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Preface

This MSc thesis reports on the approach and outcome of the research project on investigating the
potential of detention basins along the Rur river in Germany by optimizing their operational strategy.
For a given hydrograph of a flood wave, the opening times and the crest heights of the weirs of four
detention basins, at sites along the Rur river between J¿lich and Ophoven as proposed in an earlier
study, where optimized to minimize the peak downstream water height near Ophoven. The operation
of the weirs is a flexible approach because it is adapted to the flood wave, but it is also prone to human
or mechanical failure. Therefore, in addition a compound weir was studied of which the crest height
are fixed.

The study was part of the Joint Cooperation programme on Applied scientific Research (JCAR) to
improve the cooperation on flood and drought management and research to Accelerate Transboundary
Regional Adaptation to Climate Extremes (ATRACE).

In Chapter 1 the research context, the research objectives and questions as well as the societal impact
are discussed. In Chapter 2 a literature review is presented. In Chapter 3 information is given about
the proposed detention basins and their inlets along the Rur river between J¿lich and Ophoven. Also
flood scenarios are described and the current gauging stations along the Rur river are considered for
real-time operation of detention basins. In the first phase of the project a 1D kinematic model for a
river with floodplains and an arbitrary number of detention basins was implemented. Because this
model is computationally fast, it was used in optimizing the operation of the weirs. The 1D model
was for a number of cases compared to simulations with HydroAS2D, which solves the 2D shallow
water equations. Both models are described in Chapter 4. Also the optimization problems studied are
described in that chapter. In Chapter 5 the results of the optimization problem for the operated weirs
and for a compound weir are discussed. Also the results of the comparison between the 1D model
and HydroAS2D are presented. Chapter 6 is a discussion of the results of the project, and provides
recommendations. Chapter 7 contains the conclusions. There are five appendices. In the first appendix
progress made with the optimization of detention basins with the software RCT-Tools which is being
developed in Deltares is reported. The remaining appendices mostly provide background information.

In my search for an interesting master thesis project, I was introduced to the joint cooperation JCAR-
ATRACE by Prof.dr.ir. Bas Jonkman, who was at the time head of the Hydraulic Structures and Flood
Risk section within the Faculty of Civil Engineering of TU Delft. I was immediately enthusiastic because
JCAR is a international collaboration of leading institutes in two countries on the very relevant topic of
reducing cross-border flood risks.

I want to thank one of the main instigators of the JCAR-ATRACE collaboration, Dr. ir. Kymo Slager of
Deltares for his support in hosting me at Deltares and for his interest in my project.

Since my project was part of an international collaboration, it may not be surprising that I received
supervision form researchers from different institutes in two different countries, namely Deltares, TU
Delft, RWTH Aachen and Wasserverband Eifel-Rur.

My daily supervisors at the host institute Deltares were Dr.-Ing Bernhard Becker and ir. Sebastian
Hartgring. I thank Bernhard for the valuable feedback he has given and for providing his expertise and
experience about the German Rur. Sebastianôs recent MSc thesis on hindcasting the 2021 flood event
in the Rur was relevant for this research. I am very grateful to him for the many occasions during which
he gave support and advise.

Throughout the thesis work I was also supervised by Dr.-Ing Stefanie Wolf from RWTH Aachen. In the
beginning of my research, I was invited by her to stay a week in Aachen, where I was kindly received and
supported by Stefanie and colleagues. I thank her for her help and support through the past months.

I would also like to thank M.Eng. Vincent Hochfeldt from Wasserverband Eifel-Rur, with whom I had
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intensive contacts at various stages of my research. Vincent provided the HydoAS2D model of the Rur
river and the Digital Elevation Model which I have been using in the project. Vincent was always very
helpful and always promptly answered my questions, whether via email or during online meetings.

I also thank Frau Deppe from Hydrotech Ingenieurgesellschaft f¿r Wasser und Umwelt mbH for her
support in using the HydroAs2D software.

Last but certainly not least, I thank the chair and first supervisor of my thesis comittee Dr. Davide
W¿thrich and my second supervisor from TU Delft Dr. Kieran Dunne for very valuable advise and
feedback throughout the project. They made me think more critically about my work, for which I am
very grateful.

I am very happy to complete my Masterôs degree with this report. I really enjoyed working on the topic
and had the chance to learn from and collaborate with many experienced and knowledgeable scientists
and engineers in two countries.

H.P.D. Urbach
Delft, December 2024



Abstract

In mid-July 2021, record breaking precipitation fell in Western Europe, causing rivers to overflow their
banks. This event has demonstrated that measures are necessary, leading to the JCAR-ATRACE
collaboration which brings together multiple hydraulic engineering institutes across Europe to enhance
resilience to extreme climate events and fosters long-term research partnerships. This MSc thesis is
a contribution to this joint collaboration. The goal of this project was to investigate the potential of
detention basins along the Rur river in Germany and optimize their operational strategy to mitigate
flood risk near in particular the village of Ophoven, which had suffered from recent floods. A one-
dimensional kinematic model was developed of the main river, the floodplains and basins between
J¿lich and Ophoven. Initially for four basins, the opening times and crest heights of the weirs were
sequentially optimized to minimize the peak water height near Ophoven for the 1/100 years flood event.
The predictions of the 1D model were verified against the HydroAS2D model which solves the 2D
shallow water equations. The optimization revealed that the chosen volumes of the four basins were
too small. A method to estimate the required storage volume for a desired downstream peak water
height reduction was applied. Then a much larger basin, close to J¿lich, was considered. It was found
that apart from choosing the appropriate opening time and crest height, not only the storage volume but
also the width of the inlet is important. In addition to optimizing the operation of the weirs, the potential
of a basin with an un-operated compound weir with four fixed crests was studied. The crest heights
were optimized for the 1/100 flood wave. The optimized compound weir, tested for the small detention
basin 1 as an alternative to the operated weir, achieved similar level of peak reduction when optimized
for the same flood event. However, when the compound weir is applied to another flood event, it can
become ineffective. The operated weir is more flexible, but requires that the upstream hydrograph is
measured at sufficiently large distance from the basin.
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Samenvatting

