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Abstract

The Eastern Scheldt basin is protected by a semi-open storm surge barrier that was completed in 1986. This
barrier includes 62 openings with gates between piers, which are only closed during extreme storm surges.
In 2015 a set of five turbines was installed in one of the openings as a pilot for tidal energy extraction. The
construction of the barrier significantly changed the basin hydrodynamics (tidal volume, range and veloci-
ties) and associated basin morphodynamics (sedimentation and erosion patterns of tidal flats and channels).
This thesis investigates the incremental impact of tidal energy extraction in the barrier on the hydrodynamics
and morphology of the basin, covering both scenarios with turbines installed currently and potential upscal-
ing of tidal energy extraction.

Due to the construction of the barrier, the average tidal range and velocities have significantly decreased
throughout the basin (Louters et al., 1998), and therefore tidal and meteorological (wind and waves) processes
driving sediment transport over tidal flats are no longer in equilibrium with the bathymetry. Working towards
a new equilibrium, tidal flats erode and channels fill up. This is expected to continue over a long period
of time. Turbines installed in barrier openings block and shear local flow and increase turbulence levels
(Verbeek et al., 2017). As the flow passes through the blades, it will lose momentum due to the thrust force
exerted by the blades. This will lead to an increase in effective resistance at a barrier opening and therefore a
further drop in tidal range and velocities throughout the basin.

An available two-dimensional Delft3D model (Pezij, 2015) covers relevant hydrodynamics and morpho-
dynamics of the basin with barrier, openings, channels and tidal flats. This model was modified to account
for tidal energy extraction. The tidal turbines were parameterized through a momentum sink that increases
the flow resistance locally. This sink term was calibrated using a state-of-the-art three-dimensional model of
one opening with five turbines. To evaluate variations in resistance, a sensitivity range was defined as input to
the numerical simulations. Upscaling scenarios were specified, in which different sets of the barrier openings
are equipped with tidal turbines (varying between 2 to 17 openings with turbines out of the 62 gate openings
of the barrier).

Numerical simulations over one spring-neap cycle were performed for these scenarios. Results show
small deviations in tidal range, volume and discharges throughout the basin due to tidal energy extraction,
compared to changes that have occurred due to the construction of the barrier. Reductions in tidal range and
volume appear to be near-linearly increasing with the number of turbines installed. Deviations in tidal range
increase in landward direction. Between the barrier and mid-basin, peak discharges decrease in channels
directly behind the barrier section with turbines and increase in channels behind sections with no turbines.
From mid- to end-basin, discharges are not affected by positioning of turbines, only the amount of energy
extraction.

Simulation results indicate that the emergence time of tidal flats decreases due to tidal energy extraction
as a result of an increase in mean low water level throughout the basin. The increase in low water level due to
tidal energy extraction would only be a fraction of the increase in water level due to sea-level rise in coming
years. Additionally, the reduction in acreage was estimated based on hypsometric curves of the three largest
individual tidal flats. The reduction in acreage of these flats due to the rise in mean low water level resulting
from tidal energy extraction is relatively small compared to the ongoing loss in acreage due to both sea-level
rise and erosion resulting from the barrier construction.

Further work is required to improve basin and turbine modeling and evaluate long-term morphodynam-
ics (sediment transport). Separately a comprehensive socio-environmental evaluation is required to compare
benefits from (renewable) tidal energy extraction to the (incremental) ecological impact resulting from fur-
ther reduction in acreage of tidal flats that support animal and bird life.
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1
Introduction

1.1. Background
Tidal energy is a promising contributor for the future renewable energy mix. Currently, several tidal energy
pilot projects are operational in the Netherlands. One of these is a set of five turbines installed in 2015 in one
of the openings of the Eastern Scheldt storm surge barrier, where tidal velocities are locally enhanced due to
the semi-open nature of the barrier.

1.1.1. Area Description
Figure 1.1 shows an overview of the Eastern Scheldt basin. The barrier is located at the western edge of the
basin, where the basin meets the North Sea. The inter-tidal areas (yellow) distributed along the basin are
formed by channels surrounding them (blue) and locally generated waves. The ES is closed off from the
original river discharge, through a number of dams. Therefore it is no longer classified as an estuary and is
referred to as a tidal basin.

Figure 1.1: Overview of Eastern Scheldt basin. Geulen = Channels (blue), Platen en slikken = Inter-tidal areas (yellow) (E-Overheid)

Figure 1.2 shows a close-up of the barrier (seen from the west). The barrier consists of three main sections,
named after the channels at those locations, namely Hammen, Schaar and Roompot. The barrier has 62 gate
openings, each with a width of 45 meters.
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CHAPTER 1. INTRODUCTION

Figure 1.2: Aerial picture of Eastern Scheldt barrier, seen from the west (Biesboer, 2011)

The pilot array is situated in the Roompot section (gate opening 8). The turbines are connected to a 50
m long support structure. The five turbines have a combined capacity of about 1.2 MW, which can provide
electricity for approximately 1000 households (Tocardo). Figure 1.3 shows how the turbines and support
structure are installed in the barrier.

(a) Turbines (RVO) (b) Support Structure (DMEC)

Figure 1.3: Tidal turbines and their support structure in the ES storm surge barrier

1.1.2. Problem Description
The barrier was built in 1986 as one of the measures in the Delta Plan. This plan comprised many protective
measures in response to extensive flooding in the low-lying lands in the southwest of the Netherlands during
a storm surge in 1953. Between the fixed piers, the barrier has 62 openings (and corresponding gates) that are
normally open. To protect the Eastern Scheldt (ES) basin, the gates are closed when water levels in the North
Sea exceed a critical level.

The ES basin consists of channels and inter-tidal areas (hereafter referred to as ’tidal flats’), which are
alternately inundated and exposed by the tide (Bosboom and Stive, 2015). These tidal flats are essential for
local ecology as they form habitats for animals such as cockles and mussels, which in turn are food for local
birds. Moreover, the tidal flats are important to coastal protection, as they dissipate wave energy before it
reaches the basin’s shores and dikes (Van Zanten and Adriaanse, 2008).

After the construction of the barrier, the reduced discharge through the opening resulted in a decrease in
tidal volume entering and leaving the basin during a tidal cycle, and thus an overall decrease in tidal range
and tidal velocities throughout the basin. The consequence of this change in basin hydrodynamics is that the
relatively deep channels are no longer in morphological equilibrium with the decreased tidal volume and are
filling with sediment. This is known as the sediment deficit of the Eastern Scheldt basin.

The sediment filling the channels is provided by the tidal flats. Erosion due to locally wind-generated
waves (which are largely unaffected by the barrier construction) now exceeds the sediment deposition result-
ing from the, now reduced, tidal currents (Eelkema, 2013). Sea-level rise has led to increased submergence
time of the tidal flats, which together with the loss in acreage due to erosion is undesirable from an ecological
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1.2. RESEARCH APPROACH

point of view, as firstly less food is available for birds and secondly less time is available for feeding (De Ronde
et al., 2013).

Little to no sediment enters the basin anymore since the completion of the barrier, and therefore the tidal
flats are currently the only sediment source. Without any interventions it is expected that 400-600 million m3

of sediment will ultimately be transported from the tidal flats into the channels before a new equilibrium is
reached (Kohsiek et al., 1987). This morphological change to the tidal flats in the ES basin and its consequent
impact on ecology is denoted as an autonomous negative trend (De Ronde et al., 2013). It results from erosion
of the tidal flats induced by the sediment deficit and is aggravated by sea-level rise.

Tidal turbines in barrier openings extract energy from the in- and outflowing water, resulting in a fur-
ther drop in tidal volume, range and velocities. This is expected to enhance the autonomous negative trend,
which is undesirable. The current placement of turbines in one opening is not expected to have significant
impact on the basin hydrodynamics. For a potential future upscaling, with turbines installed in more barrier
openings, it is uncertain whether the hydro- and morphodynamical (and ultimately environmental) effects
are outweighed by the increased energy production. To be able to assess the incremental impact of possible
upscaling of tidal energy extraction, the changes in hydro- and morphodynamics need further investigation.

1.1.3. Problem Definition
The ideal situation would be extracting a substantial amount of renewable energy from the barrier without
significantly enhancing the autonomous negative trend of the basin. However, it is likely that tidal energy
extraction will influence the hydrodynamics in such a way as to increase the rate of erosion of the tidal flats.
There is currently little knowledge on the effects of tidal energy extraction in a storm surge barrier on hydro-
and morphodynamics in a tidal basin. The impact of tidal energy extraction on the ES basin to the ongoing
autonomous negative trend has not been quantified for the current installation nor for possible upscaling.

1.2. Research Approach
1.2.1. Research Questions
The problem definition leads to the following research question:

How are basin hydrodynamics and tidal flat morphology affected by tidal energy extraction in the Eastern
Scheldt barrier?

This question is split up in different sub-questions:

1. How can relevant hydro- and morphodynamic processes of a tidal basin in combination with tidal en-
ergy extraction in a storm surge barrier at its inlet be modeled?

2. How are basin hydrodynamics affected by upscaling of tidal energy extraction?

3. How does upscaling of tidal energy extraction contribute to the ongoing morphological changes of tidal
flats?

1.2.2. Methodology
Firstly, relevant literature is reviewed and reported. Based on requirements following from the literature re-
view, a model is set-up to include both relevant processes for tidal basin hydrodynamics and tidal energy
extraction. Simulations are performed for various upscaling scenarios. The model results are used to for-
mulate conclusions on the hydrodynamic impact as a result of upscaling of tidal energy extraction in the
ES barrier. Moreover, the possible impact on tidal flat morphology is evaluated based on the hydrodynamic
model results.

1.2.3. Scope
This thesis includes an analysis of the changes in large-scale hydrodynamics within the ES basin due to local
tidal energy extraction. The aim is to make predictions on the changes in hydrodynamics with a model,
and speculate on morphodynamic impact as a result of these changes. The focus of the morphodynamic
analysis is on tidal flats surrounded by channels. This thesis does not aim to gain an understanding of the
complex local flow changes due to tidal turbines, but rather to gain sufficient knowledge in order to make
a parameterization of the energy extraction induced by them. Moreover, full morphological modeling is not
part of this work. This thesis is a contribution to a research project about the impact of the ES pilot installation

3



CHAPTER 1. INTRODUCTION

on basin hydro- and morphodynamics. This research project will continue after the completion of this thesis,
and will evaluate the morphodynamics in more detail.

1.2.4. Structure of Report
This thesis comprises of the following chapters:

Chapter 2 reports a literature review.
Chapter 3 formulates the modeling concept.
Chapter 4 describes the method.
Chapter 5 shows hydrodynamic simulation results.
Chapter 6 reflects on tidal flat morphology.
Chapter 7 discusses the results.
Chapter 8 provides the conclusions and recommendations of this thesis.
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2
Literature Review

In this chapter, relevant literature is reviewed and reported. Firstly, general background information on tidal
basin hydro- and morphodynamics is described. Hereafter, a description of the hydrodynamics and mor-
phology in the Eastern Scheldt basin is provided, including the governing processes of tidal flat morphody-
namics. This is followed by a review of tidal turbines and their effect on local flow. After this, the unique
placement of tidal turbines in a barrier is discussed. Furthermore, approaches to modeling of tidal basins, a
barrier and tidal turbines are reported. At the end of this chapter the key points of the literature review are
stated, research gaps are evaluated and the work approach is formulated.

2.1. Tidal Basin Theory
This section provides background information on tidal propagation, the general hydrodynamic and mor-
phological processes of a tidal basin and tidal flat morphodynamics within such a basin. This theoretical
knowledge is necessary for understanding the ES system.

2.1.1. Tidal Propagation
Tides are caused by the gravitational forces between moon, sun and earth (Bosboom and Stive, 2015). The
combination of these attraction forces and the rotation of the earth results in a predictable variation between
mean low water (MLW) and mean high water (MHW), referred to as a tidal range. Every 12 hours and 25 min-
utes this pattern repeats itself, which results in two flood periods and two ebb periods per day. Furthermore,
the alignment of the earth, sun and moon results in spring-neap tidal cycles. When the sun, moon and earth
are completely aligned the tidal amplitude is larger because the solar and lunar forces reinforce each other,
this is called a spring tide. When they are not aligned, the tidal amplitude is lower because the forces cancel
each other and this is called a neap tide. A spring-neap cycle lasts about 15 days (Bosboom and Stive, 2015).

2.1.2. Hydrodynamic and Morphological Elements of a Tidal Basin
A tidal basin has three main elements: the ebb-tidal delta (outside of basin entrance), channels and tidal flats
(inside basin). Figure 2.1 shows the definitions of these elements and corresponding characteristics. The tidal
prism is the volume of water between mean high water and mean low water. Tidal flats are the total volume
of sediment above mean low water. Channels are the volume of water in channels below mean low water. A
tidal basin may theoretically reach a morphological equilibrium (Wang et al., 2014), with corresponding equi-
librium sizes of the ebb-tidal delta, channels and tidal flats. This equilibrium depends on the hydrodynamic
forcing that the tidal basin is exposed to over a certain time period.

5



CHAPTER 2. LITERATURE REVIEW

Figure 2.1: (a) Morphological elements of a tidal basin (ebb-tidal delta, channels, tidal flats), (b) definition of the hydrodynamic pa-
rameter tidal prism, (c) definition of the morphodynamic parameters tidal flat area and volume and (d) definition of the hydrodynamic
parameters channel area and volume (Wang et al., 2014)

2.1.3. Tidal Flat Morphodynamics
The evolution of tidal flats is an important element of this work, and depends on the forcing mechanisms that
they are exposed to.

Definition
Morphodynamics is the feedback mechanism by which hydrodynamic forcing determines the evolution of
morphology which in turn influences hydrodynamic behavior (Friedrichs, 2012), as schematically shown in
Figure 2.2.

Figure 2.2: Schematization of processes governing tidal flat morphodynamics, adapted from Friedrichs (2012)

A tidal flat which is in equilibrium has the same shape within a certain duration (tidal cycle, spring-neap
cycle etc) of natural forcing (Friedrichs, 2012). The morphodynamic equilibrium of a tidal flat depends on
the processes governing sediment transport during such a period.

Tidal Current
A tidal basin fills when the water level in the adjoining sea rises during the flood-phase of a tidal cycle. While
the water moves in a landward direction, the current carries stirred sediment with it through the channels
and onto the tidal flats, where it can settle. When the water level at sea falls, the flow direction reverses caus-
ing a current in seaward direction and a corresponding transport of sediment in the opposite direction. The
residual sediment transport gradient over tidal flats resulting from the tide depends on the magnitude and
shape of the current velocity in both directions, local depth and grain size in the basin (Gatto et al., 2017)
(Bosboom and Stive, 2015). Within the basin, a tidal range between high and low waters exists. This range
influences the morphodynamic behavior due to inundation period of different height zones of tidal flats in
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2.2. HYDRODYNAMICS AND MORPHOLOGY OF THE EASTERN SCHELDT BASIN

combination with meteorological forcing.

Meteorological Influence
Meteorological influences can significantly alter the sediment transport gradient over a tidal flat (Green and
Coco, 2013). These meteorological contributors are wind induced currents, surges and waves. The currents
and bed shear stresses resulting from these processes can be highly effective in altering the flow direction and
the stirring of sediment on a tidal flat. The effects depend on the fetch, wind speed, bathymetry and the tide
(water level).

Other mechanisms such as aeolian transport, density driven currents can also contribute to sediment
transport over a tidal flat (Gatto et al., 2017) (Das, 2010).

2.2. Hydrodynamics and Morphology of the Eastern Scheldt Basin
This section explains the characteristics of the ES basin. Additionally, an overview is provided of the hydro-
dynamic changes and resulting morphological changes that have occurred, and are still occurring, due to the
various construction works in the ES basin since 1958. Moreover, the governing processes of tidal flat mor-
phodynamics in the ES are reviewed. It is necessary to understand these changes in order to understand how
tidal turbines will affect the ES basin.

2.2.1. Basin Characteristics
The Eastern Scheldt basin contains channels and tidal flats. There are four tidal flats which are completely
surrounded by channels; Roggenplaat, Neeltje Jans, Galgenplaat and Hoogekraaier, see Figure 2.3. The ebb-
tidal delta is no longer in connection with the basin, as the barrier blocks sediment transport from outside.

Figure 2.3: Overview of tidal flats in the Eastern Scheldt basin, adapted from De Vet et al. (2017b)

The tidal range in the ES is not constant throughout the basin due to resonance of the tidal wave. The
range increases from west to east (2.5m near the barrier up to 3.4m in the southeast branch). Moreover, the
predominant wind direction is from the southwest and it is assumed that the barrier blocks the waves coming
from offshore, and therefore only locally generated wind waves are present.

