from a flow bigger than a certain threshold (0.9 m3/s) is included. For
the analysis of the loads on the WRRF, the loads including the DWF period are analyzed.

6.5 Results

The results are mostly presented in a visual format, the numerical values, however, are also
available in tabulated format in Appendix C. The tabulated results are available for every
evaluation period. For each period, the TSS load towards the receiving water for every overflow
as well as the total TSS load are indicated. This allows calculating the performance of each
scenario in comparison to the default scenario. The performance of a scenario is calculated by
dividing the emitted load of the scenario over the emitted load of the default scenario. A value
<1 thus indicates an improvement in comparison to the default scenario. The performance is

calculated for every individual overflow as well as the total load.

All the evaluation periods are evaluated focusing first on the effect of the scenarios on selected,
individual emission points, second on the the overall load towards the receiving water and third
on the effect on the loads at the WRRF.
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Figure 6.3: Total TSS loads for evaluation period RE1. The description of the scenarios is
given in Table 6.3.
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6.5.1 Analysis for Rain Event RE1, Return Period 2 months
Analysis Selected Emission Points

Figure 6.3a shows the total T'SS loads for different overflows for all evaluated scenarios. For
simplification, not all overflows are plotted, but only those potentially affected by the measures.
The overflows upstream of any measure are thus not visualized (for location of overflows on

map see Figure 6.1).

The most positive effect of certain scenarios in terms of T'SS load reduction can be observed at
NT. The increased pumping capacity (scenario Qnr) decreases the load from approximately
3.1tpss in the default scenario to 1.9 tpgg, which means a reduction of almost 40%. The
decreased throttle capacity at SA in scenario Qga obviously increases the overflow at SA
(from 0.058 tTgs to 0.51tTgg), but is at the same time able to reduce the load at NT from
3.1trgs to 2.2tpgs, which leads to a net positive effect. As already found in the previous
Chapter 5 this is due to the fact that SA is highly influenced by WWF, with a small DWF
component. This makes it more favorable to overflow the less charged water at SA, than
mixing the water with the higher charged water downstream which then causes an overflow
at NT. Combining the two individual measures in scenario QnT,sa reduces the load at NT to
only approximately 36% of the original load. Adding the control RTs only adds a comparably
small improvement (29% of default TSS load).

The increase of the pumping capacity by 50% at CV (Qcv) is able to totally eliminate the
TSS load of approximately 0.4 tTgg in the default scenario. As the map in Figure 6.1 indicates,
there are no RTs upstream of CV, and, thus, implementing an improved control of the RTs

does not reduce the load at this particular overflow.

The same relative and absolute increase of the pumping capacity at JR (Qjr) decreases the
overflow from 1.6 tpgs to 0.97 tTgs, which represents approximately 60% of the original TSS
load. Since two RTs are located upstream of JR, lowering the filling value to approximately
3xDWF (RTj3), respectively 2xDWF (RTs), results in a load representing 84%, respectively
74%, of the original load. These measures thus have a relatively bigger impact on JR than on
NT.

Since most measures send more wastewater to the WRRF, more TSS reaches the environment
over the effluent than in the default case. But due to the high efficiency of the WRRF, this
increase is marginal in comparison to the “saved” TSS at the overflows. The maximum increase
of all scenarios amounts to 0.2 tpsg, which represents an increase by 20% in effluent load. In
addition, it should also be noted that none of the scenarios activated the BP after the primary

treatment. Thus, all the water reaching the WRRF is biologically treated.
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Analysis Overall Impact on TSS Emissions

Figure 6.3b shows the total TSS load towards the receiving water as the sum of all individual
components. This allows comparing the overall performance of the different scenarios. For the
default scenario, the model estimates a total TSS load of 8.0 tTgg towards the receiving water
caused by the rain event RE1. The evaluation of the affected overflows leads to remarkable
improvements for certain scenarios. As only the emission points with potential improvements
were analyzed, it is to be expected that the overall performance of the different scenarios is
somewhat lower since also the overflows upstream of any measures are included. Since their
emission is identical for all the scenarios they decrease the overall performance. Figure 6.3b
reveals that the best case scenario is the implementation of all measures (Q*&RT), which leads
to a total TSS load corresponding to approximately 63% of the default load. Implementing
only all modifications in the capacities (scenario Q) is, however, also performing quite well
with 70% of the default values. The scenarios with the implementation of only one measure
perform approximately equally well, with one exception with a bigger impact: the increase of

the pumping capacity at NT that leads to a reduction to 85% of the default scenario.

Analysis TSS Loads on WRRF

As clearly illustrated in Figure 6.3b, implementing measures generally decreases the load to
the receiving water. This implies that the TSS load prevented to reach the environment is
mostly removed at the WRRF. Figure 6.3c shows the detailed TSS loads at the WRRF over
the entire evaluation period RE1, including the DWF. The loads shown are the inload to the
WRRF (CdH In), the load out of the GC to the PC (GC Out), the underload of the GC (GC
Under), the load out of the PC to the BF (PC Out), the underload of the PC (PC Under) and
load out of the BF (BF Out). First, it should be noted that these loads are approximately
an order of magnitude larger than the loads towards the environment in Figure 6.3a. As
anticipated, indeed, Figure 6.3c shows that the loads towards the WRRF are increased for
all scenarios. The Figure also shows that the additional load is passing the GC and is then
mostly removed at the PC, which can be seen by the increased PC underload. The increase
of maximally 0.2tpgg in the effluent of the BF (see Figure 6.3a) is basically invisible when
analyzing the loads on the WRRF with inclusion of the DWF load, due to the difference in

order of magnitudes.

Three observations are interesting to note. First, it is impressive to see that the WRRF is
able to treat the major share of the additional load caused by the implementation of different
measures for all scenarios. Second, it is impressive to note that the most of the additional
load is removed at the PC and third, that the relative overall emission reduction is high in
comparison to the relative increase of TSS load removed at the PC. The overall TSS emission
reduction, for example, of scenario Q*&RTy was almost 40% (see Figure 6.3b) whereas the

increase in the underload of the PC is in in the single digits. This effect is mainly caused
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by the fact that the loads at the WRRF are highly influenced by the DWF, which puts the

absolute additional removal at the PC into perspective.

For this evaluation period all tabulated results can be found in Table C.1.

6.5.2 Analysis for Rain Event RE2, Return Period 8 months
Analysis Selected Emission Points

In comparison to the rain event RE1 (return period 2months), the RE2 (return period
8 months) almost doubles the total TSS emissions towards the receiving water to 18 tpgg.
Comparing the previous distribution of the single loads in Figure 6.3a with the current Figure

6.4a, shows that the relative distribution is quite similar, with increased loads though.

At NT, also the combination of the decreased capacity at SA and the increased capacity at NT
itself (scenario Qnr,sa) creates a big reduction of TSS load. A total of 3.4 trgg is prevented at
NT to reach the receiving water. The addition of the simple RT control removes an additional
0.4t1gg. The implementation of a simple control only seems less interesting since only ap-
proximately 0.5 trgg in total are prevented to reach the receiving water. The implementation
of a simple RT control is however more favorable at JR, where the implementation almost
reaches the effect of the increased pumping capacity. As for the overflow at NT and JR, also
the other overflows show quite a similar picture as during the less intense rain event RE1. It
should be noted that even for this rain event (return period 8 months) the BP of the BF is

not yet activated for any of the scenarios.