In juli 2021 veroorzaakte recordhoeveelheid neerslag in West-Europa dat rivieren buiten hun oevers
traden, hetgeen grote overstromingen tot gevolg had. Deze gebeurtenis toonde aan dat maatregelen
nodig zijn. Dit leidde tot de oprichting van de JCAR-ATRACE-samenwerking. Hieraan nemen ver-
schillende onderzoeksinstituten uit heel Europa deel met als doel de ernstige gevolgen van extreme
klimaatgebeurtenissen te verminderen en onderzoekssamenwerkingen te bevorderen. Dit afstudeer-
werk is een onderdeel van deze samenwerking en richtte zich op het onderzoeken van de effectiviteit
van potenti±le retentiebekkens langs de rivier de Rur in Duitsland en op het optimaliseren van opera-
tionele strategie±n om overstromingsrisicoôs te verminderen. De nadruk lag met name op de gevolgen
voor het dorp Ophoven, dat in 2021 en eerder zwaar getroffen werd. Een eendimensionaal kinema-
tisch model werd ontwikkeld om de rivier, de uiterwaarden en de bekkens tussen J¿lich en Ophoven
te modelleren. In de eerste fase werden de openingstijden en kruinhoogten van de stuwen bij vier re-
tentiebekkens geoptimaliseerd om de piekwaterhoogte bij Ophoven tijdens een 1/100-jarige overstro-
ming te minimaliseren. De voorspellingen van het 1D-model werden gevalideerd met het HydroAS2D-
model, dat gebruikmaakt van de tweedimensionale ondiepe watervergelijkingen. De resultaten van
de optimalisatie toonden aan dat de opslagcapaciteit van de vier bekkens onvoldoende was om sig-
nificante piekreductie te bereiken. Vervolgens is een methode toegepast om de benodigde opslagca-
paciteit te schatten voor een gewenste reductie van de piekwaterhoogte bij Ophoven. Daarna werd
een groot retentiebekken (Indesee) in de omgeving van J¿lich onderzocht. Hierbij bleek dat naast
de juiste openingstijd en kruinhoogte ook de breedte van de inlaat een cruciale rol speelt. Naast het
optimaliseren van gestuurde stuwen werd ook het potentieel onderzocht van een retentiebekken met
een niet-gestuurde stuw met vier vaste verschillende kruinhoogten. De kruinhoogten van deze stuw
werden geoptimaliseerd voor de 1/100-jarige hoogwatergolf. De resultaten toonden aan dat de geop-
timaliseerde vaste kruinhoogten vergelijkbare piekreducties geven als de geoptimaliseerde gestuurde
stuw, indien geoptimaliseerd wordt voor dezelfde hoogwatergolf. Echter, de effectiviteit van de geop-
timialiseerde vier kruinhoogten kan sterk verminderen bij een ander overstromingsscenario. Hoewel
een gestuurde stuw meer flexibiliteit biedt, heeft deze het nadeel dat de hydrograaf stroomopwaarts
tijdig en op voldoende afstand van het bekken moet worden gemeten.
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Zusammenfassung

Mitte Juli 2021 f¿hrten auÇergewºhnlich starke Niederschlªge inWesteuropa zu schweren¦berschwem-
mungen. Dieses Ereignis verdeutlichte die Notwendigkeit besser vorbereitet zu sein auf solcheNaturkatas-
trophen. Nach diesemEreignis entstand die JCAR-ATRACE-Kooperation, die mehrere Institute in ganz
Europa zusammenbringt um die Widerstandsfªhigkeit gegen extreme Klimaereignisse zu verbessern
und langfristige Forschungspartnerschaften zu fºrdern. Die vorliegende MSc-Arbeit ist Teil dieser
Zusammenarbeit. Ziel dieser Masterarbeit war es, das Potenzial von R¿ckhaltebecken (Poldern) ent-
lang der Rur in Deutschland zu untersuchen und ihre Betriebsstrategie zu optimieren. Der Schwer-
punkt lag insbesondere auf dem Dorf Ophoven, dass von dem Juli-2021 Hochwasser betroffen war.
Es wurde ein eindimensionales kinematisches Modell f¿r den Hauptfluss, die Flussauen sowie die
potenziellen Polder zwischen J¿lich und Ophoven entwickelt. Zunªchst wurden die ¥ffnungszeiten und
Kronenhºhen der Wehre von vier Poldern sequentiell optimiert, um die Scheitelhºhe der Ganglinie bei
Ophovenwªhrend eines 1/100-jªhrlichenHochwasserereignisses zuminimieren. Die Vorhersagen des
1D-Modells wurden anhand des HydroAS2D-Modells validiert, das die 2D-Flachwassergleichungen
lºst. Die Optimierung ergab, dass die Volumina der vier Polder zu klein waren. Eine Methode zur
Abschªtzung des erforderlichen Speichervolumens f¿r eine gew¿nschte flussabwªrts gerichtete Re-
duzierung der Scheitelhºhe wurde angewandt. AnschlieÇend wurde ein deutlich grºÇeres Becken in
der Nªhe von J¿lich untersucht. Dabei zeigte sich, dass neben der Wahl der optimalen ¥ffnungszeit
und Kronenhºhe nicht nur das Speichervolumen, sondern auch die Breite des Einlaufs entscheidend ist.
Neben der Optimierung des Betriebes der Wehre wurde zudem das Potenzial eines Beckens mit einem
unbeweglichem Wehr mit vier festen aber verschiedenen Kronenhºhen untersucht. Die Kronenhºhen
wurden f¿r ein 1/100-jªhrliches Hochwasserereignis optimiert. Das optimierte ungesteuerte Wehr er-
reichte bei der Optimierung f¿r dieses Hochwasserereignis eine vergleichbare Scheitelreduzierung.
Allerdings kann das ungesteuerte Wehr bei einem anderen Hochwasserereignis an Wirksamkeit ver-
lieren. Das betriebene Wehr ist flexibler, erfordert jedoch, dass die flussaufwªrts gerichtete Ganglinie
in ausreichendem Abstand vom Becken gemessen wird.
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1
Introduction