2.2.2. Consequences of the Barrier Construction
A brief overview is provided of the changes in hydrodynamics and morphology, a more detailed description
of the Delta Works and their consequences is found in Appendix A. Moreover, articles by Louters et al. (1998),
Vroon (1994) and Mulder and Louters (1994) give extensive descriptions on this topic.

Changes in Hydrodynamics
The construction works (barrier and various dams) have resulted in a reduction of the tidal range, volume
and velocities within the basin. The tidal volume has decreased by approximately 30%, the current velocities
have decreased 20-40% in the western and central parts of the basin. The average tidal range has decreased
by 12% (Louters et al., 1998). Figure 2.4 shows the reduction in flood volume at the mouth of the basin as a
result of the construction of the barrier between 1980 and 1986.
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Figure 2.4: Evolution of flood tidal volume at the mouth of the ES basin since 1960 (Louters et al., 1998)

Morphological Development
The consequence of this change in basin hydrodynamics is that the relatively deep channels are no longer
in morphological equilibrium with the decreased tidal volume and are filling with sediment. This is known
as the sediment deficit of the Eastern Scheldt basin. The sources of sediment filling the channels are tidal
flats, as the barrier blocks import of sediment. The tidal flats will continue to erode until a new equilibrium
is reached.

According to De Vet et al. (2017b) and Eelkema (2013), tidal flats in the ES basin were in dynamic equilib-
rium, or even slightly increasing in height, before the construction of the storm surge barrier. After the con-
struction works, tidal flats have been eroding strongly. This change in trend is most likely due to the change
in hydrodynamics imposed by the barrier (De Vet et al., 2017b). Figure 2.5 shows the decline in height, area
and volume of tidal flats in the ES.

Figure 2.5: Long term changes of the average height, area and volume of flats in the ES. The vertical gray box indicates the completion of
the storm surge barrierDe Vet et al. (2017b)

The sediment deficit of the channels is causing erosion of tidal flats, and sea-level rise (SLR) is causing
decreased emergence of these areas. Due to the combination of these effects, all tidal flats combined are
decreasing in area by approximately 60 ha per year (De Ronde et al., 2013). The tidal flats surrounded by
channels comprise of about 25% of this area and are thus eroding by approximately 15 ha per year. Since
the construction of the barrier, about 1300 hectares (10%) have been lost due to erosion and sea-level rise.
In Figure 2.6 a prediction of the reduction in emerged area between 2010-2100 is shown for all tidal flats
combined, and for different emergence time intervals (i.e. 80-100% indicates the total area which is emerged
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for 9.80-12.25 hours during a tidal cycle).

Figure 2.6: (a) decrease in emerging area for all tidal flats in the ES over time and (b) decrease in emerging area per emergence time
interval for the scenario ’middle’ (De Ronde et al., 2013)

This prediction indicates that the tidal flats will continue to erode for a long period of time, until they are
completely diminished, if no interventions are taken.

2.2.3. Governing Processes of Tidal Flat Morphodynamics in the Eastern Scheldt
Sediment transport over tidal flats in the ES basin is governed by the combination of tidal asymmetry, the
tidal range and wind induced currents and waves.

Sediment Transport due to Tidal Asymmetry
Asymmetries in peak velocities and lag effects determine sediment transport within the basin due to the tide
(Dronkers, 1986) (Gatto et al., 2017). It is assumed in this thesis that asymmetries in velocities are governing in
sediment transport gradients over the tidal flats in the ES. This is because lag effects become important when
the settling velocity is small enough with respect to the water depth to assume that the response of sediment
concentrations in the water column to variations in velocities is not instantaneous (which is not the case in
the ES).

Sediment in the ES is therefore sensitive to variations in local asymmetry of maximum velocities. When
maximum flood velocities are higher than ebb velocities, there is flood dominance, which favors landward
sediment transport. Sediment responds instantaneously to the flow velocity u. The transport (S) is described
by equation 2.1. The coefficient j lies in the range between 3-5 depending on the situation, c is the concen-
tration of sediment (Bosboom and Stive, 2015).

S ≈ c|u j−1|u (2.1)

The velocities in the ES basin have decreased between 20-40% (depending on the location in the basin)
compared to before construction of the barrier, according to Louters et al. (1998). Das (2010) concluded in
her research that tidal flow velocities at present, are not strong enough to bring sediment onto the areas above
low water at all for the Galgenplaat tidal flat. Moreover, De Vet et al. (2017a) states that under calm weather
conditions, flow velocities (due to both tide and wind) on the Roggenplaat are too small to induce substantial
sediment transport rates. Besides, De Vet et al. (2017a) states that without inclusion of meteorological influ-
ences, the flow over the Roggenplaat is driven by water level gradients due to differences in tidal propagation
of channels surrounding the tidal flat. Therefore, it is uncertain whether tidal asymmetry plays a role in the
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erosion and sedimentation of the tidal flats at present.

Tidal Range
Both De Vet et al. (2017b) and Louters et al. (1998) state that the profile of tidal flats is directly related to the
tidal range in which it is situated. Flats situated in areas with a large tidal range (like the Western Scheldt) are
higher and have steeper slopes than flats with smaller tidal ranges (such as the ES).

The reduction in tidal range in the ES drastically reduced the frequency of flooding in different height
zones of tidal flats (Louters et al., 1998), and consequently the influence of wind and wave induced shear
stresses. The reduction in tidal range in the ES has led to a decreased inundation frequency of the higher
parts of the tidal flats and increased frequency in the lower parts (Mulder and Louters, 1994). Higher erosion
rates are observed in the higher parts; above mean low water, surface areas have decreased. Below this level,
surface areas have increased, see Figure 2.7.

Figure 2.7: Morphological development of tidal flats in the ES basin between 1986 and 2015 (Bosboom and Stive, 2015)

Wind Driven Current
Moving air (i.e. wind) exerts a shear stress on the water surface. This shear stress causes the water in the
upper part of the water column to move in the direction of the wind. The resulting current depends on the
wind speed, fetch length and water depth (Bosboom and Stive, 2015). In shallow areas, the effect of this
current becomes stronger, as high velocities are present near the bed which induces a bed shear stress.

De Vet et al. (2017a) states that with the inclusion of a substantial wind event, the main flow on the
Roggenplaat flat is well in line with the governing wind direction. Wind is capable of fully altering the di-
rection of the main flow. For simulations performed by De Vet et al. (2017a) including all processes, the main
sediment transport is in NE direction, in line with prevailing wind direction.

Wind Induced Waves
Waves can be created by the wind depending on the fetch within a basin (Green and Coco, 2013). When
the depth becomes too small compared to the wave length, the wave exerts a shear stress on the bed. Wave
induced shear stresses are highly efficient in stirring of sediment (De Vet et al., 2017a). The influence of waves
on tidal flats depends on the tide (water level) and the local bathymetry.

Das (2010) found in her research on the Galgenplaat that both storm events and calm conditions induce
erosion, although storm conditions more significantly so. De Vet et al. (2017a) states that the net sediment
transport rates on the Roggenplaat are significantly smaller if waves are not included in the simulation, im-
plying that waves are crucial for sediment transport rates over tidal flat in the ES basin.

2.3. Tidal Turbine Theory
In this section tidal turbines are described and their effect on local flow. In order to understand the effect of
tidal energy extraction on large scale basin hydrodynamics, it is necessary to understand how tidal turbines
affect local flow.

2.3.1. Horizontal-axis Tidal Turbine
Various designs for tidal turbines exist, but in this research horizontal-axis tidal turbines (HATTs) are con-
sidered since these are installed in the ES barrier. The principle of power extraction by a HATT is that linear
momentum of moving water is converted to angular momentum by the rotor blades. The power produced by
the rotation of the blades is converted into usable power for the grid (Baston et al., 2015). The flow past a tidal
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turbine is sketched in Figure 2.8 (Whelan et al., 2009). In the figure, U is the undisturbed upstream velocity,
Ut is the flow speed at the turbine. U2 is the velocity outside the stream-tube of the turbine (bypass flow) and
Uw is the downstream velocity. As the flow passes through the swept area of the blades, a horizontal thrust
force (F) is applied on the fluid, thereby losing momentum. A pressure drop is seen in the form of a water
level drop at that location.

Figure 2.8: two-dimensional sketch of flow past a tidal turbine (Whelan et al., 2009)

Tidal turbines block and shear local flow and increase turbulence levels (Verbeek et al., 2017), see Figure
2.9. In free surface flow, the wake of a turbine has increased turbulence intensities up to a distance of 20 rotor
diameters and vortices formed at the back of blades are present 2-5 rotor diameters downstream (Verbeek
et al., 2017).

Figure 2.9: A conceptual picture of the wake of a HATT, A) is the free stream, B) is the wake, C) is the rotor position, D) is the shear layer
at the wake edge with fluctuations induced by tip vortices, E) is the center line of the wake with hub vortices (Verbeek et al., 2017)

2.3.2. Power and Thrust
Power
The HATT converts energy from the flow into usable power. The available power (Pa) is shown in equation
2.2. In this Equation, Ar is the swept area of the turbine and ur is the undisturbed upstream velocity.

Pa = 1

2
ρw Ar u3

r (2.2)

The turbine cannot convert all the available power into usable power; the power that the turbine produces
(Pt ) is determined by equation 2.3. In this formulation cp is a power coefficient, defined in equation 2.4. The
maximum value of this coefficient is 0.59, according to the theory of Betz (Betz, 1966).

Pt = 1

2
cpρw Ar u3

r (2.3)

cp = Pt

Pa
(2.4)
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A HATT has a rated capacity, which is the maximum power it can produce during the highest flow veloc-
ities. However, these maximums only occur for short periods during maximum ebb and flood. Figure 2.10
shows the power coefficient of a tidal turbine as a function of the tip speed ratio (TSR) λ. This dimensionless
tip speed ratio gives the rotational speed of the turbines as a function of the flow velocity, see Equation 2.5
(Val et al., 2014). ω is rotor rotational speed, R is the rotor diameter and U is the speed of flow.

λ= ωR

U
(2.5)

The figure shows that turbines have a maximum power coefficient when the TSR is around 6, however at
lower and higher tip speed ratios (and therefore flow velocities) the power coefficient is smaller.

Figure 2.10: Thrust and power curves of a tidal turbine (Val et al., 2014)

The produced power is a function of flow velocity, which changes throughout the tidal cycle and the
spring-neap cycle. This is demonstrated in Figure 2.11 for a hypothetical tidal turbine in the Wadden Sea
(Mungar, 2014). The Figure shows the average power produced per day in the month of June in A) and the
instantaneous power on one day in B).

Figure 2.11: A) Average power production per day and B) instantaneous power in one day for a hypothetical tidal turbine in the Wadden
Sea (Mungar, 2014)

Thrust
The thrust force felt by the flow is defined in Equation 2.6 (Baston et al., 2015). In this Equation ct is the thrust
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coefficient.

F = 1

2
ctρw Ar u2

r (2.6)

The corresponding thrust curve is shown in Figure 2.10 for a tidal turbine as a function of the TSR. Maximum
thrust is felt by the incoming flow when the TSR is around 8, and is much lower at lower TSR and slightly
lower at higher TSR. The thrust force is directly linked to extracted momentum of the flow. Therefore the
momentum extraction varies as a function of flow velocity.

2.4. Tidal Turbines in a Barrier

This section discusses the unique placement of tidal turbines in a barrier. The resistance to the flow caused by
the barrier is explained. Moreover, the interaction between the barrier and turbines is discussed. Lastly, the
impact of tidal turbines of large scale flow is evaluated. These considerations are important for the modeling
of the whole system.

2.4.1. Barrier Resistance

The ES barrier causes resistance to the incoming and outgoing flow (Delft Hydraulics and Rijkswaterstaat,
1989). This resistance is caused by frictional losses of the bottom and sides of gate openings and form losses
caused by flow deceleration downstream of the structure, flow separation, energy conversion by turbulence,
momentum transfer and generation of eddies. The wakes caused by the resistance of the openings are seen
in Figure 2.12 during a flood situation.

Figure 2.12: Aerial photograph of flow through the Eastern Scheldt barrier during flood (Biesboer, 2011)

2.4.2. Barrier and Turbine Interaction

The configuration of turbines in a gate opening of a semi-open barrier is a unique situation, with no known
comparable configurations. The turbines are not located in a free-stream situation, but in the contracted flow
of the barrier. Figure 2.13 shows a picture taken at the barrier during ebb while the turbines are operational.
In the opening with turbines, smaller wakes are distinguished in the bigger wake of the barrier opening itself.
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Figure 2.13: Photograph taken from above Roompot 8. Eastern Scheldt barrier and turbine wake interaction during ebb, photograph
taken by M. Verbeek (2017)

The turbines are located at the basin side of the sill in the barrier opening. This means that the turbines are
located in the already contracted flow in the flood situation, but before the contraction in the ebb situation.
This could lead to different resistances for flood and ebb. It should be noted that the ES turbines are not
aways operational. When the head difference over the barrier exceeds a certain value, the turbines are lifted
from the water.

2.4.3. Impact on Large Scale Flow
The increased turbulence intensities of the wake of a tidal turbine are noticeable at a distance of 20 rotor
diameters from the turbine, which is smaller than the wake of the barrier itself. The complex nature of the
wake is not essential for the large scale hydrodynamics of the basin. Therefore, the flow disturbance of the
tidal turbines can be regarded as an increase in effective resistance at a barrier opening.

2.5. Modeling of a Tidal Basin, Barrier and Turbines
In order to make predictions, a model is necessary which includes the relevant aspects of tidal basin as well as
the barrier and turbines. In this section modeling tidal flow through a barrier with tidal turbines is discussed.
First, the principle of hydrodynamic flow modeling is explained. Secondly, the implementation of a barrier
in such a model is described. Thirdly, the implementation of turbines in a flow model is explored.

2.5.1. Modeling Tidal Flow
Various tools can be used to model tidal flow:

• Hydraulic scale models

• One-dimensional numerical models

• Two-dimensional numerical models

• Three-dimensional numerical models

Each of these tools has a different way of computing the flow. The choice of model depends on the purpose
of the research and, the desired level of detail and computational effort. Hydraulic scale models use the same
physical principles as those occurring in reality. The numerical models solve the Navier-Stokes equations in
different ways.

In the numerical modeling of tidal flow, flow computations are based on the Navier-Stokes equations (hy-
drodynamic equations for incompressible fluid with a constant density). Three-dimensional models solve the
equations fully. For two-dimensional models, assumptions are made that vertical velocities and accelerations
are negligible. This results in a hydrostatic pressure distribution leading to the depth-averaged continuity and
momentum equations (Delft Hydraulics and Rijkswaterstaat, 1989). For one-dimensional flow, the equations
are reduced by integrating them in a lateral direction as well.

Each model has its advantages and disadvantages. A hydraulic scale model has the most accurate repre-
sentation of reality, but it expensive and complex to make. A three dimensional model has the largest level of
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detail, but is most computationally expensive. A one-dimensional model has the lowest level of detail, but is
fastest computational wise.

2.5.2. Modeling the Eastern Scheldt Basin
The Eastern Scheldt basin covers an area of 370 km2. Due to it’s size, a hydraulic scale model is unfeasible
and for a numerical model, the resolution of a model covering the entire basin will always be relatively large
and the dimension small. Many modeling tools have been used and are being used for the ES basin at present
for design, safety and research purposes.

Barrier Resistance
The ES barrier causes resistance to the ingoing and outgoing flow (Delft Hydraulics and Rijkswaterstaat,
1989). Resistance is a result of frictional and form losses felt by the flow as it passes through the barrier. Since
the dimension and resolution of models representing the ES basin generally do not allow for a representation
of the barrier nor these losses, they have to be schematized.

The steady state sub-critical flow rate through the barrier (Qe ) is formulated in equation 2.7. In this equa-
tion µ is the discharge coefficient, Ae is the wet cross sectional area of the opening, g is the gravitational
acceleration, ζu is the upstream water level and ζd is the downstream water level.

Qe =µAe

√
2g |ζu −ζd | (2.7)

For the impact of the barrier on large scale flow, the discharge characteristics of the barrier are expressed
as µA, the effective flow opening of the barrier. The sum of effective flow openings determines the tidal range
in the basin (Delft Hydraulics and Rijkswaterstaat, 1989). Such discharge coefficient has been used in models
to represent the flow through the barrier.

In a one-dimensional model, one single quantity of the discharge coefficient describes all effects (Delft
Hydraulics and Rijkswaterstaat, 1989). In a two-dimensional model, the lateral variation of the discharge
characteristics has to be included in this coefficient. In three dimensions all these losses should be included
without an additional term.