Analysis Overall Impact on TSS Emissions

Looking at the overall performance of the different scenarios in Figure 6.4b shows that the
total TSS load of 18 tpgg is reduced to 17 tpgs in the worst case and in the best case to 12 tpgg,
which represents 68% of the default load. As this rain event is already quite remarkable, several
overflows where no measures are implemented start to contribute significantly and thus lower

the overall effectiveness.

Analysis TSS Loads on WRRF

Figure 6.4c indicates the TSS loads at the WRRF. As for the previous rain event RE1, also
for RE2, the same tendency can be observed. The more measures implemented to reduce the
TSS load to the environment, the more TSS reaches the WRRF. In the default scenario a
load of 85 tpgs arrives at the WRRF (CdH In). Depending on the scenario an additional load
of approximately 1trgs (e.g. Qcv) to 6trss (Q*&RTy) reaches the WRRF. Those numbers
correspond well with the numbers in the previous Figure 6.4b of the overall emission reduction.
For example, for scenario Q*&RT5, 6 trsg overall emission reduction was achieved, leading to

an improvement of approximately 30%. According to the model, those 6 tTgs “saved” reach
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Figure 6.4: Total TSS loads for evaluation period RE2. The description of the scenarios is
given in Table 6.3.
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the WRRF, leading to an inload of 91trgg. This same absolute amount of TSS, however,
leads only to an increase of 7% at the influent of the WRRF.

Independent of the scenario, most of the additional TSS is removed at the PC, enabling
the comparably small increase in TSS load at the effluent of the WRRF (BF Out) already

observable in Figure 6.3a.

For this evaluation period all tabulated results can be found in Table C.2.

6.5.3 Analysis for Rain Events RE3 and RE5, Return Period <0.5 months

Since both RE3 and RE5 have quite small return periods, they are analyzed in the same
subsection. The results found individually in Table C.3 for RE3 and in Table C.5 for RE5
show that the overall performances are comparable. Since the rain event in RE3 was mainly
occurring on the left bank of the Garonne and mostly no, respectively only very little (BT),
overflow was occurring on the right bank, the discussion of measures on the right side is

obsolete. The analysis of the results thus focuses on the analysis of RE5.

Analysis Selected Emission Points

Figure 6.5a shows the most remarkable effect of certain scenarios in terms of T'SS load towards
the receiving water at NT. The increased pumping capacity (scenario Qnr) decreases the
load from approximately 1trss to 0.07 tTsg. The decreased throttle capacity at SA imposes
an overflow at SA of only approximately 0.05trgs where none was observed in the default
scenario. However, it reduces the overflow at N'T to 0.84 trgg. Combining the two measures
(NT+&SA-) is able to completely eliminate the overflow at NT for this rain event.

The increase of the pumping capacity by 50% at CV is able to totally eliminate the overflow
at CV and the same increase at JR reduces the overflow from 0.67 to 0.17 tpsg.

Since these are the smallest rain events analyzed, it is not surprising that none of the scenarios
creates a by-pass of the biological treatment of the WRRF. The additional water sent to the
WRRF creates only a slightly increased load of TSS at the outlet of BF.

Analysis Overall Impact on TSS Emissions

Figure 6.5b shows the total 1TSS load towards the receiving water. This analysis highlights
that for these rain events the implementation of a simple RT control does not greatly reduce
the overall TSS emissions to the receiving water. However, it should be remembered, that RE3
was more active on the left bank of the Garonne, and that two of the three RTs are placed on
the right bank. The potential contribution of the RTs is thus limited. In addition, it should
be remembered that the filling of the RTs only starts at three times the DWF (scenario RT'),
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Figure 6.5: Total TSS loads for evaluation period RE5. The description of the scenarios is
given in Table 6.3.
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respectively 2 times the DWF (RT9) and for such a minor rain event they are thus hardly
activated. The effect of the control is thus limited.

Analysis TSS Loads on WRRF

Figure 6.5¢c shows that over the entire period RE5, the maximum overall emission reduction of
approximately 1.5tpgs in scenario Q*&RT5 (see Figure 6.5b) causes an increase of the same
amount at the inlet of the WRRF. Relatively, however, this increase represents less than 5%
of the total inload. Figure 6.5a already showed that the increase in the effluent of the BFs is
marginal with 0.01 to 0.08trgs. The analysis in Figure 6.5c shows that the additional load
arriving at the inlet of the WRRF is mostly removed at the PC, thus enabling the almost

stable effluent load for the different scenarios.

For this evaluation period all tabulated results can be found in Table C.5.

6.5.4 Analysis for Rain Event RE4, Return Period >24 months

Although the previously analyzed evaluation periods contained rain events of quite different
magnitudes, the rain event in this period RE4 is, with a return period of over 24 months, a

whole step bigger.

Analysis Selected Emission Points

Figure 6.6a shows that single measures (scenario Qnr, Qcv and Qjr) can lead to important
TSS emission reductions at the relevant overflow. With Qnr, 4.6 tTsg can be prevented to
reach the receiving water at NT, with Qcv, 2.1t1gs can be prevented at CV and with Qjg,
3tTsg can be prevented at JR to reach the receiving water. For JR it should be noted that
almost the same improvement can be achieved by implementing a simple control on the RTs.
Since both the increased pumping capacity and the control of the RTs have a similar effect
for the environment other factors, such as the costs, will play a more important role when
evaluating the measures for practical implementation. It should be noted that all of the single
measures prevented loads corresponding approximately to the total load of the previously
analyzed smaller rain events with a return period smaller than 0.5months (see Table C.3
for RE3, respectively Table C.5 for RE5). For NT, reducing the throttle capacity at SA
is particularly important. For major rain events, it is especially favorable to overflow the
less charged water at SA instead of transporting it further downstream and emit the more

combined water at NT.

In comparison to the previous evaluation periods, Figure 6.6 shows for the first time the
activation of the BP at the WRRF, with a comparably small load though (0.067 tpgg for
the default scenario). The load from the BF remains remains comparably stable around the

default load of 3.3 tTgs with a maximum increase to 3.9 tTgsg for Q*&RTs.
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Figure 6.6: Total TSS loads for evaluation period RE4. The description of the scenarios is
given in Table 6.3.
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Analysis Overall Impact on TSS Emissions

Figure 6.6b shows that for the default scenario a total of 59tTgg is emitted. By modifying
all capacities (scenario Q*) a reduction to 50 tpgg can be achieved. By also implementing
a simple control of the RTs, this number decreases to 46 ttgs. From the visual inspection
of Figure 6.6b it can, however, also be observed that the overall improvement of the single
measures (scenario Qnr, Qv and Qjgr) is comparably small when all overflows are considered.
A reduction to 93% to 97% of the default load is attained. Only scenarios combining different
measures reach reductions to bellow 90% of the initial load. The relative performances of all
scenarios in comparison to the default scenario are generally lower than for the previously

analyzed evaluation periods with smaller rain events.

Analysis TSS Loads on WRRF

Figure 6.6c shows the loads on the WRRF, allowing to analyze what happens to the TSS
that is prevented from reaching the receiving water. As for the previous evaluation periods,
this load reaches the WRRF. The increase in load depends directly on the efficiency of the
scenario. For the previous evaluation periods no increase in load at the underflow of the GC
was observed, whereas for this evaluation period for the first time a slight increase is observed.
As Figure 6.6¢ shows, the major part is, however, still removed at the PC. Although better
visible in Figure 6.6a, the load from the BF to the receiving water stays comparably stable,

with a slight increase for scenarios combining multiple measures.

For this evaluation period all tabulated results can be found in Table C.4.