The flood event of mid-July 2021 has been a wake-up call for the responsible authorities of Western
Europe to take action to adapt to extreme climate events. Germany, the Netherlands, and Belgium
were among the countriesmost severely affected, with record-breaking precipitation recorded in various
regions. In parts of western Germany and eastern Belgium, the rainfall was associated with a return
period of 1 in more than 100 years. In the Netherlands, rainfall amounts reached double the typical
levels for the region (Junghªnel et al., 2021).

Recognizing the importance of cross-border collaboration and the exchange of expertise among neigh-
boring countries, the Joint Cooperation program on Applied scientific Research in order to Accelerate
Transboundary Regional Adaptation to Climate Extremes (JCAR ATRACE) has been launched by sev-
eral European research institutes (JCAR ATRACE, 2024). This master thesis project may be consid-
ered part of the joint cooperation program, focusing on the investigation of detention basins as a flood
risk mitigation measure along the Lower Rur river in Germany. This MSc thesis was co-supervised by
TU Delft, Deltares and RWTH Aachen.

This introductory chapter describes the research context, gives the problem statement and defines and
examines the scope and societal implications of the project. The final section contains an outline of the
thesis structure.

The Rur river originates from the High Fens - Eifel National Park in eastern Belgium and flows through
North Rhine-Westphalia in Germany before converging with the Meuse river at Roermond in the Nether-
lands (see Figure 1.1). The Rur river spans approximately 160 kilometers and, while moderately sized,
plays an important role in various river functions (WVER, 2024a). It serves as a water source for in-
dustries, provides drinking water, and contributes to electricity generation through hydropower. In its
upstream course, the Rur river has typical characteristics of a low mountain river flanked by gravel
banks. As it progresses into the middle reach, the river slope becomes steep. Finally, in the lower
reaches, starting a few kilometers donwstream of J¿lich, the Rur river flows through flatland terrain,
similar to the Dutch landscape further downstream. Multiple dams upstream regulate the flow of water
to downstream (WVER, 2024a).

In July 2021, various regions in Europe were affected by heavy rainfall caused by a quasi-stationary
low-pressure system called òBerndò. In Germany the flooding resulted in 189 fatalities and caused
the most significant damages related to floodings in recent history of up to 33 billion euros. While
the Ahr Valley experienced the most severe consequences of the flood event, the region upstream
of the Rurtalsperre dam in the Rur river also was significantly impacted, with 15 casualties reported.
Although the dam successfully prevented the lower Rur river from surpassing its historical discharge
record, it was unable to prevent flooding in downstream villages, such as the village Ophoven, resulting
in considerable material damage (DKKV, 2022; Mertins, 2021).

1



1.1. Research context and problem statement 2

The village Ophoven in Germany is located along the Lower Rur river, near the Dutch border (Figure
1.1) and is one of the villages that has been inundated during the 2021 flood event. Roadways and
underground areas within residences were flooded, leading to material damages to buildings, personal
property, gardens, and infrastructure. Ophoven has suffered from an earlier flood event in 2013 which
also has resulted in substantial damage (Mertins, 2021).

Additional protectivemeasures are necessary to reduce the risk of future flooding in and aroundOphoven.
The responsible water management authority for the Rur river basin, Wasserverband Eifel-Rur (WVER),
has initiated a study of measures to reduce flood risk in Ophoven. Improving the resilience against
flooding is of great importance for this area because a higher frequency of torrential rains is anticipated
(WVER, 2024c). According to V. Hochfeldt (personal communication, April, 2024), preliminary study
into potential measures was conducted by WVER, that indicated that widening floodplains may not
sufficiently reduce flood peaks due to inadequate retention time and volume.

Figure 1.1: The Rur Basin. Image generated in QGIS using OSM Place Search.

This raised the question of whether a detention basin could effectively attenuate flood peaks. Detention
basins, also commonly referred to as dry detention ponds or storm water basins, are areas that are
designed to temporarily store water during a flood event, thereby attenuating and delaying flood peaks
(Dickson, 2018). After the flood event has passed, the basins are gradually emptied. This means that
the basins are dry during most of the time.

Detention basins are typically located next to rivers and surrounded by dikes to contain the floodwaters.
Inside the dike, there is an inlet structure (a weir) that allows water to flow into the basin. The weir can
either be unregulated, with a fixed crest height, or actively controlled, where it is opened and closed
at appropriate times. Figure 1.2 provides an aerial view of a detention basin located next to a river,
showing the typical layout of such a system.