Initial Implementation
During the design stages of the ES barrier various models were used by Delft Hydraulics and Rijkswaterstaat.
Scale models and two-dimensional numerical models (WAQUA) were used for detailed design purposes and a
one-dimensional model (IMPLIC) was used for operational forecasts. Governing hydraulic parameters were
derived from flume tests (Delft Hydraulics and Rijkswaterstaat, 1989). The hydraulic characteristics of the
barrier could be simulated correctly in two-dimensional numerical models by using the same discharge co-
efficients determined from flume tests. For the one-dimensional model, an overall discharge coefficient for
the entire channel was used, this was determined from a scale model or through a two dimensional model.

Further Implementation
The construction of the ES barrier caused significant changes to hydrodynamics and morphology within
the basin. Many studies have been performed to understand the effects, and to come up with solutions to
counter-act the autonomous negative trend. Recent studies used the Delft3D software: Pezij (2015), Eelkema
(2013), De Bruijn (2012), De Pater (2012), Das (2010) and Hoogduin (2009). This software can be used in two
and three dimensions; the aforementioned models used the two-dimensional depth averaged version. The
benefit of this software is the possibility to include waves and sediment transport.

2.5.3. Modeling Tidal Turbines
Common practice for modeling a tidal basin is to use a one- or two- dimensional model. For one and two-
dimensional implementations of turbines, a parameterization is necessary, as the complex nature of turbines
cannot be represented by the resolution and dimension of the model.

Options for Turbine Parameterization
Options for parametrization of tidal turbines are summarized below, for more information on implementa-
tions of these options, see Baston et al. (2015).

• Adding bottom friction to the model to represent the loss due to the turbines. The bottom friction is
enhanced at the location of the turbine.
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• Adding a momentum sink term to the momentum equations, to represent the loss of momentum due
to tidal energy extraction. This sink term could be either time- or velocity dependent. The momentum
extraction of the turbines is not constant in time, but varies with the speed of the flow. A velocity-
dependent momentum sink term, which varies as a function of velocity, is most representative for tidal
energy extraction.

Moreover, a modification to turbulent closure models could be added. A modification to the turbulent clo-
sure models accounts for momentum and turbulent hydrodynamic effects (Baston et al., 2015). However,
turbulent effects of turbines are not of importance for large-scale flow.

Eastern Scheldt Implementations
Previous Implementation
Deltares investigated the impact of tidal energy extraction in two gate openings on water levels in the basin
(De Kleermaeker, 2013). This investigation used the one-dimensional IMPLIC model. The turbines were
included through a momentum sink term which was theoretically derived.

The research showed that the tidal range reduces in the ES basin if turbines are implemented in the model
as a momentum sink. The conclusions were that on average during high water, there was a lower water level
(between 0.4 to 0.5 cm lower) and that during low water, there was a higher water level (0.3 cm higher) if two
barrier openings had turbines. This was around 0.1 to 0.2 % deviation of the maximum tidal range for the
situation without turbines. There was a bigger deviation further away from the barrier, due to tidal resonance
within the basin, therefore these are average values which occur about mid-basin; closer to the barrier there
was a smaller deviation, and landward there was a bigger deviation.

Current Implementation
At the time of writing this thesis, Deltares was developing a three-dimensional model in Star-CCM+ for the
barrier including turbines in order to understand the effects on local flow in more detail. This model repre-
sented the installed turbines in Roompot 8. Only two gate openings (one with and one without turbines) were
included and 200 meters in both upstream and downstream directions. This model was still under develop-
ment and was not yet completely validated. However, this model could be useful as input for an estimate for
the increased resistance in a gate opening due to turbines.

2.6. Research Definition
This section states the key points from the literature review. Knowledge gaps are identified and the work
approach is described.

2.6.1. Key Points of Literature
The key points of the reviewed literature for the hydrodynamics and morphology of the ES basin, tidal turbine
theory, tidal turbines in a barrier and modeling of basin, barrier and turbines are summarized.

Hydrodynamics and Morphology of the Eastern Scheldt Basin
The construction of the barrier led to changes in tidal volume, tidal range and velocities throughout the basin.
The consequence of this change in basin hydrodynamics is that the channels are no longer in morphological
equilibrium with the decreased tidal volume and are filling with sediment, while tidal flats are eroding.

Morphological development of tidal flats in the ES basin is determined by tidal and meteorological forc-
ing; tidal range, tidal velocities and wind induced waves and currents. Interaction between these processes
and the bathymetry determines sediment transport gradients over tidal flats in the ES. Before the construc-
tion of the barrier, the combination of these processes resulted in a natural equilibrium. With the completion
of the barrier, the tidal range and velocities decreased significantly. These reductions in velocities caused
a decrease in sediment deposition on tidal flats. Reductions in tidal range caused wind and wave induced
shear stresses to have a larger impact at different height zones of the tidal flat. As a result, tidal flats erode and
channels fill with sediment. The deterioration of the tidal flats is aggravated by sea-level rise which causes a
decreased emergence of tidal flats.

Summarizing, the deterioration of tidal flats in the ES is caused by two main factors; sea-level rise and
erosion induced by the sediment deficit of channels, see Figure 2.14.
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Figure 2.14: Processes causing morphological changes to tidal flats in the ES basin

Tidal Turbine Theory
A HATT changes the hydrodynamics of local flow by the blockage of the turbine, sheared flow and increased
turbulence levels. As the flow passes through the swept area of the blades, they exerts a thrust force on the
flow, thereby losing momentum. The power produced by the turbines and the thrust force encountered by
the flow are a function of the undisturbed upstream flow velocity.

Tidal Turbines in a Barrier
The Eastern Scheldt barrier causes a resistance to the flow. The wakes produced by contraction of the flow
through gate openings continue for a large distance downstream. The tidal turbines each produce a wake,
which is much smaller than the wakes of the barrier itself and are therefore not important for large-scale hy-
drodynamics. The local flow disturbance of the turbines will lead to an increase in effective resistance at a
barrier opening, and thus a decrease in tidal volume entering and leaving the basin. The expected hydrody-
namic effects are reductions in the tidal range and tidal velocities throughout the basin, indicated in red in
Figure 2.15

Figure 2.15: Affected hydrodynamic processes (indicated in red) due to tidal energy extraction in the ES

Modeling of a Tidal Basin, Barrier and Turbines
Numerical and scale models are available for the purpose of hydrodynamic modeling. In numerical model-
ing, a trade-off always exists between level of detail and computational effort.

The ES basin covers a large area and thus a representative model will have a large resolution and small di-
mension in order to have a feasible computational time. When modeling flow through a barrier, the frictional
and form losses caused by the barrier cannot be physically replicated in such a model and therefore the total
resistance to the flow is included through a discharge coefficient. The definition of this coefficient changes
depending on the dimension of the model.

Modeling tidal turbines in such a numerical model poses a similar problem, their effects on local flow
cannot be physically represented. Turbine parameterization can be therefore be included by adding addi-
tional bottom friction or by adding a momentum sink term to momentum equations. In previous research
of tidal energy extraction in the ES barrier, additional resistance due to turbines was implemented in a one-
dimensional model of the basin through a momentum sink term. The results showed small reductions in
water levels if two barrier openings were equipped with turbines. Currently, a three-dimensional model of
one gate opening is being developed, which could provide data for this work.
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2.6.2. Knowledge Gaps
Following the literature review, some knowledge gaps are identified.

Impact of Tidal Energy Extraction on Tidal Flats
Previous research (De Kleermaeker, 2013) shows the influence of two gate openings with turbines on water
levels in the ES basin. However, no link has been made between the reduction in tidal range and the influence
on the deterioration of tidal flats. The important processes for the tidal flat morphology have been identified
as the tidal range, tidal velocities, wind and wave induced influences. In order to evaluate the contribution of
tidal energy extraction to the ongoing erosion of the tidal flats, the interaction of all these processes must be
investigated.

Turbine Implementation in a Relevant Model
The relevant processes for tidal flat morphodynamics must be included in a model covering such processes
in order to make meaningful predictions. Tidal turbines in the ES storm surge barrier have not previously
been implemented in such a model.

Impact of Upscaling of Tidal Energy Extraction
Effects of upscaling scenarios have not yet been investigated. If the pilot has positive outcomes, in terms of
power production, environmental impact and safety, the possibility would exist for a larger deployment of
tidal turbine arrays. A study of the changes in hydrodynamics and morphology in the basin is necessary be-
fore such a decision can be made.

Summarizing, in order to answer the research questions, a relevant model must be set-up including the
channels and flats in the basin, barrier and turbines as well as sediment transport and relevant tidal and
meteorological processes. This model should be used to test the hydro- and morphodynamic impact due to
different upscaling scenarios of tidal energy extraction.

2.6.3. Work Approach
The focus of this work and the steps to be taken to answer the research questions are formulated.

Focus
This thesis focuses on the hydrodynamic changes caused by tidal energy extraction, see Figure 2.16. Wind,
waves and sediment transport are not yet investigated in this work due to time constraints. Hydrodynamic
behavior provides a good first indication on the magnitude of changes that may occur to the morphodynam-
ics. This thesis provides a basis for the larger hydro- and morphological research project that will continue
after completion of this thesis. It is therefore important that such processes are taken into consideration for
continuation of the research, even though they are not treated in this work. These processes are expected to
be treated in the continuation of this work.

Figure 2.16: Schematization of processes governing tidal flat morphodynamics, adapted from Friedrichs (2012), focus of this work indi-
cated in bold
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Approach
Firstly, the requirements of the model in terms of basin hydro- and morphodynamics, turbine inclusion and
computational effort are evaluated. Hypotheses are formulated for the effects of upscaling of tidal energy on
the flow throughout the basin which should be tested with the chosen model.

The chosen numerical model is set up to make predictions of the flow, meteorological forcing and sedi-
ment dynamics, although only flow is analyzed. Different upscaling scenarios are defined based on the hy-
potheses. To gain a better understanding on the effects on the hydrodynamics within the basin due to tidal
energy extraction, simulations for the different upscaling scenarios are performed. The effects on the hydro-
dynamics in the basin are analyzed.

The knowledge gained from the model results are used to formulate conclusions on the hydrodynamic
impact of upscaling of tidal energy extraction in the ES and the possible impact on the morphology of tidal
flats.
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3
Modeling Concept

This chapter evaluates the necessary modeling approach to answer the research questions. Firstly, the re-
quirements following from the literature review for the model are discussed. Hereafter, the chosen model
and the turbine parameterization and calibration in the model are described. After this, simulation consid-
erations are explored; hypotheses for upscaling tidal energy extraction are formulated, hydrodynamic indi-
cators for monitoring during simulations are defined and an appropriate simulation period is chosen. Lastly,
the modeling approach is explained.

3.1. Model Requirements
The requirements for the software used in this research follow from the knowledge gaps; the impact of tidal
energy extraction on tidal flats and the implementation of tidal energy extraction in a relevant model. The
requirements are:

• Tidal basin hydro- and morphodynamics: The model should include all relevant aspects of the tidal
basin including the barrier, tidal flats and channels. Moreover, the tidal and meteorological forcing
should be included in the model. Lastly, sediment transport is necessary to evaluate the impact of
turbines on the morphology of tidal flats.

• Turbine parameterization: The local flow disturbance of tidal turbines will lead to an increase in ef-
fective resistance at a barrier opening. Therefore, the overall momentum loss due to the increased
resistance should be represented.

• Computational effort: For this research, it was desirable to have short computational effort, such that
simulations could be analyzed and re-run relatively quickly. It was therefore desirable that simulations
would not last longer than 12 hours.

A two- or three-dimensional model is necessary to cover relevant hydro- and morphodynamic processes;
a one-dimensional model would not provide enough information in lateral directions and would not be able
to include sediment transport. A two-dimensional model would be more beneficial computational effort
wise, compared to a three-dimensional model. Although a three-dimensional model would have a higher
level of detail, it would unrealistic to use for the entire ES basin in terms of computational effort considering
the size of the basin. For the parameterization of turbines, bottom friction or a momentum sink in a two-
dimensional model could be implemented to represent tidal energy extraction, whereas a three-dimensional
model would not need any parameterization. Complex flow disturbance due to turbines can only be included
in a three-dimensional model, but that level of detail was not required for this research. Therefore, a two-
dimensional model would be the most appropriate in terms of basin hydro-and morphodynamics, turbine
parameterization and computational effort.

Wind, waves and sediment transport options were required, which are all possible to include in the
Delft3D software. This software had the added benefit that it was already used in the most recent research
and ready-to-use models were available. The drawbacks of the existing Delft3D models were that their water
level representation were not as accurate as those of the existing WAQUA (two-dimensional) models of the ES
basin. However, the inclusion of wind, waves and sediment transport favors Delft3D over WAQUA. Moreover,
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for this thesis it was of importance to identify relative changes of a situation with turbines compared to a
reference case without turbines. Therefore, the precise representation of water levels was not of primary im-
portance, but the relative change. The inclusion of the aforementioned options was more essential to answer
the research questions than the accuracy of water levels. Therefore Delft3D is the most appropriate software
in terms of basin hydrodynamic and morphodynamic analysis.

The easiest option for turbine parameterization in such a two-dimensional Delft3D model would be to
increase bottom friction locally. However, since the barrier is located at the same location, this may bring
unwanted effects. It would be best if the turbines could be a separate function within the model. A time-
dependent momentum sink is possible through the porous plate function in Delft3D.

The work performed for this thesis does not use the wind, wave and sediment transport options in the
software. They are mentioned, because it was important that they were included for the purpose of further
research for the larger research project on the basin hydro- and morphodynamics.

3.2. Model Choice

The software that met the requirements best was Delft3D in two dimensions (depth averaged). This section
explains the software and the turbine parameterization and calibration.

3.2.1. Software

Hydrodynamic Equations
Delft3D solves the (depth-averaged) non-linear shallow water equations derived from the three-dimensional
Navier-Stokes equations for incompressible free surface flow. The assumption is that the basin in this case, is
much longer than it is deep and that vertical velocities and accelerations are therefore small. This assumption
results in a hydrostatic pressure distribution. The momentum equation in horizontal x direction is given in
Equation 3.1 (Delft Hydraulics and Rijkswaterstaat, 1989). The equations (in both x and y directions) account
for convection and diffusion, pressure forces, bottom friction, wind stress and any other momentum sinks or
sources. The equations are numerically solved in Delft3D.

∂U

∂t
+U

∂U

∂x
+V

∂U

∂y
= f V +υt

(
∂2U

∂x2 + ∂2U

∂y2

)
− g

∂ζ

∂x
− gU

p
U 2 +V 2

C 2
2D h

+ ρaCW W 2si nθ

hρw
+Mx (3.1)

In these Equations x and y are are coordinates, U and V are the depth averaged velocities in x and y di-
rections, ζ is the water level above some horizontal plane of reference, h is the water depth, f is the Coriolis
parameter, υt is the eddy-viscosity coefficient for horizontal momentum exchange, C2D is a 2D Chezy coef-
ficient for bottom friction, g is the gravitational acceleration, CW is the coefficient for wind shear stress, W is
the wind speed, θ is the angle between the wind direction and x-direction, ρw is the density of water, ρa is
the density of air, and Mx is any other momentum sink/source.

Numerical Aspects
The momentum equations are solved using a finite difference method in combination with a staggered grid.
This is a grid in which water level, velocity components and depth points are defined at different locations,
see Figure 3.1.
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Figure 3.1: Staggered grid Delft3D (Deltares Systems, 2014)

Modules
Delft3D-FLOW is the central module which calculates non-steady flow and sediment transport. Moreover,
the WAVE module can be used in parallel which uses SWAN (Simulating WAves Near-shore) to generate the
waves. These modules are coupled such that after a certain amount of specified time there is a feedback of
information.

3.2.2. Parameterization through Porous Plates
The additional resistance due to tidal energy extraction can be modeled by porous plates. Porous plates are
partly permeable structures which increase flow resistance. Porous plates add a quadratic sink term to the
local momentum balance, see Equation 3.2 (Deltares Systems, 2014). In this equation Mξ is the momentum
loss in ξ direction, ∆x is the width of the cell, U is the velocity in ξ direction and V the velocity in η direction.
The user may specify the cl oss,u coefficient.

Mξ =−closs,u

∆x
U

√
U 2 +V 2 (3.2)

A number of limitations are present for this choice of parameterization of turbines. The first limitation is
that that the momentum sink represented by porous plates is time-dependent. The thrust force (and there-
fore momentum extraction) is velocity-dependent in reality, since the efficiency of turbines varies depending
on the upstream flow velocity. However, it is assumed that using a time-dependent momentum loss is ex-
pected to lead to only a small overall over-estimation of the resistance. Another shortcoming of the porous
plate function, is that different closs values cannot be implemented for flood and ebb. The positioning of the
turbines at the basin side of the sill might result in differences in resistance. Lastly, the porous plates cannot
be excluded from computations when the head difference over the barrier exceeds a certain limit, while the
turbines are lifted from the water when this happens in reality.