6.5.5 Analysis for 120d
Analysis Selected Emission Points

Figure 6.7 summarizes the performance of the different scenarios over the whole evaluation
period from May to August 2017. Figure 6.7a shows very good performances of different
scenarios at N'T. The default load of 43 tpgg can be reduced to 26 tgg for scenario Qnr, to
18 trss for Qnt,sA and to 15 t1gs for Q*&RTs.

Figure 6.7 also shows that increasing the pumping capacity at CV by 50% could eliminate the

overflow at CV for all rain events occurring during the summer period of 2017.

For JR it seems especially noteworthy that implementing a simple control of the upstream RTs
leads to a similar improvement as increasing the pumping capacity. In the default scenario
31trss are emitted. Increasing the pumping capacity (scenario Qygr) reduces this load to
21 trss, whereas with a control a reduction to 25tpgg (scenario RT3), respectively 24 trgg
(RT3) can be achieved. For the decision on the measure to be implemented at JR, most likely

the cost considerations will play an important role.

141



45 T T T T T T

40 7
I Default 35+ .
I Q,
e, 30 1
m—c |
[ Qg %’
I-QI:IT,SA 3 20 4
[™a

RT.

CRT, 15 ]
CRT,
[_JQ'8RT, 10 ]

.

cv JR NT SA BP BF
Emission Point

(a) Single loads at selected locations

140
120
AR
I 5T 100
I cv
[N
Nt £ 80
[ sa| g
o
COsEl T &
sy
[
I 5P 40
I BF
20
* *
Default Q; Qu, Qur Qg Qursy @ RT, RT,Q'&RT,
Scenario
(b) Total TSS load for scenarios
2000 . . . : : .
1800 | | .
I Default 1600 - 7
Q
[ 1400 J
. <,
o, 1200 :
-Q =
A 1000 | .
-QNTSA 3
ey 800 | J
R,
[CIRT, 600 1
Q*&RT
2 400 1
200 - 1
CdHIn  GC Out GC Under PC Out PC Uncer BF Out

Outflow
(c) TSS load at WRRF

Figure 6.7: Total TSS loads for 120d. The description of the scenarios is given in Table 6.3.
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Regarding the effect of the measures on the WRRF confirms the findings of the analysis of the
individual rain events. Even though under certain conditions the increased flow towards the
WRRF might create a by-pass and generally increases the TSS emitted over the efHuent of
the WRRF, considering the overall performance of the ITUWS clearly shows that the total load
emitted is considerably smaller in any case. Part of the explanation is certainly that under

current conditions unexploited treatment capacities are available at the CdH WRREF.

Analysis Overall Impact on TSS Emissions

Figure 6.7b shows that from a total emission point of view, up to 40 tTgg can be prevented from
reaching the receiving water over the whole summer period. In the default scenario 136 trgs
reaches the Garonne via CSOs and the flows from the WRRF. In the best case scenario
(Q*&RT9), the overall load is reduced to 94.6 tTss. This represents 70% of the default load,

respectively a reduction of 30% of the TSS load to the Garonne over the entire summer period.

Analysis TSS Loads on WRRF

Figure 6.7c shows the loads at the WRRF over the entire summer period. In the big scheme
of things, the differences in loads between the scenarios at the WRRF are hardly visible. A
main reason for this finding is certainly that the loads at the WRRF over the entire summer
period are mainly influenced by the DWF as already discussed in Section 4.8. Of the roughly
1800 trgg arriving at the WRRF, the main share of approximately 1600 trgg is removed at
the PC, a little bit less than 200 tTgg at the GC and only roughly 50 tpgg reaches the receiving
water, of which approximately 15 trgg are caused by WWF, as indicated in Figure 6.7a. The
importance of DWF at the WRRF is discussed in more detail in the previous Section 4.8.

For this evaluation period all tabulated results can be found in Table C.6.

Compliance Estimation for TSS Loads

The relevant regulations were introduced in Section Project-Relevant Regulations Regarding
the Case Study CdH.

For the WRRF the regulation asks for a maximum daily average effluent concentration of T'SS
smaller than 35mg/l. The average effluent concentration over the summer period is 7mg/1
with a standard deviation of 1mg/l. These values clearly indicate that the effluent criterion
for the WRRF is well-met.

For the sewer system compliance assessment, one out of three potential criteria is the pollutant
load analysis over one year. The model calibration and validation, however, was carried out
during the summer period (see Chapter 4). Additionally, rain data is available for the summer
only and Bordeaux is known for the distinctive rain patterns for the summer and winter

seasons (see Chapter 1). This means that the criteria regarding the pollutant load cannot be
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Table 6.5: Compliance Estimation for the criterion based on pollutant load for TSS.

Scenario CSOs CdH In Criterion

Fai Fas FA1F¢%A3 +100

(trss)  (trss) (%)
Default 124 1811 6.4
QnT 108 1827 5.6
Qcv 119 1816 6.1
Qir 114 1821 5.9
Qsa 119 1815 6.1
QNT.SA 105 1829 5.4
Q* 90 1844 4.6
RT3 115 1820 6.0
RT, 114 1821 5.9
Q*&RT, 80 1853 4.2

carried out over the whole year, but on the summer period only. Even if rain data over the
entire year would be available, an evaluation of the yearly criterion would not be possible since

model performance during winter season has not been evaluated.

In order to still have an estimation of the system performance for the different scenarios, the
criterion is evaluated for the summer period. For the reason given previously, it is, however,
advised to not extrapolate from the seasonal performance to the yearly compliance perfor-

mance.

For the seasonal estimation of the compliance criterion, theoretically, three loads need to be
compared: the pollutant load discharged over CSOs, the volume by-passed at the inlet of the
WRRF and the volume entering the WRRF for treatment. To calculate the compliance, the
load resulting from the CSO has to be compared to the sum of all loads. To comply with
legislation, this ratio needs to be smaller than 5%. For the evaluation period, the by-passed
load at the inlet of the WRRF, however, is irrelevant, since no by-pass occurred during the
evaluation at this location. The results of the seasonal TSS load compliance estimation are
listed in Table 6.5.

The results indicate that over the summer season the load criterion is not met for the default
scenario. The results also show that all scenarios lead to an improvement of the criterion, but

it is only met for two of them: scenario Q* and Q*&RTs.

6.6 Conclusion

The detailed analysis showed that only a combination of different measures leads to an overall
remarkable emission reduction, even though a single measure can already have quite an effect

on a local basis. An example of this is the impact of an increase of the pumping capacity at NT
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in scenario Qnr. Over the evaluation of 120 days the total load is reduced locally to 60% of the
default load. For the overall load this single measure reduces the load to approximately 90% of
the default value. Generally, single measures reduce the overall load by approximately 5% to
10%, whereas scenarios with the implementation of multiple measures are able to reduce the
overall load by 25% to 30%. The combination of the modifications of the pumping capacities
leads to a reduction of roughly 15%. These improvements are generally possible because the
WRRF is capable to remove the additional TSS load sent to the WRRF. Most of the TSS
load is removed at the PC, independent of the scenario analyzed. The results of the effluent
evaluation of the WRRF confirmed the good performance (Section 6.5.5). The results of the
seasonal estimation of the yearly pollutant load criterion in Section 6.5.5 showed that only
two scenarios (Q* and Q*&RT5) would lead to sewer system compliance. However, as stated
in Section 6.5.5, a conclusion from this seasonal estimation to the yearly compliance is not

possible.

The detailed analysis also showed that the effectiveness of the measures depends on the size
of the rain events targeted. It is thus of particular importance to define whether it is desired
to rather eliminate multiple overflows during smaller rain events or have a significant impact

during heavier rain events.