Recent Bachelor thesis research from Schweim (2024) has explored potential sites for detention basins
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along the Lower Rur river. Four possible sites were identified, with one basin near the village of
Ophoven which was further investigated by Schweim (2024). The detention basin sites are described
in Chapter 3. Schweim (2024) focused on a passive control approach, where the crest of the inlet
structure remains fixed throughout. Initial findings indicated a minimal reduction of only 1 cm in water
level at the Stah gauge, with negligible downstream impact at the border to the Netherlands. However,
through optimization of the terrain of the basin, local water level reductions of up to 7 cm at the Stah
gauge and approximately 3 cm at the Dutch border were achieved.(Schweim, 2024).

These findings raised the question of whether strategic active control of the inlets of multiple detention
basins, adaptable to the flood wave, could provide more effective flood peak attenuation. Active control
involves selecting the opening times and fixing the crest heights of the inlet weirs to specific levels, which
requires an optimization procedure to determine the most effective configuration. Additionally also the
use of a multi-compound weir was proposed.

Figure 1.2: Areal view of a detention basin adjacent to a river.

To optimize detention basin operation for peak reduction, a model is required to evaluate operating
strategies and identify the most effective approach. Ideally, a model with a short simulation time would
be used to test possible operational strategies. However, to the best of the authorôs knowledge, the
only available model for the Lower Rur river is a highly detailed 2D-hydrodynamic model (HydroAS2D),
which requires multiple days to simulate a single operational strategy. Therefore, a more time efficient
model is required to be able to optimize the operation of detention basins. Furthermore, a faster model
could have the potential to be used for real-time control of basins during flood events.

Operated detention basins have proven their effectiveness in the past, for instance along the Rhine river
Homagk and Bremicker, 2006). However, identifying appropriate locations and sizes and optimizing
the management strategy remains challenging. The long simulation times of HydroAS2D make this
model unfeasible for optimizing the operational strategy.

This master thesis study has the following aims:

1. Develop a rather simple and fast model that allows efficient optimization of management strate-
gies.

2. Optimize operational strategies for detention basins and estimate their expected peak reduction
and quantify whether these reductions are sufficient to mitigate flood risk at Ophoven.
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3. Validate the new modeling method by comparing its results with those obtained from HydroAS2D.
4. For the case of one basin, investigate the potential of a compound weir with several optimized

fixed crest heights and compare its effectiveness with the optimized operated weir. The compound
weir has the advantage of being not prone to risks associated with operated structures, such as
human errors, but the disadvantage that it can not be adapted to a flood wave.

This study first focuses on four detention basin locations along a 30-kilometer stretch of the Rur river,
between J¿lich and Ophoven (see Figure 1.1). These locations were proposed by Schweim (2024) and
will be adopted in the first part of the current research. While the location of the fourth detention basin
has been clearly defined in the prior study, the other three locations have only been roughly indicated
and thus require further investigation in this study.

As mentioned above, the research will involve the development and application of a 1D model that
is much simpler and faster than 2D hydrodynamic models such as HydroAS2D. The aim is to use
the 1D model to optimize the operation of detention basins for a flood event with a 1/100-year return
period, which is in line with German flood safety standards. More specifically, the time of opening of the
inlets and the crest heights of the weirs are optimized to achieve the largest reduction of water height
downstream of the last basin. This method of flood reduction will be referred to as operated detention
basins.

The predictions of the 1D model will be verified by comparison with HydroAS2D, which solves the 2D
shallow water equations.

Apart from the four basin locations as proposed by Schweim (2024) the area currently occupied by the
Inden Lignite mine, which is to be repurposed into a more natural environment in the future featuring
a lake called Indesee, will be investigated as a potential site for a detention basin. Furthermore, the
problem of determining an appropriate volume for an operated basin to achieve a desired reduction of
water height downstream at Ophoven is included. Alongside the primary focus on optimizing detention
basin management strategies by optimizing opening times of inlets and crest heights of weirs, the
study will also explore the potential of using a compound weir with several fixed crest heights. The
crest heights of the compound weir are optimized using the 1D model for the 1/100-year flood event
and its effectiveness is compared with the optimized operation strategy for the case of one basin, for
both the 1/100 and 1/1000 flood events.

In addition to analyzing predefined flood events, practical issues that occur when applying a real-time
operated weir for a detention basis in the reach of the Rur river between the surroundings of J¿lich and
the village of Ophoven are also discussed.

The scope of the study excludes:

Å The management strategy for emptying the detention basins. It is assumed that the basins will
be emptied after the flood wave has passed.

Å The optimization of dike heights surrounding the detention basins.
Å Terrain modifications within the four detention basins to increase their storage capacity. In fact,
the basins are intended for multi functional use and flood only during extreme high-water events.

Å The schematization of the Rur river and Indesee at its actual location.

The primary research question is:

How can operational strategies for potential detention basins along the Lower Rur river in Germany be
optimized, to achieve maximum peak reduction at Ophoven?

The following sub-questions have been defined:

1. What model can be developed as alternative to the 2D-hydrodynamic model, which is sufficiently
fast and accurate to optimize operational strategies for detention basins?
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2. What are the optimum operational strategies for the detention basins, and how much do they
attenuate the flood peak?

3. How do the prediction of the new 1D model compare to the results obtained with HydroAS2D?
4. Can a compound weir with fixed crests be an alternative to operated weirs?

Flood events often have significant societal impact, ranging from loss of life and property damage
to destruction of community services such as infrastructure. Detention basins, as a flood mitigation
measure, can help attenuate flood peaks. However, their implementation may have implications for
areas downstream. Moreover, the construction and operation of detention basins will affect land use,
thereby changing social-economic structures.