Although there are a number of shortcomings to this parameterization, it is considered representative
enough for a first estimation of tidal energy extraction on large-scale hydrodynamics.

3.2.3. Calibration of Tidal Turbines
Since a state-of-the-art three-dimensional model is available, results from these model simulations are used
as input for the increased resistance in gate openings with turbines. The porous plates in the Delft3D model
will be calibrated such that the desired resistance is reached for gate openings with turbines.

Some limitations to using this data are present. The results of the three-dimensional model were not
completely validated yet at the time that this research was performed. Moreover, only limited simulations
were performed with the model.

Other approaches to the calibration of the porous plates were considered, but could not be used for var-
ious reasons. Deltares attempted to derive discharge coefficients from water level measurements, but there
was too much uncertainty in these measurements to draw conclusions. Moreover, due to the unique configu-
ration of the turbines, free-stream formulations are not representative. Therefore, the only option was to use
the three-dimensional model data as input for the increased resistance.
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3.3. Simulation Considerations
In this section, considerations for the simulations with the chosen model are discussed. The effects of up-
scaling of tidal energy is considered and hypotheses are made about the positioning of turbines in barrier
sections and the length-scale of their effects in the basin. Moreover, hydrodynamic indicators are stated,
which should be monitored during simulations. Lastly, the simulation period is discussed.

3.3.1. Upscaling of Tidal Energy Extraction
The last knowledge gap identified in Chapter 2 was the effects of upscaling of tidal energy extraction. In order
to formulate scenarios for testing the effect of upscaling of tidal energy with the chosen model, the effects of
different configurations must be evaluated. For this reason, hypotheses are made. The hypotheses are not
based on reviewed literature, but on expert judgment.

It is unknown what the roll-out of turbine arrays will be in the future. Hydrodynamic effects of tidal energy
extraction may be significantly influenced by positioning of turbine arrays in the barrier. Three fields are
defined for the formulation of hypotheses on upscaling of tidal energy extraction, see Figure 3.2, namely the
near-field, mid-field and far-field. The reasoning behind the separation of the basin in this way is explained
per field.

Figure 3.2: Overview of basin with separation of of near-, mid- and far-field

Near-field - The near-field is 50 rotor diameters from the barrier in both east and west directions. This is the
area where turbulence caused by turbines occurs. This thesis does not focus on the local flow effects due to
tidal turbines.

Mid-field - The mid-field spans between the near-field and the Zeelandbrug (mid-basin). In the mid-field,
discharges through different barrier sections directly influence the behavior of flow in those channels. Im-
plementation of turbines in different sections of the barrier would change the flow through channels behind
those sections. If the implementation is asymmetric (i.e. Hammen section equipped with turbines, but not
the other two sections of the barrier), this could induce a phase shift between two channels surrounding tidal
flats in this area and a resulting change in water level gradient over tidal flats.

Far-field - The far-field spans between the mid-field and the end of the basin. The channels braid and me-
ander before reaching this part of the basin. The amount of extraction is expected to influence the hydrody-
namic behavior in this field, however the positioning within the barrier is not expected to have an impact.

The hypotheses for the positioning of the turbines are:

1. The current installation will not have a major impact on the hydro- and morphodynamics in the mid-
or far-field compared to the impact of the barrier.

2. Increasing tidal energy extraction will have an increasing impact on the hydro- and morphodynamics
in the mid- and far-field.
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3. The positioning of the tidal energy extraction stations, and potential asymmetries in the positioning,
will affect the hydro- and morphodynamic development in the mid-field. Only the amount of tidal
energy extraction will affect the hydro- and morphodynamics in the far-field, but the positioning will
not.

3.3.2. Hydrodynamic Indicators
In order to test these hypotheses, an analysis must be performed on the simulations. Three hydrodynamic
indicators have been defined, which should be monitored during simulations. The hydrodynamic indicators
are:

• Tidal volume throughout the basin. The reduction in tidal volume entering and leaving the basin due
to the construction of the barrier led to the decrease in tidal range and velocities throughout the basin.
Tidal volume relates to the morphological equilibrium for the basin. Therefore, changes in the tidal
volume indicate how much the sediment deficit of the channels is enhanced.

• Tidal range throughout the basin. The decrease in tidal range led to increased impact of wave and wind
shear stresses on the tidal flats. By examining the change in tidal range, a comparison can be made
between the reduced tidal range due to tidal energy extraction and the construction of the barrier.

• Discharges in the channels. The discharges in the channels can be seen as being proportional the ve-
locities. The decreased velocities in the channels decreased the sedimentation on the flats. Moreover,
asymmetries in the positioning of tidal turbines in barrier sections could induce a phase shift between
two channels surrounding tidal flats in the mid-field. By examining discharges in the channels at vari-
ous places, this effect can be examined.

3.3.3. Simulation Period
One simulation period lasting one spring-neap cycle is chosen for this research, which is considered to cover
sufficient variability in hydrodynamic behavior to be representative for longer time-scales and be realistic
computational wise. This spring-neap cycle should be chosen based on average wind conditions (for both
speed and direction) in combination with a representative spring neap cycle for yearly variations. The wind
conditions are taken into account with in mind further research including wind in the simulations.

3.4. Modeling Approach
A model is set-up including channels, tidal flats and the barrier as well as the required tidal and meteoro-
logical processes and sediment transport. A representative spring-neap cycle is chosen for the simulations.
This model is calibrated and validated with measured data at various measuring stations in the basin for the
situation without turbines.

The increased resistance of gate openings with turbines is implemented in the model by porous plates in
those openings. The resistance is determined using output of the three-dimensional STAR-CCM+ model. The
loss coefficient of the porous plates is adapted such that the desired resistance is reached. A sensitivity range
is taken around this resistance to take into account uncertainties of the parametrization and calibration.

Simulation scenarios are formulated based on the hypotheses, where scenarios comprise of variations in
combinations of gate openings equipped with turbines. Relevant monitoring locations within the model, to
be monitored during the simulations, are implemented for relevant hydrodynamic indicators.

3.5. Key Points
The Delft3D software in two-dimensions was chosen as most suitable considering the representation of rel-
evant tidal basin hydro- and morphodynamic processes, the parameterization of turbines in the model and
computational effort. Tidal energy extraction can be included as an additional resistance term in this model,
using porous plates, thereby using a momentum sink approach. The resistance of the porous plates will be
calibrated using output data from a three-dimensional STAR-CCM+ model of one gate opening with turbines.

Hypotheses were formulated, which should be verified by the model. They considered hydrodynamic
effects of upscaling scenarios of tidal energy extraction in near-field (close to barrier), mid-field (barrier to
mid-basin) and far-field (mid- to end-basin). Moreover, hydrodynamic indicators (tidal volume, range and
discharges), to be monitored during simulations were defined and a spring-neap cycle was chosen as an
appropriate simulation period.

A modeling approach was described which will be implemented in the next chapter.

25





4
Method

This chapter reports the method of this research. The model set-up is described including an explanation
of the barrier schematization. This model is validated with measured water levels in the basin. Hereafter,
an explanation is provided regarding the parameterization of turbines using the three-dimensional model
data. Following this, the scenarios that are simulated are explained. Hereafter, the motoring locations during
simulations are described.

4.1. Model Set-up
In this section an explanation is provided of the model set-up, including the grid and bathymetry, bound-
ary conditions, model parameters and settings, simulation period and barrier schematization in the model.
An existing model is used, which was created by Pezij (2015) to investigate nourishments in the eastern part
of the basin. An schematization of the model-set-up is shown in Figure 4.1. The grid/bathymetry, barrier
schematization and boundary conditions are input for the model which is calibrated with water level mea-
surements. The model can run for a specified simulation period, in which it will calculate flow and waves
(not in this work) for each time step within the simulation period and provide the hydrodynamic behavior in
the ES basin during this period.

Figure 4.1: Model set-up of the Eastern Scheldt basin in Delft3D shown schematically

4.1.1. Grid and Bathymetry
An illustration of the bathymetry of the ES model in Delft3D is shown in Figure 4.2. The grid covers this same
area. The domain includes the ES basin as well as a large offshore section. This part of the model, which
extended about 30 km offshore, was necessary to ensure model stability (Pezij, 2015). The resolution of the
grid varies between 30m in the basin to 450 meters in the offshore area.
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Figure 4.2: Bathymetry of the ES basin in the Delf3D model

4.1.2. Boundary Conditions
The boundary conditions for the model originated from the North sea model DCSMv6-ZUNOv4. This data
was provided by Rijkswaterstaat.

4.1.3. Model Parameters and Settings
The parameters and setting are presented in table 4.1.

Table 4.1: Model Parameters

Parameter Value Unit
Grid points m direction 244
Grid points n direction 579
Total grid points 141,276
Time step 0.125 mi nute
Bed roughness (Manning) 0.029 s/m1/3

Gravity 9.813 m/s2

Water density 1025 kg /m3

4.1.4. Simulation Period
The model of Pezij (2015) was calibrated and validated for the period of 1st of September 2013 until the 31st
of December 2014, since the boundary conditions were from this period. The simulation period for this work
was therefore within this time-frame. One simulation period lasting one spring-neap cycle was chosen for
this research, which was considered a long enough time period. The chosen spring-neap cycle was from 15th
of June 2014 until the 30th of June 2014. This spring-neap cycle was chosen based on average wind conditions
(for both speed and direction) in combination with a representative spring neap cycle. All spring-neap cycles
in the period of September 2013 until December 2014 were tested on these criteria (with in mind further
research including wind in the simulations). The spring-neap cycle 15-30 June was most representative.

4.1.5. Barrier Schematization
Original Schematization
The barrier schematization of the model created by Pezij (2015) consisted of porous plates and a barrier struc-
ture, representing te energy loss and flow constriction respectively. These were necessary as the actual barrier
structure (with sill and upper beams, bed protection, pillars) cannot be included in Delft3D due to the model
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resolution and dimension. Therefore, porous plates and a barrier structure were implemented to represent
frictional and form losses felt by the flow as it passes through the barrier.

Updated Schematization
The turbine parameterization was closely linked to the barrier schematization in the Delft3D model. The
purpose of the model in the research of Pezij (2015) was to generate boundary conditions for the southern part
of the basin. Implementation of the barrier was not the focus of his study, as long as water levels at the end of
the basin represented measurements well. For this thesis, the barrier was a crucial element (since tidal energy
extraction needed to be included). For the inclusion of a turbine parameterization, it was desirable that the
barrier and the turbine parameterization represented by different structures in the model. Moreover, a more
realistic flow through the barrier would be beneficial overall. For these reasons, the barrier schematization
was updated.

In the updated schematization, actual sill heights for each gate opening were implemented in the model
bathymetry and the barrier structure was removed, see Figure 4.3. The sill heights are not the same for each
opening, the sill heights per opening are found in Appendix B. As an example, the depth of Roompot 8 in the
original model was 50 m, in the updated model it is 9.5 m. This change was made such that the porous plates
representing the barrier could be removed (and implemented later for turbine parameterization). Unfortu-
nately, this change did not result in the desired water levels, and the porous plates were still necessary to take
into account some loss. However, the loss was much smaller. The porous plates account for approximately
20% of the resistance and bottom friction for 80% (determined by comparing discharges through the barrier
for simulations with (1) the original bathymetry, (2) simulations with updated bathymetry and (3) simulations
with updated bathymetry and porous plates).

(a) Original barrier schematization (b) Updated barrier schematization

Figure 4.3: Barrier Schematizations. red line is barrier structure, broken green lines are porous plates, brown is bathymetry, blue is water
level

Figure 4.4 and 4.5 show depth averaged velocities through the Roompot section of the barrier for simu-
lations of both original and updated models. In the original model, velocities increase slightly through the
Roompot barrier section. In the updated model, a clear increase in velocities is seen over the now included
sill.
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Figure 4.4: Velocity during flood through Roompot section in the original barrier schematization

Figure 4.5: Velocity during flood through Roompot section in updated barrier schematization

Flow resistance (frictional and form losses) in the updated schematization is covered by:

• Bottom friction of the two grid cells with increased bed level

• Flow deceleration caused by the abrupt increase in depth

• Additional resistance of porous plates

The bottom friction is likely over-estimated, as the increased bed level spans over two computational
cells (approximately 100 meters), see Figure 4.6, while the actual sill width is around 5 meters. The veloc-
ity increases over these computational cells (bottom friction is a function of the velocity) and the increased
bottom friction is therefore included in multiple momentum computations. The pillars and top sill are not
included in the model, and neither are losses due to energy conversion of turbulence (3D effects). The over-
estimated bottom friction and the porous plates account for these losses.
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Figure 4.6: Grid schematization of barrier in Delft3D including depth points, water level points and velocity points, side and top view

An attempt was made at implementing increased sill heights in the bathymetry in combination with a
barrier structure for the barrier schematization. Numerical instability was noticed in the model. Therefore,
it was necessary to use porous plates to account for the small additional loss. This barrier schematization is
not optimal, especially in combination with tidal energy extraction. However, considering the limitations of
the model and time-span of this work, it was decided to continue with this formulation.

4.2. Validation Model with Barrier
This section shows the calibration and validation of the Eastern Scheld model without turbines.

4.2.1. Calibration

The porous plates in the updated situation had to be re-calibrated, such that water levels in the model
matched measurements well again throughout the basin. This calibration period was for simulations last-
ing a few days in December 2013. Measurement locations for both model simulations and actual measuring
stations are indicated in Figure 4.7, measurement data from the actual measuring stations was provided by Ri-
jkswaterstaat. The porous plate calibration resulted in a loss coefficient of 0.01 per porous plate. One porous
plate was implemented per gate opening, instead of previously per section.

Figure 4.7: Measurement locations in the ES used for calibration and validation of Delft3D model

4.2.2. Validation

The updated model was validated by comparing a simulation lasting one month (June 2014) with measure-
ments. Water levels obtained from model simulations are presented in Figure 4.8 for Yerseke station. In the
figure, measured data is also included, at the Yerseke measuring station (Rijkswaterstaat). Some data is miss-
ing from the measurement data. The figure shows that low water levels are underestimated by the model, but
generally the model representation is quite similar to measured data.
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Figure 4.8: Measured and modeled water levels at Yerseke station for June 2014

The model accuracy was determined using root mean square error (RMSE). The RMSE, Equation 4.1 (Wal-
stra, 2017), shows the average error made between observed values and predicted values. In this Equation Nv

is the number of values, Yi is observation and Xi is prediction, observation is measured data and prediction
the simulation results of water levels in this case. In research about water level forecasting of the North Sea,
Zijl et al. (2013) find a RMSE between 5-10 cm to be acceptable.

RMSE =
√

1

Nv

∑
(Yi −Xi )2 (4.1)

The root mean square errors of the model are found in table 4.2 for the measuring stations OS11, Roompot
Binnen, Roompot Buiten, Stavenisse, Yerseke and Marollegat. This model was considered to be accurate for
the purpose of this study since the tidal range was much larger than the RMSE at the various locations.

Table 4.2: Comparison RMSE of model for various measuring stations and tidal range at those locations

RMSE [cm] Tidal range [cm]
OS11 6.6 301
Roompot Buiten 7.5 298
Roompot Binnen 7.3 261
Stavenisse 7.2 273
Yerseke 7.7 298
Marollegat 8.6 348

4.3. Turbine Parameterization
This section describes the turbine parameterization in the ES model. Firstly, the approach of the implemen-
tation of increased resistance due to the turbines the ES model is explained. This increased resistance is based
on model output from a three-dimensional model of one gate opening with turbines. An explanation is pro-
vided how the models are coupled and finally, the implementation of the increased resistance is described.

4.3.1. Approach

A crucial step in this research was the parameterization of turbines in the Delft3D model. The chosen ap-
proach was calibration of porous plates based on simulations of the three-dimensional STAR-CCM+ model
of one gate opening (Roompot 8) with turbines. Figure 4.9 shows the set-up of both models and how the
Delft3D and STAR-CCM+ model are coupled.
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Figure 4.9: Parameterization approach: Schematization of model set-ups of Delft3D and STAR-CCM+ models and coupling of models

The turbine parameterization consisted of three steps:

1. Derivation of the discharge coefficients for Roompot 8 from the STAR-CCM+ model simulations.

2. Coupling of the STAR-CCM+ model output to the Delft3D model.

3. Implementation of the discharge coefficients in Delft3D.

These steps are described in the next subsections.

4.3.2. Discharge Coefficients Derived from STAR-CCM+ (1)
A brief explanation of the STAR-CCM+ model is provided, and hereafter the derivation of discharge coeffi-
cients from this model.

STAR-CCM+ Model
The STAR-CCM+ model was a representation of Roompot 8 and half a gate on each side of Roompot 8 (so
two gate openings in total), see Figure 4.10, the total width of the domain was 90 meters. The total length of
the STAR-CCM+ model domain was 420 m. The STAR-CCM+ model was not created or used by the author,
simulations results were provided by Deltares.