Regarding the implementation of a simple control on the RTs, several conclusions can be
drawn: First, the results generally indicate that the control has more potential on the right
bank of the Garonne. This can be explained by the fact that the two R1s on the right bank
cover a significant amount of the subcatchment of JR. The BG tank, however, covers only a
small fraction of the subcatchment of NT. Hypothetically, it would thus be interesting to have
the BG tank located further downstream, where a larger fraction of subcatchment could be
covered. Secondly, the conclusion that the magnitude of the rain event targeted defines the
usefulness of measures is of particular importance for the control of the RTs. By defining a
threshold of 2 to 3 times the DWF for the filling of the RTs targets events with a return period
of 2 to 8 months as the analysis showed. It means however, that the tanks are still not or
only very little activated for smaller rain events and that their full capacity is reached before
major rain events are over. For these measures it seems thus of particular interest to consider
the potential of model predictive control, where the prediction of the meteorological forecast
is considered. This means that the threshold for the filling, for example, could be based on
the predicted flow.

The difference between JR and NT is however not only the location and number of the RTs,
but also the fact that the subcatchment at JR is mainly serviced by a combined sewer system.
The subcatchment of SA upstream of NT is, however, more influenced by WWF. This opens up
the interesting measure to increase the overflow at this overflow and thus reduce the overflow

at NT, where the water contains a larger fraction of sanitary wastewater.
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For the overflow at CV the options of potential measures are limited since the subcatchment
of CV is completely combined and thus does not have the same options as NT. In addition,
no storage volume is available upstream of CV. The options for potential measures are thus
limited. Further investigations could study the impact of a potential construction of a RT

upstream of CV.

Comparing the results of this chapter with the results of the results in Section 5.6, where the
effectiveness of different control handles was evaluated, confirms the general findings. The top
four selected control handles Qnr, Qcv, Qir and Qga were indeed able to reduce the TSS
emissions to the receiving water for a wide range of different rain events analyzed. From the
previous results, it was however concluded that Qgv generally has a greater impact than Qjg.
From the results over the 120 d in Figure 6.7 a slightly better performance of the same increase
in pumping capacity at JR, respectively at CV, would result in more avoided emissions at JR.
This leads to the last conclusion: Whereas the previous chapter was analyzed considering
not only the uncertainty due to the variability in rain events, it also considered parameter
uncertainty. The evaluation of this chapter was, however, only conducted for the default set
of parameters. This clearly sets the results of this chapter in context. It should be remembered
that the numbers only give an approximation and caution should be used when one scenario
is considered better than another based on a small improvement. For future research it is thus

suggested to also include parameter uncertainty analysis in the evaluation of the results.
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Conclusions and Perspectives

Conclusions

The aim of this thesis was to advance the field of integrated urban wastewater quantity and
quality modelling. This was accomplished on the one hand by achieving better understanding
of the fate of solids in the integrated urban wastewater systems (IUWS) and, on the other
hand, by developing tools to overcome barriers of integrated modelling (IM), thus making it
more accessible. The research conducted is closely linked to the IUWS of the Clos de Hilde
(CdH) water resource recovery facility (WRRF) in Bordeaux, France, since this site served as
a case study. Even though the research is driven by the case study, the developed procedures
are generally applicable and easily transferable to other case studies. Indeed, applying the
developed theoretical procedures to a practical case study does not only validate the procedures
as such, but also highlights their applicability. If one of the procedures is to be adopted for
another case study, having an implemented example usually improves the transferability of

the procedure greatly.

To better understand the transport and fate of solids in the IUWS, three measurement cam-
paigns were carried out, the third of which was planned with model-based optimal experi-
mental design (OED) to obtain the most information-rich data. The measurement campaigns
allowed complementing the already available measurements of the utility. The measurement
campaigns focused on online TSS measurements in the sewer system and ViCAs measure-
ments both in the sewer system and on the WRRF. Building on the work of Plana (2015) for
sensors in WRRFs, this research project allowed developing maintenance protocols for sensors

deployed in the sewer systems (Ledergerber et al., 2017b).

The data obtained yielded the information necessary for successful modelling of solids with
the PSVD approach. The proof of its usability was provided by the successful calibration
and, especially, the powerful validation of the integrated model for the case study. This
approach was implemented in the subsystems from the sewer down to the chemically enhanced
primary treatment, including a model for retention tanks and the grit chamber. The retention
tank model was simplified from its initial implementation to allow for faster calculations.

Furthermore, the PSVD approach was extended with a catchment and a simple biofilter model
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to cover the IUWS from the catchment down to the effluent of the WRRF. This allowed
predicting the dynamics of both water quantity and quality for the entirety of the considered
subsystems. It should be noted that quite detailed results throughout the IUWS can be
obtained in less than 1 min calculation time per day simulated, including wet weather flow
(WWF). Although the model of the case study includes TSS and the WRRF, and not only
the water quantity of the sewer system as a detailed hydraulic model would, this model
is considerably faster. This characteristic is of crucial importance in view of scenario and
uncertainty analysis, as well as optimization questions or global sensitivity analysis (GSA)

since all of these require multiple model evaluations.

The practical applicability of the PSVD approach was verified by studying various measures
for the reduction of TSS emission towards the receiving water. Made possible by the inte-
grated model, the performance of the measures could be compared and conclusions about
the effectiveness of their potential implementation drawn. It was shown that at the level of
individual combined sewer overflows, major improvements, up to the complete elimination of
overflow during the summer period 2017, can be reached with single measures. The analy-
sis of the total T'SS emission over the summer period, however, showed that single measures
reduce the emissions only by approximately 5% to 10% compared to the current situation.
Nevertheless, combining different measures can lead to an overall flux reduction of 25% to
30% of the reference situation, which allows for approximately 40trsg of the current total
emission of 138 tTgs to be prevented from reaching the environment in the case study. For two
scenarios, compliance with the legislation regarding the total emitted flux through combined

sewer overflows (CSO) could be achieved.

While developing the model of the case study, procedures were established which are applicable
to a wider range of integrated models and make IM thus generally more feasible. The first
procedure proposed governs the development of a conceptual water quantity model from its
detailed hydraulic counterpart, making optimal reuse of already available data contained in
the detailed model. This procedure provides guidance if a detailed hydraulic model is available
and it has to be emulated with a fast running conceptual model. Such a model can be extended
with a water quality model, as for the case study, but this is not necessary for the applicability
of the procedure. Applying the procedure to two independent case studies (Ottawa, ON,
Canada and Bordeaux, France) provided conceptual models with the aimed accuracy at the
locations where flow predictions were desired (calibration: NSE > 0.8 and validation: NSE >
0.65), with a reduction of calculation time by a factor of 10 to 80 in comparison to the detailed

hydraulic model.

Similarly to the first, the second procedure is also related to the vast amount of data necessary
for IM. Thus, a procedure is provided that makes model-based OED applicable to the complex
sewer environment. With the explicit use of the measurement error of the installed equipment,

the most information-rich location and periods were evaluated. Regarding the location of the
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online measurements, N'T was confirmed as the optimal of the feasible placements. Regarding
the timing of the TSS measurements, it was found that the beginning of rain events is by factors
the most relevant time to measure. This finding was also very important from a practical
point of view, since a failure of sensors during a rain event is unfortunately common and an
intervention in the field to repair the equipment is usually hardly possible due to security
restrictions. Hence, it is fortunate that measurements are paramount in the beginning when

the sensor is still likely to function well.