In this section the thesis topic will be considered from an ethical perspective. Important stakeholders
affected by the research are identified and analyzed based on how they are affected by the MSc work.
Additionally, the section will discuss the values held by the stakeholders and legal regulations that must
be considered for this research.

The stakeholders of the research project and their interest in the research are described below:

Residents and property owners living in flood-prone areas near/in Ophoven are directly impacted
by flood events and would benefit from improved flood protection measures. Their involvement is
important for understanding concerns, and preferences regarding flood risk management strategies.
Residents and property owners in the area directly benefit from this research as it provides insight into
the effectiveness of mitigating flood risk by implementing detention basins. However, they can on the
contrary also be negatively impacted by the proposed measures, because the basins presently are
used for agriculture. It is the task of responsible authorities to weigh the different interests involved and
base on this their decisions and policies.

Residents and property owners value safety and economic prosperity. This MSc research aligns with
these values by recommending flood risk management strategies which are effective yet have limited
negative side-effects.

The Ministry for Environment, Conservation of Nature, and Traffic of North Rhine-Westphalia
(Ministerium f¿r Umwelt, Naturschutz und Verkehr) supports the work of municipalities and water-
boards to realize sustainable and proactive flood protection and participates in financing these objec-
tives (Ministerium f¿r Umwelt, Naturschutz und Verkehr, 2024). Since this MSc research concerns
the effectiveness and potential consequences of the implementation of detention basins, the results
of the study may provide insight for policymakers and regulators concerning appropriate measures to
improve flood protection and therefore may influence future decision-making processes regarding the
Lower Rur river. The ministry values sustainability and public safety align with the objectives of this
research. The German law and specific regulations for the state of North Rhine-Westphalia (NRW) will
have to be considered, in particular nature conservation laws, and land use regulations.

Wasserverband Eifel-Rur is responsible for water management, flood protection and for water safety
in their designated area. As detention basins are a mitigation measure of interest which was proposed
by WVER, the research and outcomes reported in this MSc thesis are relevant for WVER. They could
use the findings as a starting point for a more elaborate investigation. WVER values effective water
management and flood protection. These values align with the objectives of the research conducted
in this MSc project. As a regional water management authority, WVER operates within the federal and
state laws.

Province of Limburg has a similar role in the Netherlands as the Ministry for Environment, Conserva-
tion of Nature, and Traffic of North Rhine-Westphalia has in Germany regarding flood protection along
the rivers in the province. The results of the study will be of interest for the Province of Limburg as any
measures proposed for the German upstream part of the Rur can have impact on the downstream part
flowing in the Netherlands.

Waterschap Limburg and Rijkswaterstaat (RWS) are responsible for water management and flood
protection in the downstream areas of the German Rur river. They are impacted by this research as
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they may use the findings to assess potential changes of flood risk for their area of responsibility. This
research aligns with values such as enhancing flood resilience and protecting downstream areas by
providing insight into the potential impacts of detention basins. Waterschap Limburg and RWS operate
within the Dutch water management laws. The research needs to comply with ethical guidelines and
research standards from The Netherlands, which includes reporting the effects of upstream measures
for downstream areas transparently.

Environmental Non-Governmental Organizations advocate environmental conservation and biodi-
versity protection. Investigating the effect of detention basins is of interest for these organizations as
they want to stimulate environmentally friendly flood management solutions. Moreover, the basins
could be used as water reservoir in the case of drought.

In Chapter 2 the existing literature is discussed regarding modeling detention basins, how to optimize
the basin management strategy and relevant literature on flood routing and peak attenuation. In Chap-
ter 3 the proposed detention basin locations and dimensions are presented and the considered flood
scenarioôs are discussed. In Chapter 4 the methodology is explained, in particular the 1D model is elab-
orated including the optimization methods for operated weirs and for fixed compound weirs. Chapter
5 the results of this thesis are presented, summarizing the findings regarding the 1D model outcomes
for the case with and without basins. Furthermore, the solutions of the optimization problems are pre-
sented. The results are further discussed and interpreted in Chapter 6. Also suggestions for further
research are made. Finally, the conclusion are given in Chapter 7.



2
Literature review

With the anticipation of more torrential rains and increasing occurrences of floods, policymakers have
to make important decisions regarding measures to mitigate floods. Detention basins, as a measure to
mitigate flood risk, have been widely studied in the past. However, it remains challenging to manage
detention basins effectively for a certain site. In this thesis two optimization problems are studied
to achieve this goal. The aim of this chapter is to explore the existing knowledge on modeling and
optimizing detention basins. This includes examining case studies from Germany and other countries.
Additionally literature regarding in particular the 2021 flood event has been examined, to derive lessons
that can be drawn for future improvements.

In July 2021, the Rur river basin experienced one of the most severe flood events in recent history.
This section provides context for the necessity of this research by outlining the progression of the 2021
flood, its impacts on the German and Dutch part of the river, and the lessons learned for improving
flood risk management.

The 2021 flood event in western Germany was caused by the low-pressure system Bernd. During this
event, the German Weather Service (Deutscher Wetterdienst) recorded locally more than 150 mm of
rain within 72 hours, and the flood was attributed a return period of 1 in 500 years (Manandhar et al.,
2023). The study by Manandhar et al. (2023) also investigated the resilience against the 2021 flood,
stressing the need for better land-use planning, especially in anticipation of more frequent flooding due
to climate change.