Figure 4.10: Snap-shots of STAR-CCM+ model domain during a simulation with turbines, top- and side-view

The STAR-CCM+ model was semi-stationary, which entailed that each simulation had a fixed head differ-
ence over the domain during the simulation. The STAR-CCM+ model had the limitation that at the moment
that this research was being performed, only simulation results were available for the simulations indicated
in Table 4.3. Each simulation had a head difference of 0.2 m.
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Table 4.3: Simulations STAR-CCM+ model

Ebb No Turbines Head difference 0.2m
Turbines Head difference 0.2m

Flood No turbines Head difference 0.2m
Turbines Head difference 0.2m

Derivation Discharge Coefficients
For each simulation from table 4.3, discharge coefficients were derived. These were derived through Equation
4.2. In this equation µ is the discharge coefficient, Ag is the wet flow through area of the gate opening, Qg

is the discharge through the gate opening g is the gravitational acceleration, ζu is the upstream water level
and ζd is the downstream water level. For the cross-sectional flow through area of the gate, the downstream
water level was used. Figure 4.11 shows the locations where the discharge and water levels were extracted.
This downstream water level changed during the tidal cycle; during flood, the ES side was downstream and
during ebb the NS was downstream.

µ= Qg

Ag
√

2g |ζu −ζd |
(4.2)

Figure 4.11: Locations of parameters in STAR-CCM+ for calculation discharge coefficients, flood situation

The results of this computation are found in Table 4.4, a detailed explanation of the calculation is provided
in Appendix C. The relationship between a gate with (µb+t ) and without (µb) turbines was formulated in the
following manner, see Equation 4.3. Table 4.4 shows all three components of the equation.

µb+t = Xµb (4.3)

Table 4.4: Discharge coefficients derived from STAR-CCM+ model

µb X µb+t

Ebb 1.06 0.84 0.89
Flood 0.95 0.88 0.83

For the resistance due to tidal energy extraction in the Delft3D model, this X factor was used.

4.3.3. Coupling of the Models (2)
The big difference between the two models, was that the STAR-CCM+ model was stationary, and the Delft3D
model included tidal variations. The constant head difference of 0.2 m occurred between the ends of the
domain of the STAR-CCM+ model, this was approximately 200 m upstream and downstream from the barrier.
In reality, this 0.2 m head loss over the barrier occurs twice during flood and twice during ebb, indicated in
Figures 4.12 and 4.13. The color blue indicates flood and red ebb. Roompot binnen (’inside’) is a location
200 m landward of the basin and Roompot buiten (’outside’) is a location 200 m seaward of the barrier. The
Delft3D model simulates the entire tidal cycle, including all head differences, while the STAR-CCM+ model
was considered to be an average of the two points in the tidal cycle where a difference of 0.2m occurs.
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Figure 4.12: Water levels at RP 8 binnen (inside) and RP 8 buiten (outside), blue arrows indicate head difference of 0.2 m during flood,
red arrows indicate head difference of 0.2 m during ebb
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Figure 4.13: Water level difference between RP 8 binnen and RP 8 buiten and corresponding discharge magnitude through gate opening
Roompot 8, blue circles indicate head difference of 0.2 m during flood, red circles indicate head difference of 0.2 m during ebb

Water levels at Roompot 8 binnen and Roompot 8 buiten were analyzed in a Delft3D simulation over the
spring neap cycle (June 15 til 30) for the same gate opening as in the STAR-CCM+ model; Roompot 8, see
Figure D.1 in Appendix D. Average discharge coefficients were calculated from all the time steps in which the
head difference of 0.2 occurred for flood and ebb using Equation 4.2. The magnitude of the depth averaged
discharge was determined at the time-step in which the head difference occurred, see Figure D.2 in Appendix
D. The magnitude of the depth averaged discharge (Qg ) was taken over the sill of Roompot 8. The upstream
and downstream water levels (Roompot 8 binnen and buiten) were taken at 4 grid cells (approximately 200
m) from the barrier for both te ES and NS side. The cross-sectional wet area was computed as the ’real life’
cross section; the width is 39.5 m and the depth is the sill depth (9.5 m) plus the downstream water level.

The X factor determined in the previous section was applied to the average of the discharge coefficients
from these snap-shots of 0.2 m head difference.

4.3.4. Implementation and Calibration Discharge Coefficients Turbines Delft3D (3)
The last step in the calibration was applying the X factor. The X factor was applied to the discharge coefficient
present in the Delft3D model at the Roompot 8 gate opening for the head differences of 0.2m.

Reference Case
The reductions in discharges (coefficients) through a gate opening in the STAR-CCM+ model for ebb and
flood respectively were -16 % (X factor 0.84) and -12% (X factor 0.88) compared to the case without turbines.
In order to achieve this reduction in discharge for the same gate opening in the Delft3D model, the loss coeffi-
cient of the porous plates was increased such that this same reduction in discharge (coefficient) was reached.
Through an iterative procedure (changing the closs value of the porous plates), these discharges (coefficients)
were reached at cl oss values of 0.11 for the porous plates at Roompot 8.

Limitations Calibration
STAR-CCM+ Model
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Some limitations to the calibration step were present. The results of the STAR-CCM+ model were not vali-
dated yet at the time that this research was performed, and therefore using this method was not completely
reliable. Moreover, only the simulations with 0.2 m head difference were available, in order to verify if the
chosen loss coefficient is appropriate for all head losses, more simulations should be evaluated.

Other Gate Openings
For the simulations that would be performed, other gate openings also need turbine parameterizations.
Other gate openings have different sill heights, which could result in different coefficients if the same tur-
bines are used, however for future installations different size turbines could also be installed. The choice is
made to use the same cl oss value for other gate openings. Since other gate openings have different cross-
sectional areas, the application of the loss coefficient will result in more or less overall resistance. This could
be interpreted as larger turbines in larger openings and smaller turbines in smaller openings. This assump-
tion may not hold true in reality, but will be used in the remainder of this work.

Sensitivity Range
To take these limitations into consideration as well as the simplified method for representing the turbines, the
choice was made to use a sensitivity range for the simulations. This sensitivity range is the reference X factor
+ 5%, the reference X factor - 5% and the reference X factor -10%, see Table D.1 in Appendix D. The + and -
are opposite for the resistance terminology (+ 5% is the - lower case), as an increase in percentage means less
resistance and vice versa. The porous plates of Roompot 8 were again iteratively calibrated until the desired
X factors were reached. Table 4.5 shows the resulting values of the porous plates and the applied X factors to
the discharge coefficients for the Roompot 8 gate opening.

Table 4.5: Sensitivity range of discharge coefficients tidal energy extraction

closs Xebb X f lood

Base case 0.01 1 1
- lower 0.07 0.89 0.93
reference 0.11 0.84 0.88
+ upper 0.15 0.79 0.83
++ upper 0.20 0.74 0.78

This sensitivity range is based on expert judgment as well as other research in which similar factors were
derived (De Kleermaeker, 2013). The results of that research were factors between 0.85 and 0.82 for flood and
between 0.91 and 0.89 for ebb. A more detailed explanation of that research is provided in Appendix D.

4.4. Simulation Scenarios
In this section, the simulation scenarios are defined. These scenarios are based on the different hypotheses
from Chapter 3. They are not necessarily realistic scenarios, but are defined in order to understand how
different upscaling scenarios may affect the hydrodynamics in the ES.

4.4.1. Near-future Scenario
At the time of this research, one gate opening (Roompot 8) was equipped with turbines. Licensing had been
granted for Roomot 10, and turbines were expected to be installed here in the near-future. Therefore, the
Near-future scenario considers gate openings Roompot 8 and 10 equipped with turbines. In figure 4.14 (a)
the Near-future scenario is shown; the red squares indicate the location of gates with increased resistance.

4.4.2. Maximum Roll-out Scenario
The amount of tidal energy extraction was expected to affect the hydrodynamics in the entire basin. The
Maximum Roll-out scenario assesses the maximum impact of tidal energy extraction. The most realistic and
optimistic (taking into account practical and safety issues) roll-out scenario was indicated to be 1 out of 3
gate openings equipped with turbines, and avoiding the shallower openings near the shores. This scenario
consists of four openings equipped with turbines in Hammen section (3,6,9 and 12) four openings in Schaar
section (4,7,10 and 13) and nine in Roompot section (5,8,10,13,16,19,22,25,28), thus a total of 17 barrier open-
ings filled with turbines. This configuration is shown in figure 4.14 (b). In Appendix B the gate openings which
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are equipped with turbines are indicated in bold.

(a) Near-future scenario (b) Maximum Roll-out scenario

Figure 4.14: Near-future and Maximum Roll-out scenarios, gate openings equipped with turbines indicated with red squares

4.4.3. Partial Roll-out Scenarios
Three Partial Roll-out scenarios were defined, which are illustrated in figure 4.15. The three scenarios consist
op the same gate openings as in the Maximum Roll-out scenario, but each a different section individually.
These scenarios were created to test the length-scale of the disturbance in case such asymmetric positioning
is realized.

(a) Roompot Filled (b) Schaar Filled (c) Hammen Filled

Figure 4.15: Partial Roll-out scenarios, gate openings equipped with turbines indicated with red squares

4.4.4. Simulations
Table 4.6 shows the simulations that were performed. Each simulations ran for the chosen spring-neap cycle.
For the Near-future scenario Maximum Roll-out scenario it was relevant to test the sensitivity range in order
to take into account uncertainties. For the Partial Roll-out scenarios, effects of the asymmetry were especially
relevant and not necessarily differences in the amount of extraction, therefore only the reference case was
simulated for these scenarios.

Table 4.6: Simulations performed for each scenario

Sensitivity range
- lower reference + upper ++ upper

Near-future • • • •
Maximum • • • •
Partial - Roompot •
Partial - Schaar •
Partial - Hammen •
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4.5. Simulation Monitoring

For each simulation, water levels and the tidal volume in the basin are monitored. In the channels discharges
are monitored. These were considered as key hydrodynamic indicators. The measurement locations for mon-
itoring these indicators are presented in this section.

4.5.1. Basin

The observation points and cross sections where information was monitored in the model for tidal ranges
and volume in the basin are illustrated in figure 4.16.

(a) Observation points (b) Cross sections

Figure 4.16: Locations and cross-sections basin for monitoring of tidal range and volume during simulations

At the observation points, water levels and thus tidal ranges were monitored for each scenario. The tidal
volume was monitored at the cross sections. These aspects were monitored as these were identified as im-
portant hydrodynamic indicators. Locations were chosen along the basin in order to determine how the local
disturbance at the barrier propagated through the basin. Moreover, some of the observation points in the
model are also actual measuring stations, and therefore results could be compared in the future.

Changes in tidal volume led to changes in tidal range and velocities during barrier construction. Tidal vol-
ume relates to the morphological equilibrium for the basin. Therefore, changes in the tidal volume indicate
how much the sediment deficit of the channels is enhanced. The average volume was taken for ebb and flood
during the spring-neap cycle, since differences in ebb and flood were expected to be the same and effects of
variations in spring and neap even out over the spring-neap cycle.

The tidal range determines the emergence time of different height intervals of the tidal flats. The average
tidal range over the spring-neap cycle was taken, to account for both the spring and neap tide. The effect of
variations in amplitude was expected to even out over the spring-neap cycle.

4.5.2. Channels

In the channels, discharges were monitored. The locations where the discharges were monitored are indi-
cated in Figure 4.17.
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Figure 4.17: Cross-sections channels for monitoring discharges during simulations

The discharges were investigated at these cross sections to see how flow was affected in channels due to
blockage of different barrier sections and to see how far the disturbance would propagate. The discharges
in channels are an important hydrodynamic indicator for shoal building. Moreover, phase differences in
channels surrounding tidal flats determine the water level gradient and therefore flow over the tidal flat due
to the tide. The peak discharges were determined for both flood and ebb, but averaged over the spring-neap
cycle. This is because sediment in the ES is sensitive to variations in local asymmetry of maximum velocities
(assumed to be proportional to discharge). The effect of variations in amplitude of the peaks was expected to
even out over the spring-neap cycle.

4.6. Key Points
An available two-dimensional Delft3D model (Pezij, 2015) covers relevant hydrodynamics and morphody-
namic processes (tidal flow, wind, waves and sediment transport) of the basin with barrier, channels and
tidal flats. This model was set-up for a spring-neap cycle simulation period. The barrier schematization was
changed, by including sill heights of gate openings in the bathymetry. The Delft3D model was validated for
water levels in the basin for the chosen spring-neap cycle (without turbines), compared to measured data.
The validation showed a good representation of water levels in the basin (a RMSE around 7 cm compared to
an average tidal range of 3 m).

This model was modified to account for tidal energy extraction. The tidal turbines were parameterized
through a local momentum sink approach that increased the flow resistance locally. The increased flow re-
sistance was modeled by porous plates for the barrier openings including turbines. The additional resistance
due to the turbines was calibrated using output data from a semi-stationary three-dimensional STAR-CCM+
model of one opening with turbines. To evaluate variations in resistance, a simple sensitivity range (-5 to
+10%) was defined as input to the numerical simulations. This sensitivity range ensured that the results
would account for uncertainties regarding calibration data and limitations due to simplified turbine repre-
sentation.

Hypothetical upscaling scenarios were defined, denoted ’Near-future’, ’Partial Roll-out’ and ’Maximum
Roll-out’, in which different sections of the barrier were outfitted with tidal turbines:

• Near-future: 2 barrier openings with turbines in Roompot section

• Maximum Roll-out: 17 barrier openings with turbines, regularly placed in all barrier sections

• Partial Roll-out: same 17 openings, but limited to one of the sections equipped with turbines at one
time, creating 3 sub-scenarios from south to north: Roompot (9), Schaar, (4), or Hammen (4) respec-
tively

For each simulation the results were monitored in the following manner; water levels were monitored at
various observation points to determine the tidal ranges, the tidal volume was monitored at various cross sec-
tions and discharges were monitored in various cross sections in relevant channels. The results are presented
in the next chapter.
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5
Simulation Results Basin Hydrodynamics

In this chapter results of simulations of different scenarios are presented. For each scenario (Near-future,
Maximum Roll-out and Partial Roll-out) changes in water levels and tidal volume in the basin are shown.
Additionally, changes in peak discharges in channels are presented. Finally an analysis is performed on the
hydrodynamic results from all scenarios.

5.1. Near-future Scenario
In the Near-future scenario two gate openings had an increased resistance in the model.

5.1.1. Basin
Water Levels
For the Near-future scenario, the water levels in the channels of the basin were analyzed, as explained in
Chapter 4. The exact magnitude and percentage of the deviations of these water levels from the base case are
presented in Tables E.1 and E.2 in Appendix E. The results are summarized in Figure 5.1. The figure shows
the deviation of the mean high and low water levels as well as the mean tidal range within the chosen spring-
neap cycle with respect to the base case where no turbines were present. The figures include the observation
points OS11 (-14km), Roompot Buiten (-0.5km), Roompot Binnen (0.5 km), Roompot (2km), Neeltje Jans
(6km), Zeelandbrug Noord (15km), Yerseke (32km) and Marollegat (43km), where 0km is the barrier, and
positive indicates landward direction.
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Figure 5.1: Deviations in (a) mean high water, (b) mean low water and (c) mean tidal range w.r.t. base case along basin, Near-future
scenario. Sensitivity range of simulations is included (- lower, reference, + upper and ++ upper). 0km is the barrier, and positive indicates
landward direction.

Table 5.1 shows the average deviations in tidal range for the sensitivity range. The average is taken be-
tween Roompot Binnen and Marollegat observation points (so the deviation that occurs about mid-basin).
For the reference case (red line with cross in the figure), the average deviation in mean tidal range was 0.9 cm.
This was a 0.3 % decrease from the mean tidal range without turbines. The deviation increased in landward
direction in both magnitude and percentage.
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Table 5.1: Average deviation in tidal range, Near-future scenario

- lower reference + upper ++ upper
0.6 0.9 1.1 1.4 [cm]
0.2 0.3 0.4 0.4 [%]

Tidal Volume
The tidal volume accumulated through various cross sections throughout the basin were investigated. In Ta-
bles E.3 and E.4 in Appendix E the decrease in tidal volume is shown for the various cross sections described in
Chapter 4 (Barrier opening, Zeelandbrug, Northeastern Branch, Southeastern Branch and Lodijksche gat) for
the resistance sensitivity range. The percentage decrease in tidal volume was found to be relatively constant
and in the same order of magnitude to the reduction in tidal range (0.3%). This corresponded to a decrease
of 2.8 million cubic meters near to the barrier opening for the reference case.