The third developed procedure addresses uncertainty and allows including rain variability and
parameter uncertainty in the selection of the most effective control handles in the TUWS.
This ensures that potential deviations between model and reality do not cause unfortunate
management decisions. For the case study it was found that the top three control handles are
most likely part of a no-regret selection, since they are ranked high regardless of the rain event
chosen or the parameter set analyzed. The procedure, however, also allowed to detect potential
regret control handles. Fortunately, the potential regret control handles were generally low-
ranked and thus seemed a less reasonable choice, not only due to the potential deviations
between model and reality but also due to their potential low impact on the environment,

given comparable investments.

Perspectives

The developed integrated model allows estimating the TSS emissions towards the receiving
water. In order to directly evaluate the impact, it is suggested to include a river water quality
submodel in the model of the case study. This would allow not only evaluating the emission,
but tackling the actual immissions (Fronteau et al., 1996; Erbe and Schiitze, 2005). In this
way, the evaluation of different measures could include the full flexibility and the complexity
of IUWS (Benedetti et al., 2008).

A second extension to the developed integrated model is desirable. The sustainability aspect
of the model could be broadened by expanding the modelling approach to include more water
quality parameters. The developed model allows to predict the transport and fate of solids
in the TUWS providing a tool for the protection of the receiving water, which, in the end,
serves as a source for drinking water. As mentioned in the Rationale, it fits thus perfectly well
with the sustainable development goals. To broaden the sustainability aspects by including,
for example, resource recovery, it would be invaluable to include components such as nitrogen
and phosphate. This would allow designing measures that close the nutrient cycle by, for ex-
ample, developing fertilizers from wastewater. This promotes wastewater rather as a resource
than a waste (Vaneeckhaute et al.,; 2013). The inclusion of new parameters could, however, go
beyond additional water parameters to include further sustainability aspects, such as energy

and cost, which seems advantageous when evaluating different measures to improve the receiv-
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ing water quality. Energy plays a major role in the aeration of the biological treatment and
the pumping activity since these processes consume energy, while anaerobic digestion provides
energy. This is, of course, related to cost, respectively revenues. Another process related to
cost is the chemical addition which could be optimized as demonstrated by Tik and Vanrol-
leghem (2017). Incorporating such aspects would thus broaden the sustainability evaluation

of different mitigation measures.

Even though the challenge of the tremendous data need of integrated models was addressed,
further work in this field is required. Especially in the field of sewers, water quality data are
still scarce, which limits not only the model calibration and validation of the case studies, but
also limits the development of the modelling approaches itself. For this thesis the PSVD sewer
model had to be calibrated and validated with quite scarce data. It would thus be worthwhile
to validate it on a comparatively short, but well characterized sewer stretch. This would,
for example, allow monitoring particle settling and resuspension in detail and thus further

increase the credibility of the approach.

Model uncertainty and the deviation between model and reality were addressed during the
selection of the control handles. For a more realistic evaluation, it would, however, also be
advantageous to include such reflections during model simulation. As the modelling approach
chosen is a deterministic approach, a promising extension could thus be the inclusion of prob-
abilistic components in the model input or in the models themselves. A potential extension
to the current modelling approach could, for example, include probabilistic TSS generation
characteristics. This would provide more realistic pollution load estimations and thus enhance

the evaluation of TSS mitigation measures (Leutnant et al., 2018).

With respect to the case study, perspectives could include further measures to mitigate TSS
emissions. A promising development would constitute, for example, the inclusion of water
quality based RTC (Erbe et al., 2002; Vanrolleghem et al., 2005b; Tik et al., 2016b; Ly, 2019)
or the implementation of a model predictive control that was proven successful in other case
studies (Duchesne et al., 2004; Lund et al., 2018).

Generally, it can be concluded that, although considerable progress has been made in the
field of IM, further developments are required not only with respect to the submodels, the
pollutants considered and the potential measures implemented, but also with respect to data
availability and the consideration of potential deviations between model and reality to fully
support the sustainable development of the IUWS, as this is and should remain the principal

driver of this crucial endeavor.
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Table A.1: Performance Ottawa case study. Calibration and validation results of both the less aggregated (V1) and the maximally

aggregated conceptual model (V2) in comparison with the detailed model.

DWF Calibration WWF Calibration WWF Validation
2 =t o
ER : :
s 5 L R s 2
> f Y e e om E % @ oaom B o= @ s on
S £ &£ £ £ £ & &£ £ & 2 & &£ & & %
(I/s) (U/s) (%) (%) () (10°wm?) (I/s) (%) (%) () (10°m?) (/s) (%) (%) ()
Ottawa Detailed Model
Z1 246 307 101 1080 90 880
73 570 683 261 2738 229 2106
74 192 273 98 1239 83 1735
75 112 146 67 805 55 1161
76 683 825 328 3539 284 2628
79 939 1124 459 4708 401 4833
710 977 1171 475 4880 415 4662
712 1230 1499 615 6910 543 7026
715 590 741 314 3684 267 3919
716 645 808 349 4104 295 4202
717 2004 2388 979 8801 879 8251

Ottawa - Conceptual V1
71 248 323 -1 -5 1.00 107 1080 -6 0 097 100 979 -11 -11 0.95
73 561 689 2 -1 1.00 268 2738 -3 0 099 253 2474 -11  -17 097
74 191 274 1 -1 0.99 98 1167 1 6 0.96 91 1011 -9 42 0.84
75 111 151 1 -3 1.00 66 808 0 0 097 55 604 0 48  1.00
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DWF Calibration

WWFEF Calibration

WWFEF Validation

= E £ E
5 = S S
S ER ERE
% %O 2 <3| a, 2a) g Z <a) Ay €3 g ;@ - Ay )
s =2 &£ £ 2 2 & £ z 2 %2 & & 2 B ¢
Us) Ufs) (%) (%) () (10°w?) (I/s) (%) (%) () (10°m?) (As) (%) (%) ()
76 672 837 2 -1 1.00 335 3539 -2 0 099 308 3016 -9 -15 0.98
79 921 1147 2 -2 1.00 466 4729 -2 0 091 436 4753 -9 2 0.88
710 956 1194 2 -2 1.00 486 4880 -2 0 0.89 452 4880 -9 -5 0.94
712 1198 1504 3 0 1.00 615 6936 0 0 096 586 6936 -8 1 092
715 594 723 -1 2 1.00 320 3779 -2 -3 0.99 289 3530 -8 10 0.95
716 654 801 -1 1 1.00 365 4404 -5 -7 0.98 329 4037 -11 4 099
717 1988 2434 1 -2 1.00 984 8801 -1 0 099 944 8801 -7 -7 0.99
Ottawa - Conceptual V2
71 248 325 -1 -6 1.00 106 1080 -4 0 097 98 1002 -9 -14 0.87
73 555 694 3 -2 1.00 268 2738 -2 0 099 251 2433 -10 -16 0.87
74 190 271 1 0 1.00 99 1231 -1 1 0.97 91 1029 -10 41 0.68
75 111 146 1 0 1.00 68 852 -2 -6 0.98 62 650 -13 44 0.77
76 667 831 2 -1 1.00 335 3539 -2 0 099 313 3080 -10 -17 0.86
79 913 1127 3 0 1.00 467 4643 -2 1 095 442 4751  -10 2 074
710 949 1178 3 -1 1.00 486 4880 -2 0 092 458 4880 -10 -5 0.74
Z12 1194 1495 3 0 1.00 615 6936 0 0 098 591 6936 -9 1 0.80
715 591 725 0 2 1.00 319 3711 -1 -1 0.99 286 3555 -7 9 0.87
716 652 803 -1 1 1.00 363 4272 -4 -4 0.99 326 3974 -10 5 0.83
717 2003 2444 0 -2 1.00 986 8801 -1 0 099 947 8801 -8 -7 091
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Table A.2: Performance CdH case study. Calibration and validation results of the conceptual model in comparison to the detailed model.