During the 2021 flood event, the Inde river, a tributary of the Rur river located upstream of J¿lich, ex-
perienced record-breaking discharges, which resulted in severe erosion near the Inden lignite mine.
According to KeÇels et al. (2024), this led to the formation of a 700-meter-long channel cut caused by
the reactivation of a historical river channel that had been abandoned when the Inde was relocated
decades earlier for mining purposes. Their study highlights how extreme hydrological conditions com-
bined with heavily modified landscapes triggered this significant geomorphological change. As KeÇels
et al. (2024) emphasize, this demonstrates the critical need to consider the impact of historical land-use
modifications on the effects of extreme flood events.

Despite severe erosion, a large volume of floodwater was captured in the Inden lignite mine during the
2021 event. This raises an important question about the potential of this site in the long term. Plans
are already in place to cease mining operations in 2029 and repurpose the site into a lake known as
the Indesee (StadtJ¿lich, 2012). No investigation has yet been conducted into the potential of this site
to serve as a detention basin.

The 2021 flood event has demonstrated the efficacy of peak attenuation in theMeuse in the Netherlands
due to measures such as ñRoom for the riverò and the ñMaaswerkenò. Downstream river reaches benefit
from upstream peak discharge attenuation. The amount of peak attenuation depends on various factors,

7
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including the shape of the flood wave, river geometry and the availability of storage areas (Asselman,
De Jong, et al., 2022).

Between July 13th and 15th, 2021, the province of Limburg experienced record-breaking water levels
in its rivers and streams due to extreme rainfall. In some areas, up to 160 millimeters of precipitation
fell within just 48 hours (Asselman, van Heeringen, et al., 2022).

Following this event, Waterschap Limburg and the province of Limburg evaluated the water system. An
already existing D-HYDRO 1D2D model has been improved to analyze the high water event of 2021
(Horn and Hurkmans, 2022). At the Gauging Station Stah in Germany, close to the Dutch border near
Ophoven, manual discharge measurements recorded a peak of 267 m3=s. German model calculations,
however, indicated a peak discharge of 354 m3=s. This difference shows that there are significant in-
accuracies in the modeling of the peak discharge. Horn and Hurkmans (2022) validated the D-HYDRO
model using measured data downstream and found that the high peak discharge of 354 m3=s would
result in unreasonably high water levels at Roermond. They also noted that the shape of the flood
wave significantly affects downstream water levels. Furthermore, the roughness parameters used in
the model were too low because they were for winter conditions whereas the 2021 event took place in
the summer (Horn and Hurkmans, 2022).

With the anticipation of climate change, there is a growing expectation that flood events will become both
more frequent and more extreme. However, most analyses of historical flood data currently assume
stationarity, i.e. that statistical properties of hydrological processes remain constant over time. This
assumption is increasingly contested (Milly et al., 2008). This section discusses the Rur basin in the
context of climate projections and simulations, highlighting potential changes in rainfall patterns and
their implications for flood risk.

Eingr¿ber and Korres (2022) explored trends in the frequencies of extreme precipitation and floods
within the Rur catchment until 2099, under two emission scenarios obtained from HadCM3. The non-
parametric Mann-Kendall tendency test was used to analyze whether there are statistically significant
trends in the frequency of extreme precipitation or flood events between 1961 and 2099. It was found
that, on average, the frequency of extreme precipitation is expected to increase throughout the entire
Rur catchment. Moreover, analysis of water depth gauge data at Stah, located close to Ophoven,
showed an increase of 31 to 36% in the magnitudes of flood return periods by 2099 compared to the
base period. These findings suggest that the assumption of stationarity will underestimate future flood
intensity in the Rur river basin.

The Rur river basin is significantly influenced by anthropogenic measures through its network of six
dams with a combined storage volume of 300 million m3 (WVER, 2024d). Accurate forecasting of flood
events in such a regulated catchment necessitates considering both the catchment area and the dam
control dynamics. Demny and Lohr (2014) provides a methodology for quantifying the impact of climate
change through high-water simulations in the Rur catchment, Germany. The TalsimNG software has
been extended to simulate the current state and to forecast high- and low-water flows, including the ef-
fects of climate change. Multiple climate scenarios have been explored by simulating discharges using
a rainfall-runoff model (NASIM), which were subsequently used for the high-water simulations (known
as òHochwassermerkmalsimulationò in German), which are flood simulation representing scenarioôs
such as the HQ100 or HQ1000 flood event (Demny and Lohr, 2014).

Detention basins have been widely implemented to mitigate flood risk by temporarily storing excess
water during heavy rainfall or floods. In the United States for instance, nearly 2 million artificial water
bodies existed when Avakyan and Polyuskin conducted their study in 1988, with 99% of these being
ponds or basins (Avakyan and Polyushkin, 1989). By 1970, 2500 reservoirs had been constructed
to protect approximately 5.2 million hectares of land from flooding. The average effectiveness of the
reservoirs is estimated to be 150-200 million dollars per year (Avakyan et al., 1986) This shows the
importance that detention basins and reservoirs have in managing flood risks.
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Recent studies have shown the effectiveness of detention basins in other regions. Pirone et al. (2024)
derived simplified relationships which fit detailed simulations of flood-routings for river catchment which
are representative for the Mediterranean region. Nakamura (2022), investigated basins in Japan and
found that they can store large amounts of storm water during extreme rainfall events. For instance,
four basins near the Tone and Watarase rivers were estimated to have stored 250 million m3 of water
during Typhoon Hagibis in 2019. It was noted that, besides their flood-control capabilities, these basins
can also have ecological benefits depending on their multi-function use. However, expanding the use
of detention basins requires considerable land, sometimes in rural areas, which in practice often leads
to resistance from landowners (Nakamura, 2022).