Summary
Figure 5.2 shows the decrease in percentage for the tidal range and the tidal volume for the reference case for
various locations and cross sections throughout the basin. A general reduction of 0.3% was found for both
the local tidal range and tidal volume accumulated through certain cross-sections.

Figure 5.2: Overview of basin showing reduction tidal range and tidal volume expressed as %, Near-future scenario

5.1.2. Channels
In the channels, changes in both peak ebb and flood discharges were investigated. Table E.5 in appendix
E shows the exact values of the decrease in flood and ebb discharges with respect to the base case for the
reference scenario. Figure 5.3 summarizes the average change in peak discharges at various cross sections
described in Chapter 4 (Roompot Channel, Schaar Channel, Hammen Channel, Roompot South, Roompot
East, Geul van Roggenplaat, Engelsche Vaarwater and Brabantsche Vaarwater).

Figure 5.3: Overview of basin showing reduction in peak discharge expressed as %, Near-future scenario

Peak discharges decreased in the Roompot Channel directly behind the barrier, but increased in the
Schaar and Hammen Channels for both ebb and flood. In the far-field discharges also decreased for both
ebb and flood.
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5.2. Maximum Roll-out Scenario

In the Maximum Roll-out scenario, 17 gate openings had an increased resistance in the model.

5.2.1. Basin

Water Levels
For the Maximum Roll-out, the water levels in the channels of the basin were analyzed. The exact values of
the deviations and the percentage of the original tidal range for the are presented in Tables E.6 and E.7 in
Appendix E. Figure 5.4 summarizes the results of deviations in the mean high and low water levels and mean
tidal range within the chosen spring-neap cycle with respect to the base case where no turbines were present.
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Figure 5.4: Deviations in (a) mean high water, (b) mean low water and (c) mean tidal range w.r.t. base case along basin, Maximum Roll-
out scenario. Sensitivity range of simulations is included (- lower, reference, + upper and ++ upper). 0km is the barrier, and positive
indicates landward direction

Table 5.2 shows the average deviation in tidal range for the sensitivity range. The deviations increased in
landward direction, just as the near future scenario, but the deviation was larger. The decrease in mean tidal
range for the reference case was 4.9 cm, which corresponded to a decrease of 1.5%.

Table 5.2: Average deviation in tidal range, Maximum Roll-out scenario

- lower reference + upper ++ upper
3.1 4.9 6.5 8.3 [cm]
1.0 1.5 2.0 2.6 [%]

Tidal Volume
In Tables E.8 and E.9 in Appendix E the deviation in tidal volume for all cases are shown for the various cross
sections. The reduction in accumulated tidal volume at the entrance of the basin was 15 million cubic meters
for the reference case. This corresponded to a decrease of about 1.7% compared to the original tidal volume
entering and leaving this part of the basin.

Summary
Figure 5.5 shows the decrease in percentage for the tidal range at certain locations and the tidal volume ac-
cumulated through certain parts of the basin for the reference case. In general a decrease of 1.7% was found
for both the tidal range and tidal volume compared to the original situation.
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Figure 5.5: Overview of basin showing reduction tidal range and tidal volume expressed as %, Maximum Roll-out scenario

5.2.2. Channels

Discharges
The discharges through various cross-sections were investigated. Table E.10 in Appendix E shows the de-
crease in average peak flood and ebb discharges with respect to the base case for the reference scenario.
Figure 5.6 summarizes the reductions in average peak discharges.

Figure 5.6: Overview of basin showing reduction average peak discharges expressed as %, Maximum Roll-out scenario

The peak discharges decreased everywhere in the basin, and to a larger degree than in the Near-future
scenario.

5.3. Partial Roll-out Scenarios

For the Partial Roll-out scenarios, either 4 (Schaar or Hammen Filled) or 9 gate openings (Roompot Filled)
had increased resistance.

5.3.1. Channels

Water Levels
For the Partial Roll-out scenarios, the water levels in the channels of the basin were analyzed. The exact
values of the deviations and the percentage of the original tidal range are presented in Tables E.11 and E.12
in Appendix E. Figure 5.7 summarizes the results of the deviations in the mean high and low water levels and
the mean tidal range with respect to the base case where no turbines were present.
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Figure 5.7: Deviations in (a) mean high water, (b) mean low water and (c) mean tidal ranges w.r.t. base case along basin, Partial Roll-out
scenarios. Partial Roompot (RP) 9 gate openings with turbines, Partial Schaar (SCH) and Hammen (HAM) 4 gate openings. 0km is the
barrier, and positive indicates landward direction

Table 5.3 shows the average deviation in mean tidal range. Roompot Filled had higher deviations, because
there were more gates with increased resistance. The scenario in which Roompot had turbines, resulted in
deviations of water levels 3.3 cm, which was a deviation of 1.0% for the reference case. For Schaar Filled with
turbines this was 0.7 cm (0.2%) and for Hammen Filled 0.8 cm (0.3%). The results are summarized in Figure
5.8 for the whole basin.

Table 5.3: Average deviation in tidal range, Partial Roll-out scenarios

Roompot Filled Schaar Filled Hammen Filled
3.3 0.7 0.8 [cm]
1.0 0.2 0.3 [%]

Figure 5.8 shows the reduction in tidal range for all three Partial Roll-out scenarios at various locations in
the tidal basin.

Figure 5.8: Overview of basin showing reduction in tidal range in %, Partial Roll-out scenarios

Tidal Volume
The changes in accumulated tidal volume over a tidal cycle were investigated for the Partial roll-out scenarios.
In Table E.13 in Appendix E the decrease in tidal volume is shown for the various cross sections. The results
are summarized in Figure 5.9.

Figure 5.9: Overview of basin showing changes in tidal volume in %, Partial Roll-out scenarios

The reduction in tidal volume accumulated through the entrance of the basin was 10.4 million cubic
meters for the Roompot Filled scenario. This was a deviation of about 1.1% from the original tidal volume.
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For Schaar Filled the decrease was 2.0 cubic meters through the entrance and in percentage around 0.2%. For
Hammen Filled the decrease was 2.3 million cubic meters at the entrance, in percentage around 0.3%.

5.3.2. Channels

Discharges
In Table E.15 in Appendix E the deviations in peak discharges are presented for each Partial Roll-out scenario.

Roompot Filled
In Figure 5.10 the results of the average peak discharges are summarized for the Roompot Filled scenario. The
figure shows a decrease in discharge through the Roompot Channel and increases in the Schaar and Hammen
Channels, similarly as the Near-future scenario. In the far-field discharges decreased.

Figure 5.10: Overview of reduction average peak discharges expressed as %, Roompot Filled Partial Roll-out scenario

Schaar Filled
In Figure 5.11 the results of average peak discharges are summarized for the Schaar Filled scenario. The figure
shows a reduction in discharge in the Schaar Channel directly behind the barrier. In the far-field there is also
a reduction in discharges. The discharges increased in the Roompot Channel directly behind the barrier. In
the Hammen Channel, the ebb velocities decreased, but the flood discharges increased.

Figure 5.11: Overview of basin showing reduction average peak discharges expressed as %, Schaar Filled Partial Roll-out scenario

Hammen Filled
In Figure 5.12 the results of the average peak discharges are summarized for the Hammen Filled scenario. The
figure shows a reduction in discharge directly behind the barrier in the Hammen Channel as well ass in the
far-field. An increased discharge is seen in the Roompot channels. In the Schaar Channel, the ebb velocities
decreased, while the flood velocities increased.
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Figure 5.12: Overview of basin showing reduction average peak discharges expressed as %, Hammen Filled Partial Roll-out scenario

5.4. Analysis of Hydrodynamic Changes
This section analyzes the results described in the preceding sections. The results are analyzed in terms of the
water levels, tidal volume and discharges.

5.4.1. Water Levels

The impact on the mean tidal range of all scenarios is summarized in Figure 5.13 for the reference case. This
Figure includes all the scenarios; Near-future (2 gates), Partial Hammen and Schaar Filled (4 gates), Partial
Roompot Filled (9 gates) and the Maximum Roll-out (17 gates).
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Figure 5.13: Deviation in tidal range as a function of gate openings equipped with turbines for three locations indicated on the map,
reference case deviations for all scenarios. Near-future roll-out is 2 gate openings, Hammen and Schaar Partial Filled are 4 gate openings,
Roompot Partial Filled is 9 gate openings, Maximum roll-out is 17 gate openings

The deviation in tidal range increases in landward direction. There is near-linear relationship between the
deviation in tidal range and the number of gate openings with turbines. The figure shows that the Near-future
scenario has a larger impact on the tidal range than the Hammen and Schaar Filled scenarios. Moreover, the
Roompot Filled scenario has a relatively larger impact on the tidal range and the impact wa relatively smaller
for the Maximum Roll-out scenario. Most likely, this was due to the multiplication factor that was used, which
accounted for more resistance in larger openings than in smaller openings. The Roompot barrier section has
larger gate openings. Consequently, this indicates that more energy is extracted and produced when placing
the turbines in the Roompot section.

Results from the Delft3D model are compared in Table 5.4 to results from the IMPLIC model (De Kleer-
maeker, 2013), since both models ran simulations for two gate openings with turbines (Near-future scenario).
The table shows deviations in mean tidal range from simulation results, the mean deviation in tidal range
was taken as an average between the deviations in tidal range at Roompot Binnen and Marollegat from both
model results. Resulting deviations in water levels from the IMPLIC model for both drag coefficients are in
between the lower case (-) and reference case results of the resistance sensitivity range of the Delft3D model.
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Table 5.4: Deviation in mean tidal range for Near-future scenario for Delft3D and IMPLIC

deviation MTR [cm]
Delft3D - lower case 0.6

reference case 0.9
+ upper case 1.1
++ upper case 1.4

IMPLIC cd 0.7 0.7
cd 0.9 0.8

This comparison shows that the results are in the same order of magnitude. It also indicates that the up-
per values of the sensitivity range might be over-estimating the resistance due to tidal energy extraction.

5.4.2. Tidal Volume

The impact on the mean tidal volume of all scenarios is summarized in Figure 5.14.
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Figure 5.14: Deviation in tidal volume as a function of gate openings equipped with turbines for three cross-sections indicated on the
map, reference case deviations for all scenarios. Near-future roll-out is 2 gate openings, Hammen and Schaar Partial Filled are 4 gate
openings, Roompot Partial Filled is 9 gate openings, Maximum roll-out is 17 gate openings

The reduction in tidal volume reduces in landward direction, but in relative sense the same per scenario.
The same (near-linear) pattern is seen as with the tidal range; the Near-future scenario (2 gate openings) and
the Roompot filled scenario (9 gate openings) have a higher impact on the tidal volume than the Schaar and
Hammen filled (4 gate openings) scenarios, since there is relatively more resistance due to the larger gate
openings.

5.4.3. Discharges

The analysis of discharges is split in two; firstly the deviations in the far-field (defined in Section 3.3) are dis-
cussed and secondly the changes in the mid-field are analyzed.

Far-field
In all cases the discharges reduced in the two far-field channels; the Engelsche Vaarwater and the Brabantsche
Vaarwater. In Figure 5.15 the reductions in peak ebb discharge in the far-field for all scenarios are shown. The
reductions were relatively and absolutely seen, larger in the ebb-phase than in the flood-phase. This could
be due to a larger part of the water traveling over the flat rather than through the channel in which the cross-
section was placed. The Maximum Roll-out scenario had the largest effect, followed by the Roompot Filled
scenario. The Near-future and Hammen and Schaar Filled scenarios had a similar effect, in line with the con-
clusions drawn from the tidal range and tidal volume results. This confirms the hypothesis that asymmetric
positioning of turbines does not affect the discharges in the far field, but only the amount of energy extraction.
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Figure 5.15: Overview of far-field channels (Brabantsche Vaarwater and Engelsche Vaarwater) showing reduction average peak ebb dis-
charges in far-field, expressed as % , for all upscaling scenarios; Near-future (2 gate openings with turbines), Partial Roll-out Schaar
Filled (4 gate openings), Partial Roll-out Hammen Filled (4 gate openings), Partial Roll-out Roompot Filled (9 gate openings), Maximum
Roll-out (17 gate openings)

Mid-field
In the symmetrical scenario, namely the Maximum Roll-out scenario, reductions were found everywhere in
the mid-field. For all three (asymmetric) Partial Roll-out scenarios, the reduction in discharge in the channel
behind that barrier section was more severe than for the Maximum Roll-out scenario for both ebb and flood.
The larger reduction could indicate that more energy is extracted from the system if no turbines are present
in the other sections.

For the two scenarios in which the Roompot section had increased resistance (Near-future and Partial
Roompot Filled) reductions were found in the Roompot channel and increased discharges in the Schaar and
Hammen channels during both ebb and flood, see Figure 5.16. These increases in discharge might be ben-
eficial for sedimentation on the Roggenplaat since the sediment capacity of the flow is dependent on the
velocity magnitude.

(a) Ebb (b) Ebb (c) Ebb

(d) Flood (e) Flood (f) Flood

Figure 5.16: Overviews of mid-field of basin showing reduction average peak discharges in mid-field, expressed as %, Near-future, Partial
Roompot Filled and Maximum Roll-out scenarios. Red arrow indicates barrier section with turbines (except with Maximum Roll-out
since all barrier sections are equipped with turbines)

In the Partial Schaar and Hammen Filled scenarios the discharges decreased in the channels behind the
barrier section were turbines were situated. In both scenarios, the discharge increased during ebb and flood
in the Roompot channels. This might be beneficial for sedimentation of Neeltje Jans on the southern side.
However in both cases, the north side experiences decreases in discharge. Both scenarios showed reductions
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in discharge for both the north and south side of the Roggenplaat. Moreover, in both cases during flood,
one of the channels has increased discharge while the other has decreased discharge. This may influence
the water level gradient over the flat and therefore the sediment transport gradient. This requires further
investigation.

(a) Ebb (b) Ebb (c) Ebb

(d) Flood (e) Flood (f) Flood

Figure 5.17: Overview of mid-field basin showing changes in average peak discharges in mid-field, expressed as %, Partial Hammen and
Schaar Filled and Maximum Roll-out scenarios. Red arrow indicates barrier section with turbines (except with Maximum Roll-out since
all barrier sections are equipped with turbines)
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5.5. Key Points
Numerical simulations lasting one spring-neap cycle were performed for the scenarios (Near-future, Maxi-
mum Roll-out and Partial Roll-out). The results for tidal range and volume are as follows:

• Near-future: reduction in average mean tidal range for the whole basin for the resistance sensitivity
range, was between 0.6 and 1.4 cm, or on average 0.2 to 0.5% of the tidal range for barrier without
turbines, with the same result tidal volume (0.2 to 0.5 %) deviation throughout the basin.

• Maximum Roll-out: reduction in average mean tidal range for the whole basin was between 3 and 8
cm, or on average 1 to 2.6% of the tidal range for barrier without turbines, with a similar result for tidal
volume (1.1 to 2.8%) deviation throughout the basin.

• Partial Roll-out: reduction in average tidal range around for the 3 sub-scenarios are in between results
for Near-future and Maximum Roll-out scenarios; tidal volumes for Roompot, Schaar and Hammen
section installations are reduced by 1.1, 0.2 and 0.3% respectively compared to the situation without
turbines.

The reduction in tidal range and volume appeared to be near-linearly increasing with the number of tur-
bines installed. Moreover, the deviation in tidal range increases in landward direction for all scenarios. Figure
5.18 summarizes the deviations in tidal range at the basin opening (Roompot Binnen) and in the far end of
the basin at Marollegat for the Near-future and Maximum Roll-out scenarios. The deviations for the Partial
Roll-out scenario are in between.

Figure 5.18: Overview of basin showing deviation in tidal range near mouth of basin (Roompot Binnen) and far end of basin (Marollegat)
for Near-future (NF) and Maximum Roll-out (MRO) scenarios

In the mid-field (from barrier to mid-basin), peak discharges decreased in the channels directly behind
the barrier section with turbines, and increased in the channels behind sections with no turbines. In the far-
field (from mid to end-basin), results were not affected by the positioning of turbines, only the number of
turbines/amount of energy extraction.
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6
Analysis of Tidal Flat Morphology

This chapter provides an analysis of the impact on the tidal flat morphology due to the change in hydrody-
namics caused by tidal energy extraction. First, the change in emergence times of the flats are investigated.
Hereafter, a reflection on the impact on erosion rates is reported.

6.1. Emergence Time
The results from Chapter 5 showed that the mean low water level would increase for the various scenarios.
This section investigates the effect of the rise in of low water level on the emergence time of tidal flats. Three
tidal flats are investigated; Roggenplaat, Neeltje Jans and Galgenplaat, see Figure 6.1. The three tidal flats
have an area of around 1500 hectare, 250 hectare and 950 hectare respectively.