DWF Calibration WWF Calibration WWF Validation
g = ©

E S g E

= B g - I
ER sk s &

Us) (Us) (%) (%) () (10°m®)  (s) (%) (%) () (10°w) (I/s) (%) (%) ()
Bordeaux - Detailed

ABI1 42 49 11.74 192.23 14 375
AB2 60 69 16.35 229.67 19 431
AB3 142 162 39.81 558.11 46 1072
AB4 58 67 16.64 274.78 20 538
AB6 163 186 45.07 581.02 92 1101
AC1 9 12 3.05 90.37 4 176
BL1 22 26 6.05 55.64 7 96
RD1 9 11 3.67 441.28 5 979
RD4 56 65 21.37 1114.45 30 2608
RD6 34 39 17.84 1568.53 31 3390
RG3 124 130 37.51 448.22 42 563
RG4 163 174 58.36 2470.28 76 4898
RG5 439 491 119.03 775.66 123 820
BG1 5 6 2.58 383.10 4 850

Bordeaux - Conceptual
AB1 42 48 0 -1 098 11.62 200.10 -1 4 097 14 491 5 31 091
AB2 60 69 0 0 1.00 16.28 241.06 0 5 0.98 20 570 5 32 0.90
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DWF Calibration

WWPF Calibration

WWF Validation

- g £ s
g = = =
s B E £ ER
g %P ; o o = ?j ; = A, = g ; ) o, @
S & £ £ & Z 4 s E & Z A S £ E Z
A/s) (/) (%) (%) () (10Pwd)  (Us) (%) (%) () (100w (fs) (%) (%) ()
AB3 142 162 0 0 0.97 39.77 559.35 0 0 0.99 49 1316 7 23 0.93
AB4 58 66 0 -1 1.00 16.81 274.88 1 0 0.99 22 667 11 24 (.88
AB6 163 186 0 0 0.97 45.00 579.03 0 0 0.99 55 1334 6 21 0.93
AC1 9 12 0 -4 0.99 2.97 70.00 -3 23 0.92 186 7 6 0.79
BL1 22 26 0 -1 0.99 5.93 58.06 -2 4 0.92 124 1 29  0.91
RD1 9 11 1 0 0.91 3.38 434.36 -8 -2 0.96 1282 3 31 0.94
RD4 57 67 2 3 0.94 22.06 1226.26 3 10 0.86 35 3266 16 25 0.71
RD6 34 38 -2 -1 0.90 18.29 1671.09 3 7 1.00 36 4747 15 40 091
RG3 124 132 0 2 0.84 36.71 450.00 -2 0 0.92 43 450 2 20 0.72
RG4 163 177 0 2 0.84 57.49 2769.44 -1 12 0.99 83 7271 10 48 (.88
RGH 442 478 1 -2 0.4 118.37 765.85 -1 -1 0.84 123 770 0 -6 0.88
BG1 5 6 0 2 0.89 2.43 396.42 -6 3 0.97 5 1169 11 38 0.89
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Table B.1: Calibrated water quality parameter values for all the submodels.

Parameter Description Value Unit
Catchment
TSSpwr,can  Mean DWF conc. excluding NT 350 mg/l
TSSPWF NT Mean DWF conc. subcachtment NT 440  mg/1
TSS1nd,can Mean conc. infiltration water excluding N'T 80 mg/l
TSSTmd,NT Mean conc. infiltration water subcachtment NT 140 mg/1
TSSwwr,can  Event mean conc. WWEF excluding NT 50 mg/l
TSSWwFNT Event mean conc. WWF subcachtment NT 80 mg/l
Sewer
Tresusp,max,CdH ~ Max. resuspension rate excluding NT 24 d!
Tresusp,max,NT ~ Max. resuspension rate subcachtment NT 48 d7t
NCdH Steepness around Qpayr excluding NT 4 -
NNT Steepness around Qpar subcachtment NT 8 -
fQnalr,can Factor for Qhalf as function of max. DWF excluding NT 14 -
fQnalt NT Factor for Qhalf as function of max. DWF subcatchment NT 1.5 -
Grit Chamber
kf’l_l Factor airflow induced velocity decrease in layer [ 0.9 -
Qair Upstream air flow 4500 m?3/d
Primary Clarifier
A Projected surface area 6000 m?
Biofilter
RE Removal efficiency 0.85 -
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Table B.2: Detailed calibration results, indicating the root mean square error (RMSE), the
relative RMSE (rel. RMSE) with respect to the mean measured value, the mean modelled
and the mean measured value over the whole period.

Calibration Day 65 - 75
Comparison Point RMSE rel. RMSE Mean Flow

Model Meas
Quantity (m?/s) (%) (w3/s) (m®/s)
CdH total 0.087 12 0.74 0.71
CdH Tributary 1 0.032 12 0.27 0.26
CdH Tributary 2 0.063 16 0.42 0.40
CdH Tributary 3 0.007 19 0.03 0.03
CdH Tributary 4 0.004 21 0.02 0.02
Jourde Outflow 0.022 19 0.11 0.12
Jourde Overflow 0.092 436 0.02 0.02
C. Vernet Outflow 0.034 26 0.14 0.13
Noutary Inflow 0.222 91 0.19 0.24

RMSE rel. RMSE Mean Conc

Model Meas
Quality (mg/) (%) (mg/l) (mg/])
CdH Tributary 2 40 26 170 153
Noutary Inflow 38 22 180 172
PC Out 10 22 43 45
BF Out 2 35 7 7
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Table B.3: Detailed validation results, indicating the root mean square error (RMSE), the
relative RMSE (rel. RMSE) with respect to the mean measured value, the Janus coefficient
(Janus) comparing the RMSE of the validation period with the calibration period, the mean
modelled and the mean measured value over the whole period.

Validation 1 Day 8-12
Comparison Point RMSE rel. RMSE Janus Mean Flow

Model Meas
Quantity (m?/s) (%) () (m?/s) (m®/s)
CdH total 0.076 10 0.9 0.73 0.75
CdH Tributary 1 0.024 9 0.8 0.26 0.27
CdH Tributary 2 0.056 13 0.9 0.41 0.43
CdH Tributary 3 0.004 13 0.5 0.03 0.03
CdH Tributary 4 0.004 20 1.1 0.02 0.02
Jourde Outflow 0.023 19 1.0 0.12 0.12
Jourde Overflow 0.010 N/A 0.1 0.00 0.00
C. Vernet Qutflow 0.024 17 0.7 0.14 0.14
Noutary Inflow 0.033 19 0.1 0.16 0.18

RMSE rel. RMSE Janus Mean Conc

Model Meas
Quality (mg/1) (%) (-) (mg/l) (mg/l)
CdH Tributary 2 47 24 1.2 175 194
Noutary Inflow N/A N/A N/A N/A N/A
PC Out 10 25 1.0 44 39
BF Out 4 50 1.5 7 7