Detention basins have been used all over the world for decades to mitigate flood peaks. In Germany a
case study by Asenkerschbaumer et al. (2012) from the Technical University of Munich has investigated
using operated basins for the Danube. They categorized potential basin locations based on elevation
data and studied each basin individually. Historical flood hydrographs, corresponding to a return pe-
riod of approximately 1 in 100 years, were used to estimate the required basin volume by integrating
the area under the hydrograph between the peak and the desired reduced peak. It was proposed to
monitor the water height in the Danube continuously and when it is above a certain value, to open the
weir of the basin. Once the water level is sufficiently below the threshold, the basin is closed again.
In the study the 2D hydrodynamic HydroAS2D model was used in this research. To represent the
dikes, Asenkerschbaumer et al. (2012) deactivated the meshes surrounding the basins. The moment
of opening of detention basins was modeled using a water level threshold.

It was found that the flood peaks could be reduced by about 2 to 10%, depending on the location of
the basin. It was concluded that the magnitude of peak flow reduction depends on various factors,
including usable retention volume, site location, interactions between river and floodplain areas, and
the specific hydrological scenario (Asenkerschbaumer et al., 2012).

Giehl (2019) examined the Inn and Salzach rivers in the Alps, using a 2D hydrodynamic model to
assess the impact of multiple operated detention basins. Similar to Asenkerschbaumer et al. (2012),
Giehl evaluated the efficacy of each basin individually. The optimization of management strategies
was based on the same method as applied by Asenkerschbaumer et al. (2012) to the Danube. A risk
assessment was conducted using the results of HydroAS2D simulations for inundation depths, flow
velocities, and retention times. These findings were then compared to current risk assessment, and
the optimization was aimed at minimizing risk.

The effectiveness of operated detention basins with a total capacity of 260millionmį for the upper Rhine,
between Basel (Switzerland) and Worms (Germany), was studied by Homagk and Bremicker (2006).
The chosen basin locations were historically important natural inundation areas. Sixteen historical
winter flood events were extrapolated to assess 200-year and 220-year peak flows at the Maxau and
Worms gauges. The situation along the Rhine is particularly complex due to its long reach and the
involvement of various cross-boundary stakeholders. The positive effect of existing detention basins
along the Upper Rhine has been proven during flood events in the late 1980s and 1990s. These
basins at that time reduced peak water levels by 33 cm, equivalent to a reduction of 7% (Homagk and
Bremicker, 2006).

The method of operating a basin as proposed by Asenkerschbaumer et al. (2012) differs from the
method studied in the current thesis research. In this MSc thesis, for a given flood wave, both the
opening time of the weir and its crest height are optimized to achieve minimum water level downstream
near Ophoven. Using both the opening time and the water height as optimization parameters enables
to more efficiently use the available storage volume of the basin.

Hydrodynamic models are widely used to predict flood routing in rivers. This section reviews differ-
ent hydrodynamic modeling techniques. Furthermore, flood routing approaches, detention basin mod-
eling techniques, and optimization methods for detention basin operation, as found in literature are
discussed.
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One-dimensional models based on the De Saint Venant equations (Battjes & Labeur, 2017; Chow
et al., 1988; Subramanya, 2009) have been popular due to their short computation times. The De
Saint Venant equations consist of two coupled partial differential equations for the water height and
the discharge, one expressing the conservation of mass and the other the conservation of momentum.
One key assumption is hydrostatic pressure, which requires that the river slope be roughly less than
6 degrees (Zidan, 2015) and that the flood wave should be long and not rapidly changing. A wave is
considered long if the ratio between water depth and wavelength is less than or equal to 0.055. Zidan
(2015) state that this criterion is in general met by flood waves in rivers.

For flood waves the inertia terms in the momentum equation can in general be neglected. However, the
time dependent term in the mass conservation is retained. This is called the quasi-static assumption
Battjes and Labeur (2017). In uniform flow, the water depth gradient is zero and the momentum equa-
tion then implies the following instantaneous relation between the discharge Qu and the water depth
d

Qu = Bc � d3=2 �

s
g � ib

cf
;

where Bc is the conveyance width, g is the gravitational acceleration, ib is the river bed slope and cf is
the roughness coefficient. As explained in Battjes and Labeur (2017), in the quasi-uniform assumption,
this relationship is also used for flood waves when the gradient of the water depth is nonzero. Substi-
tution into the equation which expresses the conservation of mass yields the kinematic wave equation
with the high water speed as wave velocity. Additionally, the Chezy or Manning formulas are used for
the friction coefficients, which were originally developed for steady flow (Zidan, 2015). It has neverthe-
less been demonstrated that these approximations are sufficiently accurate for modeling flood waves
in rivers because these waves are assumed to be quasi-steady, i.e. slowly varying (Zidan, 2015).

The kinematic model has been widely used for flood routing through rivers. The report by Miller (1984)
outlines both the applicability and limitations of the kinematic wave model.

When the nonzero gradient of the water depth is taken into account, the discharge does not merely
depend on the water depth itself but also on its gradient. By substituting this relation into the equation
which expresses the conservation of mass, the so-called diffusion model for flood waves is obtained
Battjes and Labeur (2017). In contrast to the kinematic model, with the diffusion model the broadening
of the flood wave and the lowering of its peak due to resistance can be simulated. Diffusion effects are
important when the propagation of flood waves over long distances is considered (Battjes & Labeur,
2017; Chow et al., 1988; Subramanya, 2009). Solutions of certain intitial and boundary value problems
of the 1D diffusion model are derived in (Glinowiecka-Cox, 2022; Perez-Guerrero et al., 2016).