Figure 6.1: Overview of basin and the three largest tidal flats; Roggenplaat, Neeltje Jans and Galgenplaat

Hypsometric curves were constructed using data from the Light Detection and Ranging (LiDAR) measure-
ment campaign from 2013. This data had a resolution of 2 meters, which was much smaller than the grid size
from the Delft3D model. Hypsometric curves of the three flats are shown in Figure 6.2. The curves show the
surface area (A(z)) as a function of water level (z). The distribution is shown within the tidal range for each
flat. They were constructed in the following manner (De Vet et al., 2017b):

• Selection made of grid cells for each tidal flat of area between MLW and MHW (inter-tidal area)

• Hypsometric function A(z) = A(Z>z) - A(Z > MHW) acquired by multiplying the surface area per grid cell
with the number of grid cells of which the bed level is larger than z but smaller than MHW.

Per tidal flat, a local estimate of the tidal range is used since it varies throughout the basin.
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Figure 6.2: Hypsometric curves of tidal flats (a) Roggenplaat, (b) Neeltje Jans and (c) Galgenplaat between local MLW and MHW, con-
structed using LiDAR data from 2013. Water level z with respect to N.A.P.

For each scenario, the change in low water level on the increased emerged acreage was determined as
shown in Figure 6.3. The difference between the base case MLW and the MLW from the scenario results
shows the loss in emerged acreage.
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increased MLW

Figure 6.3: Example of determination loss in acreage due to increase in water level of the base case without turbines, and an arbitrary
case of increased water level due to tidal energy extraction

6.1.1. Near-future Scenario
In Table 6.1 the change in water level and corresponding decrease in emerged area is shown for the Near-
future scenario.

Table 6.1: Increase in MLW and corresponding loss in emerged area for Near-future scenario

MLW rise [cm] Area loss [ha] Area loss [%]
Roggenplaat 0.3 1.0 0.1
Neeltje Jans 0.3 0.2 0.1
Galgenplaat 0.4 1.3 0.1
All 2.5 0.1

6.1.2. Maximum Roll-out Scenario
In Table 6.2 the change in water level and corresponding decrease in emerged area is shown for the Maximum
Roll-out scenario.

Table 6.2: Increase in MLW and corresponding loss in emerged area for Maximum Roll-out scenario

MLW rise [cm] Area loss [ha] Area loss [%]
Roggenplaat 1.6 5.2 0.4
Neeltje Jans 1.6 1.3 0.5
Galgenplaat 2.3 13.1 1.4
All 19.5 0.7

6.1.3. Partial Roll-out Scenarios
In Tables 6.3, 6.4 and 6.5 the change in water levels and corresponding decrease in emerged area is shown for
the Partial Roll-out scenarios.
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Table 6.3: Increase in MLW and corresponding loss in emerged area for Partial Roompot Roll-out scenario

MLW rise [cm] Area loss [ha] Area loss [%]
Roggenplaat 1.1 3.6 0.3
Neeltje Jans 1.1 0.9 0.4
Galgenplaat 1.6 8.6 0.9
All 13.1 0.5

Table 6.4: Increase in MLW and corresponding loss in emerged area for Partial Schaar Roll-out scenario

MLW rise [cm] Area loss [ha] Area loss [%]
Roggenplaat 0.2 0.7 0.1
Neeltje Jans 0.2 0.2 0.1
Galgenplaat 0.3 0.9 0.1
All 1.8 0.1

Table 6.5: Increase in MLW and corresponding loss in emerged area for Partial Hammen Roll-out scenario

MLW rise [cm] Area loss [ha] Area loss [%]
Roggenplaat 0.3 0.8 0.1
Neeltje Jans 0.3 0.2 0.1
Galgenplaat 0.4 1.1 0.2
All 2.1 0.1

6.1.4. Analysis
Figure 6.4 summarizes the results from this section. The figure shows the loss in emerged area as a function
of gate openings equipped with turbines per tidal flat. For a comparison, approximately 15 ha of the three
tidal flats combined is lost annually due to erosion and sea-level rise.
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Figure 6.4: Deviation in emerged area of tidal flats as a function of gates openings equipped with turbines for the reference case and
overview of basin with locations of tidal flats. All scenarios included; Near-future (2 gate openings with turbines), Partial Schaar and
Hammen (4 gate openings each), Partial Roompot (9 gate openings) and Maximum Roll-out (17 gate openings)

The relationships are near-linear. This is in line with the results from the previous chapter, since more
resistance is present in the openings of the Roompot section due to their respective sizes. The Galgenplaat,
where the water level increases most, also has the largest loss in acreage. Neeltje Jans, where the water level
increases the least, loses the least too.

The tidal energy extraction scenarios can be compared to sea-level rise. De Ronde et al. (2013) defines
three sea-level rise scenarios based on KNMI (Royal Dutch Meteorological Institute) data:

• Scenario Low: 2.5 mm/year from 1990 - 2050 and 4 mm/year from 2050 - 2100.

• Scenario Middle: 4.17 mm/year from 1990 - 2050 and 7 mm/year from 2050 - 2100.

• Scenario High: 5.83 mm/year from 1990 - 2050 and 10 mm/year from 2050 - 2100.

The sea-level rise rate of of 4.17 mm per year is used for the comparison in this work (Scenario Middle
1990-2050). It should be noted that this is a specific prediction which could change over the course of time.
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The decrease in low water is taken as an average between the deviations of Roompot Binnen and Marollegat.
The results are shown in Table 6.6.

Table 6.6: Rise in MLW and Sea-level rise equivalence for all tidal energy extraction scenarios

MLW rise [cm] SLR [years]
Near-Future 0.5 1.1
Maximum roll-out 2.4 5.8
Partial roll-out Roompot filled 1.7 4.0
Partial roll-out Schaar filled 0.3 0.8
Partial roll-out Hammen filled 0.4 0.9

The sea-level rise equivalence is between 1 and 6 years. This could be interpreted as a reduction of the
life-time of the tidal flats by as many years, considering they will diminish in time anyways.

6.2. Erosion
The results have shown that the tidal range and discharges (assumed to be proportional to velocities) change
as a result of tidal energy extraction. This is expected to influence the rate of erosion of tidal flats. This is
however not investigated in this work. A conceptual statement is provided.

The decrease in tidal range will change the inundation frequency in different height zones of the tidal flat;
and therefore a resulting increased impact of wind and waves is expected. Additionally, the changes in dis-
charge may lead to even larger reductions in sedimentation on tidal flats. Furthermore, water level gradients
may change over the flats in the mid-field due to the relative differences in discharges in the surrounding
channels because of (asymmetric) tidal energy extraction. This should be quantified and confirmed by fur-
ther work regarding erosion rates.

6.3. Key Points
The increase in low water level due to tidal energy extraction scenarios leads to a decreased emergence of the
tidal flats. The reduction in acreage was estimated for the three largest tidal flats (Galgenplaat, Neeltje Jans
and Galgenplaat) based on hypsometric curves of these tidal flats. Moreover, the increase in MLW for each
scenario was compared to equivalence in sea-level rise years. The results for acreage lost and sea-level rise
equivalence are as follows:

• Near-future: Loss in acreage for the three tidal flats combined is 2.5 ha, 0.1% of the current acreage. The
increase in MLW is equivalent to 1.1 sea-level rise year.

• Maximum Roll-out: Loss in acreage for the three tidal flats combined is 19.5 ha, 0.7% of the current
acreage. The increase in MLW is equivalent to 5.8 sea-level rise years.

• Partial Roll-out: Loss in acreage and sea-level rise years in between Near-future and Maximum Rol-out.

The rate of erosion is speculated to increase somewhat due to the changes in tidal range and discharges
throughout the basin induced by tidal energy extraction. Further work is required to make a prediction on
the magnitude of these rates of erosion.

56



7
Discussion

In this chapter the results are interpreted and the limitations are discussed.

7.1. Interpretation of Results
In this section the results are discussed in terms of validity, expectations and new insights and the results are
interpreted from a socio-environmental perspective.

7.1.1. Validity of Results
In this work an existing two-dimensional Delft3D model was adapted to include tidal energy extraction in
order to predict hydrodynamic changes due to various scenarios of upscaling of tidal energy extraction within
the Eastern Scheldt (ES) barrier. Water level predictions from model simulations (without turbines) matched
actual measurements in the basin well and therefore the model was considered a good tool for analysis of
basin hydrodynamics for the purpose of this work.

A comparison between water level measurements in the basin and predictions from model simulations
for the upscaling scenarios was not possible, since those turbines were not installed. However, the additional
resistance due to turbines in gate openings was calibrated using a state-of-the-art three-dimensional model
of the gate opening with turbines installed currently (Roompot 8). Additionally, water level predictions from
this work match with predictions from previous work with a one-dimensional model.

Therefore, the model and parameterization that were used provide a sufficient first indication on changes
in basin hydrodynamics due to upscaling of tidal energy extraction, which should be interpreted as such.

7.1.2. Expectation
The hydrodynamic results showed deviations in tidal range, volume and discharges throughout the basin due
to tidal energy extraction at the barrier. This was expected since similar changes in hydrodynamics occurred
due to the construction of the barrier. The tidal range and volume decreased throughout the basin with
increasing tidal energy extraction. Between the barrier and mid-basin, peak discharges decreased in channels
directly behind the barrier section with turbines and increased in channels behind sections with no turbines.
The former was expected, the latter not, but the explanation is simply that when one section is causing a
resistance to the flow, it will seek an ’easier’ path in the other sections. From mid- to end-basin, discharges
are not affected by positioning of turbines, only the amount of energy extraction, which was also expected.

7.1.3. New Insights
A number of insights are derived from this work in terms of the modeling approach, the model results, and the
analysis of the results. Previous research (De Kleermaeker, 2013) shows the influence of two gate openings
with turbines on water levels in the ES basin using a one-dimensional model and a theoretically derived
turbine parameterization. In this work, a two-dimensional model has been developed which includes all
relevant processes for basin hydrodynamics and tidal flat morphodynamics. It has been used to evaluate
not only the tidal range (as was done with the one-dimensional model) but also allowed for an evaluation
of the distribution of tidal volume and discharges throughout the basin. The model allows for evaluation of
the contribution of tidal energy extraction to the ongoing erosion of the tidal flats due to the possibility of
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wind and wave modules as well as sediment transport, although they have not been used in this work. The
parameterization approach allowed for a successful implementation of tidal turbines in a storm surge barrier
by coupling the two-dimensional model to a state-of-the-art three-dimensional model of one gate opening
with turbines.

This work has shown the impact of tidal energy extraction on basin hydrodynamics of not only the near-
future installation, but has also shown the effect of various upscaling scenarios. Moreover, the analysis of the
increase in low water level due to tidal energy extraction allowed for an insightful comparison with sea-level
rise years and an estimation of the loss in acreage using hypsometric curves of the tidal flats.

7.1.4. Socio-environmental Perspective
The socio-environmental dilemma with respect to turbine installation is whether the benefits of renewable
energy outweigh the negative impact on the ecological value of the basin. The tidal flats are important areas
for birds and animal life. However, the sediment deficit and consequent erosion of tidal flats induced by
the construction of the barrier is already causing a serious autonomous negative trend. The tidal flats are
expected to diminish completely if no interventions are taken within the next 100 to 200 years, according to
predictions of De Ronde et al. (2013).

Tidal energy extraction is expected to enhance this trend, although the changes in hydrodynamics are
smaller than those induced by the construction of the barrier. In Table 7.1, average deviations in tidal volume
and range are shown either resulting from the installed barrier (as measured) or resulting from tidal energy
extraction (as predicted). Note that changes are shown either relative to the situation without barrier (for the
impact of the installed barrier) or relative to situation with installed barrier (for the impact of tidal energy
extraction). Relative changes resulting from tidal energy extraction would of course be even smaller when
compared to the situation without barrier. These deviations are an average of the whole basin; deviations in
tidal range near the barrier are smaller and deviations in tidal range in more landward direction are larger.

Table 7.1: Comparison of average reduction in tidal volume and range due to barrier construction and tidal energy extraction in %

Barrier Near- Maximum Partial
Construction future Roll-out Roll-out

Reference No barrier Barrier Barrier Barrier
Tidal Volume -30 -0.2 to -0.5 -1.1 to -2.8 -0.2 to -1.1
Tidal Range -12 -0.2 to -0.5 -1.0 to -2.6 -0.3 to -1.0

The ES basin is already completely out of equilibrium and the small changes in hydrodynamics from tidal
energy extraction could enhance this disequilibrium slightly. Whether this increase in rate of deterioration
of the tidal flats is significant, should be considered in terms of social acceptance and overall environmental
impact. Is renewable energy or the ecological value of the tidal flats more important in terms of the environ-
ment? What should be considered is how much energy is ultimately produced and what the impact of the
reduction in acreage of tidal flats is on animal and bird life, which is not quantified in this work.

To preserve the tidal flats, several mitigation measures have already been considered such as nourish-
ments and erosion-reduction measures (Van Zanten and Adriaanse, 2008). If nourishments of the tidal flats
are planned periodically, it could counter-act the effects of tidal energy extraction. This would need further
investigation, however.

7.2. Limitations of the Work
A number of limitations to this work are presented.

7.2.1. Morphological Modeling
The model simulations of this work do not account for crucial processes of tidal flat morphodynamics. The
model simulations did not include wind and waves, or sediment transport - although this is possible with
the model - and therefore conclusions cannot be drawn about the impact on erosion rates of tidal flats. The
exclusion of these processes does not affect the outcome of the hydrodynamic results. For further analysis on
tidal flat morphodynamics, however, these are essential to include. This is expected to be done by the larger
research project which will continue after completion of this thesis.
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7.2.2. Turbine Parameterization
The turbine implementation in this work simplifies the actual momentum extraction due to tidal turbines.
The turbine parameterization was implemented through a momentum sink approach; porous plates ac-
counted for the additional resistance in a gate opening due to tidal turbines. Porous plates have a constant
coefficient over time which accounts for momentum extraction. In reality, the momentum extraction by tur-
bines on local flow is velocity dependent and in the ES case, variable for ebb and flood. Moreover, the turbines
in the ES are extracted from the water when the head difference over the barrier reaches a certain limit. By
implementing the constant coefficient in the model, loss is overestimated for high and low flow velocities,
since the turbines are less efficient and operational windows are not accounted for.

In the work of Mungar (2014) an option including a velocity dependent loss coefficient has been explored,
and (Sandia Laboratories) is working on an implementation of tidal turbines in Delft3D. However, this was not
used in this research, as it was assumed that using one coefficient that takes an average of the loss, provides
accurate enough results for a first estimation of tidal energy extraction on large-scale hydrodynamics. For
more accurate results, this should be taken into account.

7.2.3. STAR-CCM+ Model
The data used for calibrating the increase in resistance came from a three-dimensional STAR-CCM+ model
which was still work-in-progress and only representative for one specific gate opening. This three-dimensional
model was not fully validated at the time of this thesis. Moreover, only limited simulations results were avail-
able. To account for this a sensitivity range was included, which was quite large. The Delft3D model should
be re-calibrated when the STAR-CCM+ model is completed.

Additionally, the STAR-CCM+ model only represented turbines installed in Roompot 8. A crucial assump-
tion that was made in the implementation of turbines in other gate openings in the model was that each gate
opening had an increased resistance proportional to its cross-sectional area. This should be interpreted as
larger turbines in larger openings and smaller turbines in smaller openings. This assumption can only be
tested once it is known what kind of turbines will be installed in other gate openings, and possible three-
dimensional computations are performed for those openings.

In conclusion, there are a number of shortcomings to the model and turbine parameterization, which
need attention if more accurate results are desired. However, as a first estimation of tidal energy extraction
on large-scale hydrodynamics the method used provides meaningful results.
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8
Conclusions and Recommendations

The research presented in this thesis provided insight into the impact of tidal energy extraction on the hydro-
dynamics and morphology in the Eastern Scheldt (ES) tidal basin. Hydrodynamic predictions could be made
of not only the current installation, but also various upscaling scenarios, using a two-dimensional model
covering relevant basin hydrodynamics. Tidal turbines were parametrized in this model by using data from
a state-of-the-art three-dimensional model of one gate opening with turbines. The hydrodynamic results al-
lowed for an evaluation of the impact on tidal flat morphology. Resulting conclusions and recommendations
are summarized below.

8.1. Conclusions
Q1: How can relevant hydro- and morphodynamic processes of a tidal basin in combination with tidal energy
extraction in a storm surge barrier at its inlet be modeled?

Relevant hydro- and morphodynamic processes (tidal flow, wind, waves and sediment transport) of the
basin with barrier, channels and tidal flats are covered by an available two-dimensional Delft3D model (Pezij,
2015). Tidal energy extraction in the barrier is accounted for by modification of this model by using a local
momentum sink (porous plates) that increases flow resistance for barrier openings with turbines. The addi-
tional resistance due to turbines is calibrated using output data from a three-dimensional STAR-CCM+ model
of one opening with turbines.