Validation 4 Day 55-67
Comparison Point RMSE rel. RMSE Janus Mean Flow

Model Meas
Quantity (m/s) %) () (mds) (mds)
CdH total 0.108 12 1.2 0.92 0.90
CdH Tributary 1 0.063 19 2.0 0.31 0.33
CdH Tributary 2 0.107 21 1.7 0.55 0.50
CdH Tributary 3 0.014 33 2.2 0.03 0.04
CdH Tributary 4 0.016 48 4.0 0.02 0.03
Jourde Outflow 0.084 68 3.8 0.17 0.12
Jourde Overflow 0.274 114 3.0 0.17 0.24
C. Vernet Outflow 0.053 30 1.6 0.17 0.18
Noutary Inflow 0.167 51 0.7 0.31 0.33

RMSE rel. RMSE Janus Mean Conc

Model Meas
Quality (mg)) (%) () (mg/) (mg/))
CdH Tributary 2 50 35 1.3 155 144
Noutary Inflow N/A N/A  N/A N/A N/A
PC Out 10 23 1.0 43 44
BF Out 4 43 1.7 7 10
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Table C.1: Evaluation period RE1. The fluxes towards the receiving water are calculated for every scenario at every overflow. The total
flux, calculated as the sum of all overflows, is also indicated. The performance of a specific scenario is calculated by dividing the flux of
that specific scenario by the flux of the default scenario. A value <1 thus indicates an improvement in comparison to the default scenario.

Scenario AR BT CVvV JR NT SA SE SJ TR BP BF Total

Default 2.8107% 0.21 042 1.6 3.1 0058 04 12 0.081 0 093 80
QnT 281073 021 042 16 19 0058 04 1.2 0081 0 099 6.8
Qcv 281073 021 0 16 3.1 0058 04 1.2 0081 0 096 7.6
Qir 281073 021 042 097 3.1 0058 04 1.2 0081 0 098 74
Flux (t) Qsa 281073 021 042 16 22 051 04 1.2 0081 0 093 76
Qntsa 281073 021 042 16 1.1 051 04 12 0081 0 099 65
Q* 281073 021 0 097 1.1 051 04 1.2 0081 0 11 56
RT3 281073 021 042 13 28 0058 04 1.2 0081 0 094 7.5
RT, 281073 021 042 12 28 0058 04 1.2 0081 0 094 74
Q*&RT, 281073 021 0 0.61 091 051 04 1.2 0081 0 1.1 50
Qnt 0.99 1.0 10 1.0 06 10 1.0 1.0 1.0 N/A 11 085
Qcv 1.0 1.0 0 1.0 10 10 1.0 1.0 1.0 N/A 1.0 095
Qir 0.99 1.0 10 06 10 10 1.0 1.0 1.0 N/A 1.1 093
Qsa 0.99 1.0 10 1.0 072 88 1.0 1.0 1.0 N/A 10 095
Perf (-)  QnTsA 0.99 1.0 1.0 1.0 036 88 1.0 1.0 1.0 N/A 1.1 0.82
Q* 1.0 1.0 0 06 036 88 1.0 1.0 1.0 N/A 12 0.7
RT3 0.99 1.0 1.0 084 092 10 1.0 1.0 1.0 N/A 1.0 0.94
RT, 0.99 1.0 1.0 075 092 10 1.0 1.0 1.0 N/A 10 092

Q*&RT9 0.99 1.0 0 038 029 88 1.0 1.0 1.0 N/A 12 0.63
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Table C.2: Evaluation period RE2. The fluxes towards the receiving water are calculated for every scenario at every overflow. The total
flux, calculated as the sum of all overflows, is also indicated. The performance of a specific scenario is calculated by dividing the flux of
that specific scenario by the flux of the default scenario. A value <1 thus indicates an improvement in comparison to the default scenario.

Scenario AR BT CV JR NT SA SE SJ] TR BP BF Total
Default 0.047 05 077 39 58 04 12 36 025 0 16 18.0
QNT 0.047 05 077 39 39 04 12 36 025 0 1.7 16.0
Qcv 0.047 05 0 39 58 04 12 36 025 0 16 17.0
QIR 0.047 05 077 25 58 04 12 36 025 0 1.7 17.0
Flux (t) Qsa 0.047 05 077 39 43 13 12 36 025 0 16 17.0
Qnrsa 0047 05 077 39 24 13 12 36 025 0 1.7 16.0
Q* 0047 05 0 25 24 13 12 36 025 0 19 14.0
RT; 0.047 05 077 32 53 04 12 36 025 0 16 17.0
RT, 0.048 05 077 28 53 04 12 36 025 0 16 17.0
Q*&RT, 0.047 05 0 1.5 20 13 12 36 025 0 1.9 120
QNT 1.0 10 1.0 1.0 066 1.0 1.0 1.0 1.0 N/A 11 09
Qcv 1.0 1.0 0 1.0 1.0 1.0 1.0 1.0 1.0 N/A 1.0 0.96
QIir 1.0 10 10 064 1.0 1.0 1.0 1.0 1.0 N/A 1.1 093
Qsa 1.0 10 1.0 1.0 074 32 1.0 1.0 1.0 N/A 1.0 0.96
Perf ()  Qnrsa 1.0 1.0 1.0 10 042 32 1.0 1.0 1.0 N/A 1.1 087
Q* 1.0 1.0 0 064 042 32 1.0 1.0 1.0 N/A 12 0.6
RT; 1.0 1.0 1.0 08 092 1.0 1.0 1.0 1.0 N/A 10 093
RT, 1.0 10 1.0 074 092 10 1.0 1.0 1.0 N/A 1.0 0.92

Q*&RT2 1.0 1.0 0 04 035 32 10 1.0 1.0 N/A 12 0.68
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Table C.3: Evaluation period RE3. The fluxes towards the receiving water are calculated for every scenario at every overflow. The total
flux, calculated as the sum of all overflows, is also indicated. The performance of a specific scenario is calculated by dividing the flux of
that specific scenario by the flux of the default scenario. A value <1 thus indicates an improvement in comparison to the default scenario.

Scenario AR BT CvV JR NT SA SE SJ TR BP BF Total
Default 0 0.041 001l 0 091 61102 0 0.022 0 0 026 1.3
QnT 0 0041 001 0 013 6.1-100% 0 0.022 0 0 029 05
Qcv 0 0041 0 0 092 61102 0 0.02 0 0 026 1.2
Qir 0 0041 001 0 092 6.1-100% 0 0.022 0 0 026 1.3
Flux (t) Qsa 0 0041 001 0 0 0.25 0 0022 0 0 026 0.59
QNT,5A 0 0041 001 0 0 0.25 0 002 0 0 026 0.59
Q* 0  0.041 0 0 0 0.25 0 0022 0 0 026 0.58
RT; 0 0.041 001 0 091 611002 0 0.022 0 0 02 1.3
RT> 0 0.041 001 0 091 611002 0 0.022 0 0 026 1.3
Q*&RT, 0  0.041 0 0 0 0.25 0 0022 0 0 026 0.58
QnT N/A 1.0 10 N/A 0.14 1.0 N/A 10 N/A N/A 11 04
Qecv N/A 1.0 0 N/A 1.0 1.0 N/A 10 N/A N/A 10 0.99
QIr N/A 1.0 1.0 N/A 1.0 1.0 N/A 1.0 N/A N/A 10 1.0
Qsa N/A 1.0 10 N/A 0 41.0 N/A 10 N/A N/A 10 047
Perf () Qnrsa N/A 1.0 1.0 N/A 0 41.0 N/A 1.0 N/A N/A 1.0 047
Q* N/A 1.0 0 N/A 0 41.0 N/A 1.0 N/A N/A 1.0 046
RT3 N/A 1.0 1.0 N/A 1.0 1.0 N/A 1.0 N/A N/A 10 1.0
RT, N/A 1.0 1.0 N/A 10 1.0 N/A 10 N/A N/A 10 1.0

Q*&RT; N/A 10 0 N/A 0 41.0 N/A 1.0 N/A N/A 10 046
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Table C.4: Evaluation period RE4. The fluxes towards the receiving water are calculated for every scenario at every overflow. The total
flux, calculated as the sum of all overflows, is also indicated. The performance of a specific scenario is calculated by dividing the flux of
that specific scenario by the flux of the default scenario. A value <1 thus indicates an improvement in comparison to the default scenario.