Floodplains adjacent to the Rur river are locally very wide (sometimes more than 300 meters), making
it important to account for their effects on the water level. With the Divided Channel Methods (DCM)
floodplains can be incorporated into the kinematic model. An overview of the main methods and their
refinements is given in (Cao, 2006; Sturm, 2001; Subramanya, 2009). The model described in Chapter
4 employs the Vertical Interface Procedure (see Ä 3.16 of Subramanya, 2009).

Accurate modeling of flow resistance in channels and in particular on floodplains requires detailed in-
formation about roughness. In practice, friction coefficients are often calibrated using empirical data.
Sun et al. (2010) investigated two methods to assess flow resistance due to vegetation on the flood-
plain of the Blackwater river in Hampshire, UK, namely the uniform Manning coefficient method and
an emergent vegetal drag force method. In the second method, the resistance is determined such
that the predicted velocity profiles derived from the emergent vegetational drag force closely matches
empirical data. Notably, it was found that approximately 20% of the total floodplain flow resistance can
be attributed to emergent vegetation. Hence vegetation is quite important in the calibration process
(Sun et al., 2010).

In contrast to one-dimensional models described so far, with a two-dimensional hydrodynamic model it
is possible to simulate lateral flow effects and processes induced by floodplain topography and mean-
dering channels (Horritt and Bates, 2001). HydroAS2D, which is used in the present study to verify the
prediction by the 1D kinematic model, is based on the 2D shallow water equations, which are also called
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the 2D St. Venant equations. In contrast to the 1D model, the 2D model requires long computation
times which makes it not possible to use it in optimizing designs.

RTC (Real-Time Control)-Tools is an open source and general purpose tool developed by Deltares
(Deltares, 2024) to support decision-making processes for the control and optimization of hydraulic
assets and water systems. One of its novel features is the use of control theory and feedback mech-
anisms which enables to drive hydraulic systems in a time dependent manner to achieve a higher
degree of optimality (Becker et al., 2024). RTC tools comes in the shape of a Python package, making
it compatible with other software such as Modelica, which is used for modeling water systems with an
user-interface (Deltares, 2024). RTC-Tools contains (multi-)objective optimization algorithms, which
makes it a promising model to optimize detention basin operation.

A coupled 1D-2D hydrodynamic model for flood simulations with detention basins was proposed by
Liu et al. (2015). The 1D De Saint Venant equations were applied to model channel flow, while the
flow dynamics in the detention basins were represented using the 2D shallow water equations. The
topic of how to couple 1D and 2D models in a numerically consistent manner is discussed in Morales-
Hernandez et al. (2009). In their study, Liu et al. (2015) incorporated a weir-type source term to model
flow into the detention basin which effectively couples the 1D river system with the 2D domain. The
1D-2D coupled model was validated through a test case, with dikes surrounding the basin represented
by wall conditions. Liu et al. (2015) applied their approach to the Jiakouwa flood detention basins, with
the aim to reduce peak discharge during flood events with 50- and 100-year return periods. They cali-
brated the Manning coefficients of the cross sections in the 1D river model using observed flood data
and visualized inundation depths through GIS software. The results demonstrated that both flooding
and recession processes in the Jiakouwa basin were accurately simulated using the coupled 1D2D ap-
proach. This study provides insight into modeling river-detention basin interactions. However, potential
optimizations of detention basin dimensions or operational strategies were not studied.

The study of Jaffe and Sanders (2001) discusses a more dynamic approach to flood mitigation. The
authors hypothesize that rapid filling of the floodplain creates a dynamic wave and modeled the weir
structure as a dike breach. In their study the river is modeled as one single channel and flow is directed
through a dike breach to a floodplain area surrounded by dikes. This approach differs from the expected
conditions along the Rur, where detention basins would be located adjacent to, rather than within, the
floodplain area (in the hinterland). Jaffe and Sanders (2001) defined as objective function the peak
water depth. The object function is minimized as a function of the floodplain area, breach size and
breach timing. The authors concluded that the floodplain area and breaching timing are most important
to reduce the flood peak.

Sanders et al. (2006) investigated passive and active gate control strategies for directing flow to an off-
line reservoir to mitigate flood peaks. The authors examined three idealized diversion control methods
for a coastal watershed in northern California. Similar to their previous work, water was diverted from
a channel directly into an initially empty off-line reservoir, with no intermediate floodplain interaction
considered. Their findings indicate that, for effective flood peak reduction, gate operations need to be
optimized depending on the flood hydrograph. The study demonstrates that actively controlled gates
can achieve 2ï3 times larger flood depth reduction than passive controls, stressing the critical role of
optimized operational strategies.

In 2011, China constructed 94 detention basins along major rivers, covering a total area of approxi-
mately 35,000 square kilometers. In 2012, new policies were introduced for the operational strategy
of these basins, taking into account factors such as topography, water flow, basin size, and the num-
ber of citizens affected by the basin (Wang et al., 2021). The study by Wang et al. (2021) proposes
a framework for optimizing flood diversion sites and operational strategies applied to the Huayanghe
detention basin. This framework consists of three modules: first, flood simulation using a 1D hydrody-
namic model (MIKE11 or MIKE22); second, a cost-benefit analysis; and third, the optimization process.
The optimization was conducted to maximize the total benefits of the river-detention basin-protection
and minimize the costs. The benefits have been quantified by the reduction of inundated areas for the
1-100 flood event.
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