Scenario AR BT CV JR NI SA SE SJ TR BP BF Total
Default 015 1.7 21 13.0 140 1.8 52 16.0 1.3 0.069 3.3 59.0

Qnr 0.1 1.7 21 130 94 18 52 160 13 016 35 550
Qov 015 1.7 0 130 140 1.8 52 160 13 012 34 570
Qir 0.15 1.7 21 100 140 1.8 52 160 13 014 35 56.0
Flux (t) Qsa 0.15 1.7 21 13.0 11.0 47 52 160 1.3 0.069 3.2 580
Qntsa 015 17 21 130 61 47 52 160 13 016 3.5 54.0
Q* 0.15 1.7 0 100 6.0 47 52 160 13 033 39 500
RT3 0.15 1.7 21 11.0 13.0 1.8 52 160 1.3 0.069 3.2 550
RT9 0.15 1.7 21 110 13.0 1.8 52 160 13 0.068 32 550
Q*&RTe 0.15 1.7 0 8.0 52 47 52 160 13 033 39 46.0
Qnr 10 10 10 10 067 10 10 10 10 24 11 093
Qov 1.0 10 O 10 10 10 10 10 10 18 1.1 097
Qir 1.0 10 10 o0v8 10 10 10 10 1.0 20 1.1 096
Qsa 10 10 10 10 07 26 10 10 10 1.0 1.0 0.99
Perf (-)  Qnr.sA 1.0 10 10 10 043 26 10 10 1.0 24 1.1 0.92
Q* 10 10 O 078 043 26 10 10 10 48 12 084
RT3 1.0 10 10 083 092 10 10 10 10 1.0 1.0 094
RT9 1.0 10 10 082 092 10 10 10 10 1.0 10 094

Q*&RT2 1.0 1.0 0 06 037 26 10 1.0 10 48 12 0.79
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Table C.5: Evaluation period RES. The fluxes towards the receiving water are calculated for every scenario at every overflow. The total
flux, calculated as the sum of all overflows, is also indicated. The performance of a specific scenario is calculated by dividing the flux of
that specific scenario by the flux of the default scenario. A value <1 thus indicates an improvement in comparison to the default scenario.

Scenario AR BT CvV JR NT SA SE SJ TR BP BF Total
Default 0 0.076 0.14 0.67 1.0 0 0.1 031 9.4.1073 0 0.34 2.7
QnT 0 0.076 0.14 0.67 0.073 0 0.1 031 94.1073 0 0.38 1.8
Qcv 0 0.076 0 0.67 1.0 0 0.1 031 941073 0 035 25
QiR 0 0.076 0.14 0.17 1.0 0 0.1 031 9.4.10°3 0 0.38 2.2
Flux (t) Qsa 0 0.076 0.14 067 084 0.046 0.1 0.31 94-1073 0 0.35 25
QNT,5A 0 0.076 0.14 0.67 0 0.046 0.1 031 94.1073 0 0.38 1.7
Q* 0 0.076 0 0.17 0 0.046 0.1 0.31 9.4.10°3 0 042 1.1
RT3 0 0.076 0.14 0.63 0.91 0 0.1 031 9.4.1073 0 0.35 25
RT, 0 0.076 0.14 053 0.91 0 0.1 031 9.4.10°3 0 0.35 24
Q*&RT, 0 0.076 0 0.075 0 0.046 0.1 0.31 9.4.10°3 0 0.42 1.0
QnT N/A 1.0 1.0 1.0 0073 N/A 10 1.0 1.0 N/A 1.1 0.66
Qcv N/A 1.0 0 1.0 1.0 N/A 10 1.0 1.0 N/A 1.0 095
Qir N/A 1.0 1.0 0.26 1.0 N/A 1.0 1.0 1.0 N/A 1.1 0.83
Qsa N/A 1.0 1.0 1.0 0.84 N/A 1.0 1.0 1.0 N/A 1.0 0.96
Perf () Qursa N/A 1.0 1.0 1.0 0 N/A 1.0 1.0 1.0 N/A 1.1 065
Q* N/A 1.0 0 0.26 0 N/A 10 1.0 1.0 N/A 12 043
RT3 N/A 1.0 1.0 0.94 0.91 N/A 1.0 1.0 1.0 N/A 1.0 0.95
RT, N/A 1.0 1.0 079 091 N/A 10 1.0 1.0 N/A 1.0 091

Q*&RT2 N/A 1.0 0 0.11 0 N/A 1.0 1.0 1.0 N/A 12 0.39
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Table C.6: Evaluation period 120d. The fluxes towards the receiving water are calculated for every scenario at every overflow. The total
flux, calculated as the sum of all overflows, is also indicated. The performance of a specific scenario is calculated by dividing the flux of
that specific scenario by the flux of the default scenario. A value <1 thus indicates an improvement in comparison to the default scenario.

Scenario AR BT CV JR NT SA SE SJ TR BP BF Total
Default 0281 4.02 546 30.6 43.0 255 888 275 2.02 0.0686 12.1 136.0

Qnr 0.281 4.02 546 30.6 264 255 888 27.5 202 0.162 12.9 121.0
Qcv 0.281 4.02 0 306 43.0 255 888 27.5 2.02 0.123 125 131.0
Qir 0.281 4.02 546 20.7 43.0 255 888 27.5 202 0.14 128 127.0
Fhux (t) Qsa 0.281 4.02 546 30.6 314 855 8.88 27.5 2.02 0.0688 12.1 131.0
Qnrsa 0281 4.02 546 30.6 17.7 855 888 27.5 202 0.162 128 118.0
Q* 0.281 4.02 0 208 17.7 855 888 27.5 2.02 0333 13.9 104.0
RT; 0.281 4.02 546 254 39.3 255 888 27.5 2.02 0.0687 12.1 128.0
RT, 0.281 4.02 546 23.6 39.3 255 888 27.5 2.02 0.0685 12.1 126.0
Q*&RT, 0281 4.02 0 143 148 855 888 275 202 0.333 139 94.6
Qnr 10 10 10 10 0614 10 1.0 1.0 1.0 236 1.07 0.885
Qv 10 10 o0 10 10 10 1.0 1.0 1.0 1.79 1.03 0.963
Qir 10 10 10 0679 10 1.0 1.0 1.0 1.0 203 106 0.934
Qsa 10 10 10 10 073 336 1.0 1.0 1.0 1.0 1.0 0.959
Perf (-) Qnrsa 1.0 10 1.0 1.0 0411 336 1.0 10 10 235 106 0.864
Q* 1.0 10 0 0.679 0411 336 1.0 1.0 1.0 485 1.15 0.762
RT; 1.0 10 10 0829 0914 10 1.0 1.0 1.0 1.0 1.0 0.935
RT, 1.0 10 10 0772 0914 10 1.0 1.0 1.0 0998 1.0 0.922

Q*&RTy 1.0 1.0 0 0467 0345 336 1.0 1.0 1.0 4.85 1.15 0.693
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