Q2: How are basin hydrodynamics affected by upscaling of tidal energy extraction?

Numerical simulations over one spring-neap cycle were performed for various upscaling scenarios. The
results show small deviations in tidal range, volume and discharges throughout the basin due to tidal energy
extraction, compared to changes that have occurred as a result of the installation of the barrier. Reductions
in tidal range and volume appear to be near-linearly increasing with the number of turbines installed. De-
viations in tidal range increase in landward direction. Between the barrier and mid-basin, peak discharges
decrease in channels directly behind the barrier section with turbines and increase in channels behind sec-
tions with no turbines. From mid- to end-basin, discharges are not affected by positioning of turbines, only
the amount of energy extraction.

Q3: How does upscaling of tidal energy extraction contribute to the ongoing morphological changes of tidal
flats?

Simulation results indicate that the emergence time of tidal flats decreases due to tidal energy extraction
as a result of an increase in mean low water level throughout the basin. The increase in low water level due to
tidal energy extraction would only be a fraction of the increase in water level due to sea-level rise in coming
years. Additionally, the reduction in acreage of these flats due to the rise in mean low water level resulting
from tidal energy extraction is relatively small compared to the ongoing loss in acreage due to both sea-level
rise and erosion induced by the sediment deficit resulting from the barrier construction.
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In summary, meaningful hydrodynamic predictions could be developed by modifying an available two-
dimensional Delft3D model of the ES to include tidal energy extraction, and this permitted a first evaluation of
the impact on tidal flat morphology from upscaling tidal energy extraction. Further work is however required
to optimize basin and turbine modeling and evaluate long-term morphodynamics (sediment transport).

8.2. Recommendations
To evaluate the relative impact of tidal energy extraction on the ongoing morphological changes of tidal flats
more accurately, it is necessary to include wind, waves and sediment transport processes explicitly in the
Delft3D model.

For more precise results, turbine parameterization in the model can be improved. At the completion of
this thesis work, the three-dimensional STAR-CCM+ model used as input for the turbine parameterization
was still work-in-progress. When this model has been completed and validated, turbine modeling and pa-
rameterization should be re-examined. In case large scale deployment is planned, then further STAR-CCM+
modeling is required accounting for individual opening sill height and turbine characteristics. Moreover, for
more accurate representation of momentum extraction by turbines, it would be beneficial to implement ve-
locity dependent resistance in the Delft3D model which is variable for ebb and flood, such as in the work
done by Mungar (2014) and Sandia Laboratories. This term should also account for operational windows of
the turbines.

A comprehensive socio-environmental evaluation is ultimately required, but needs more specific and de-
tails regarding the (negative) impact of tidal energy extraction on the autonomous negative trend of the tidal
flats. This evaluation should compare benefits from (renewable) tidal energy extraction to the (incremental)
ecological impact resulting from further reduction in acreage of tidal flats that support animal and bird life.
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A
Consequences of the Delta Works

This appendix provides an overview of the hydrodynamic changes and resulting morphological changes that
have occurred, and are still occurring, due to the various construction works in the ES basin since 1958.

A.1. Historical Background on Interventions
Due to the construction works in the ES, the hydrodynamics in the basin have changed significantly. The
most influential intervention was the ES barrier, due to the reduction of cross-sectional area available for
water flowing into and out of the basin. Figure A.1 shows the basin as it was in 1990 and various works
completed before 1990. The construction works can be divided into the following phases (Vroon, 1994):

• 1958 - 1964: The Delta project was initiated and construction work started. In 1964 the Grevelingendam
was completed, cutting off the Eastern Scheldt from its northern neighbor.

• 1964-1969: The Volkerak dam was constructed in 1969, which included sluices to regulate river flow
(not included in the Figure, just outside Figure A.1 to the northeast).

• 1969-mid 1985: Preparations for the ES Project including some minor construction works near the
mouth of the estuary.

• mid 1985 to 1987: Completion of the ES project. This included the storm surge barrier and two com-
partmentalization dams (Oesterdam and Philipsdam) in the north- and southeastern branches of the
basin.
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Figure A.1: Overview ES and construction works (Louters et al., 1998)

A.2. Changes in Hydrodynamics
The construction works have resulted in a reduction of the tidal range, volume and velocities within the basin.
The tidal volume has decreased by approximately 30%, the current velocities have decreased 20-40% in the
western and central parts of the basin and up to 80-100% close to the barrier and in the eastern parts of the
basin. The average tidal range has decreased by 12%(Louters et al., 1998).

A.2.1. Tidal Volume and Range
The closure of the Grevelingen and Volkerak resulted in an increase of the flood volume, but due to the con-
struction works of the barrier, the flood volume decreased, as shown in Figure A.2. A linear relationship has
been observed between the reduction of cross sectional area and loss in tidal volume (Louters et al., 1998),
confirming that this drop in tidal volume is a direct consequence of the barrier.

Figure A.2: Evolution of flood tidal volume at the mouth of the ES basin since 1960 (Louters et al., 1998)

The reduction in tidal range is on average 12% (about half a meter) with respect to the situation before the
works, as is seen in Figure A.3. Vroon (1994) states that the reduced tidal range has led to a lower inundation
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frequency in the higher zones of the basin, having an impact on ecology. Moreover, there is an increased
period that the tidal flats are exposed to wave energy. This is discussed later on in this Chapter.

Figure A.3: Hydrodynamic consequences of a phased planning schedule, actual tidal range (solid line) and theoretical tidal range without
works (broken line) (Vroon, 1994)

A.2.2. Tidal Flow Velocities
The construction works led to a reduction in flow velocities, proportional to the decrease in discharge. Dif-
ferences were observed between these reductions in northern and southern parts of the basin and between
ebb and flood. An example of differences in ebb and flood velocities, as compared to the situation before the
construction works is shown in figure A.4 for a location near the Galgenplaat(middle of the basin). At this
location flood velocities have decreased significantly, while ebb velocities have remained relatively similar.
The reduction in flood velocities has dramatically decreased sediment transport in the flood phase, see the
solid line in figure A.4.

Figure A.4: Current velocities (interrupted line) and sand transport(solid line) in 1984 and 1987 observed near Galgenplaat (Mulder and
Louters, 1994)

A.3. Morphological Development
A.3.1. Sediment Deficit
The construction of the Delta Works started around 1958, and interventions starting in 1964 began influenc-
ing the ES basin. Before this period, the ES basin was exporting sediment, indicating that the estuary had not
yet reached a morphological equilibrium. The increase in tidal prism caused by the Grevelingen and Volkerak
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dams, resulted in an even larger export of sediment. Eelkema (2013) states that this led to increased flow ve-
locities, scouring the channels and slightly increasing the height of the tidal flats. The eventual closure led to
a decrease in tidal prism, and therefore a corresponding decrease in the channel volume had to follow, which
is the effect that is noticed at present (i.e. sedimentation in the channels and scouring of the tidal flats). This
is explained by the empirical formula in equation A.1; the tidal prism(P) of an inlet and the cross-sectional
area(Ae ) of its entrance show a linear relationship (a and b are coefficients), which applies for both the inlet
of a basin, as for channels. Figure A.5 illustrated this equilibrium relationship for various inlets.

P = a ∗ Ae +b (A.1)

Sediment providing channels with a decreased volume must be coming from tidal flats, as the barrier
blocks import of sediment. This is known as the sediment deficit of the ES. According to Louters et al. (1998),
an import of 400-600 million m3 of sediment is necessary to reach a new dynamic equilibrium between hy-
drodynamic conditions and morphology.

Figure A.5: Morphodynamic equilibrium relation between tidal volume and cross sectional area for different tidal inlets. Channel erosion
is observed between 1965 and 1970. Since 1985, the decreased cross section at the inlet induced scour holes and the decreased tidal
volume induced scouring of the channels. (Mulder and Louters, 1994)

According to De Vet et al. (2017b), tidal flats in the ES basin were in dynamic equilibrium, or even slightly
increasing in height, before the construction of the storm surge barrier, which matches Eelkema’s findings.
After the construction works, tidal flats have been eroding strongly. This change in trend is most likely due to
the change in hydrodynamics imposed by the barrier (De Vet et al., 2017b). Figure A.6 shows the decline in
height, area and volume of tidal flats in the ES.
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Figure A.6: Long term changes of the average height, area and volume of flats in the ES. The vertical gray box indicates the completion of
the storm surge barrierDe Vet et al. (2017b)

A.3.2. Autonomous Negative Trend
The sediment deficit of the channels is leading to erosion of tidal flats, and sea-level rise (SLR) is leading
to decreased emergence of these areas. Due to the combination of these effects, all tidal flats combined
are decreasing in area by approximately 60 ha per year. Since the construction of the barrier, about 1300
hectares(10%) have been lost due to erosion and sea-level rise.

In Figure A.7 a prediction of the reduction in emerged area between 2010-2100 is shown for all tidal flats
combined, and for different emergence time intervals (0-20%, 20-40%, 40-60%, 60-80% and 80-100%) of all
tidal flats (i.e. 80-100% indicates the total area which is emerged for 9.80-12.25 hours during a tidal cycle).
For birds in the ES the most important zone corresponds to the interval 40-80% (De Ronde et al., 2013).

Figure A.7: (a) decrease in emerging area for all tidal flats in the ES over time and (b) decrease in emerging area per emergence time
interval for the scenario ’middle’ (De Ronde et al., 2013)

Figure A.7 shows the results for a ’middle’ scenario, a ’low’ and ’high’ scenario are also defined by De
Ronde et al. (2013). The three different sea-level rise scenarios correspond to a sea-level rise of 12, 24 and
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33 cm respectively for the period between 2010 and 2060. This corresponds to 2.5 to 4 mm/year, 4.17 to 7
mm/year and 5.83 to 10 mm/year for the three scenarios. Figure A.8 shows the areal decline for the tidal flats
in the ES per sea-level rise scenario.

Figure A.8: Decrease in acreage of tidal flats in the ES as a result of different sea-level rise scenarios over time (De Ronde et al., 2013).
(Geen Zsp st = No SLR, Lage ZSp st = Low SLR, Midden Zsp = Middle SLR, Hoge Zsp st = High SLR)
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B
Sill Heights Eastern Scheldt Barrier

This appendix shows the sill heights of each gate opening, and in which gate openings turbines are imple-
mented in the model (indicated in bold in the tables).

Tables B.1, B.2 and B.3 give the sill heights of Hammen, Schaar and Roompot respectively. The sill heights
have been obtained from the technical drawings of Rijkswaterstaat Directie Sluizen en Stuwen (1987).

Table B.1: Sill heights Hammen

Gate Sill height w.r.t NAP [m]
H1 4.7
H2 4.7
H3 5.7
H4 6.7
H5 7.7
H6 8.7
H7 8.7
H8 8.7
H9 7.7
H10 6.7
H11 5.7
H12 4.7
H13 4.7
H14 4.7
H15 4.7
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Table B.2: Sill heights Schaar

Gate Sill height w.r.t NAP [m]
S1 4.3
S2 4.5
S3 4.5
S4 5.5
S5 6.5
S6 7.5
S7 7.5
S8 7.5
S9 7.5
S10 6.5
S11 6.5
S12 5.5
S13 4.5
S14 4.5
S15 4.5
S16 4.5

Table B.3: Sill heights Roompot

Gate Sill height w.r.t NAP [m]
R1 4.5
R2 5.5
R3 6.5
R4 6.5
R5 7.5
R6 8.5
R7 9.5
R8 9.5
R9 9.5
R10 10.5
R11 10.5
R12 10.5
R13 10.5
R14 10.5
R15 10.5
R16 10.5
R17 9.5
R18 9.5
R19 9.5
R20 9.5
R21 9.5
R22 9.5
R23 9.5
R24 9.5
R25 8.5
R26 8.5
R27 7.5
R28 7.5
R29 6.5
R30 5.5
R31 4.5
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C
Discharge Coefficients STAR-CCM+ Model

This appendix shows the computation of discharge coefficients from STAR-CCM+ model output.

The water level difference, wetted area and discharge are provided from the STAR-CCM+ model for both
flood and ebb simulations, and with and without turbines. This model was not used by the author, data was
provided by Deltares in July 2017. Table C.1 shows the values which are provided by the STAR-CCM+ model
and the calculated discharge coefficients for the situation without turbines.

Table C.1: Discharge coefficients for ebb and flood derived from STAR-CCM+ model for situation with only barrier

Flood Ebb
Mass flow barrier opening Qb 651 862 m3/s
Water level difference |ζu −ζd | 0.2 0.2 m
Gravitational acceleration g 9.81 9.81 m/s2

Water depth above sill H 8.7 10.4 m
Wetted width y 39.5 39.5 m
Discharge coefficient barrier µb 0.95 1.06 -

For the situation with turbines, the discharge coefficient µ is computed again. The head difference, grav-
itational acceleration, mean water depth above the sill and the wetted width remain the same. However, the
discharge through the barrier has changed. The resulting values are presented in table C.2. The discharge
coefficients have decreased in value compared to those of the barrier with no turbines in table C.1.

Table C.2: Discharge coefficients for ebb and flood derived from STAR-CCM+ model for situation with barrier and turbines

Flood Ebb
Discharge with turbines Qt 570 722 m3/s
Discharge coefficient with turbines µb+t 0.83 0.89 -
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D
Turbine Parameterization

This appendix provides additional information regarding the turbine parameterization.

D.1. Model Coupling
These head losses were analyzed over the spring neap cycle (June 15 til 30), see Figures D.1 and D.2. The
time-steps in which a head difference of +0.2 m (within a range of 2 cm) occurred, were the flood discharges
and are indicated with the blue circles. The time-steps with a -0.2m head difference were the ebb discharges
and are indicated in red. The average discharge coefficient was calculated from all the time steps in which
the head loss of 0.2 occurred for flood and ebb.
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Figure D.1: Water levels Roompot binnen(inside) and buiten(outside)
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Figure D.2: Water level difference and corresponding discharge over sill
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D.2. Discharge Coefficients
Table D.1 shows the range that is used for calibration of the discharge.

Table D.1: Discharge coefficients for calibration of range

Ebb Flood
Barrier µb 1.15 1.12
Barrier with turbines, reference case µb+t 0.97 0.99

f actor 0.84 0.88
Barrier with turbines, -5% case µb+t 1.02 1.04

f actor 0.89 0.93
Barrier with turbines, +5% case µb+t 0.91 0.93

f actor 0.79 0.83
Barrier with turbines, +10% case µb+t 0.85 0.87

f actor 0.74 0.78

D.3. Discharge Coefficients Previous Research
Research by De Kleermaeker (2013) was performed to give predictions on changes in water levels in the ES
basin due to tidal turbines using the one-dimensional IMPLIC model. This research used a discharge formula
together with a thrust formulation for turbines and iteratively derived coefficients for ebb and flood to use
in the IMPLIC model. Discharge coefficients were calculated for barrier including turbines for two different
drag coefficients (Cd ); 0.7 and 0.9.

The results of the research were factors of 0.85 and 0.91 for flood and ebb respectively for a Cd of 0.7
and factors of 0.82 (flood) and 0.89 (ebb) for a Cd of 0.9. Apart from the different drag coefficients, slightly
different values were used for the water depth, global water level difference and swept area of the turbines
than in this work. These coefficients were multiplied by the barrier discharge coefficient. In the IMPLIC
model, the discharge coefficients for gate openings without turbines were 0.93 for flood and 1.03 for ebb.
By multiplying the derived coefficients of the turbines with those of the barrier, the discharge coefficients in
table D.2 are found.

Table D.2: Discharge coefficients IMPLIC model

Flood Ebb
Discharge coefficient for gate opening µb 0.93 1.03
Discharge coefficient for gate opening including turbines with Cd = 0.7 µb+t 0.79 0.94
Discharge coefficient for gate opening including turbines with Cd = 0.9 µb+t 0.76 0.92
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E
Simulation Results

This appendix provides additional information for the simulation results.

E.1. Near-future Scenario

E.1.1. Basin

Water Levels

Table E.1: Deviation mean water levels and mean tidal ranges channels at various observation points, near-future scenario

-lower reference +upper ++upper
[cm] [cm] [cm] [cm]

OS11 MHW 0.02 0.03 0.03 0.04
MLW 0.00 0.00 0.00 0.00
MTR 0.02 0.03 0.04 0.04

Roompot Buiten MHW 0.11 0.17 0.22 0.28
MLW 0.13 0.17 0.21 0.24
MTR -0.02 0.00 0.01 0.04

Roompot Binnen MHW -0.18 -0.26 -0.32 -0.39
MLW 0.17 0.27 0.36 0.45
MTR -0.35 -0.52 -0.68 -0.84

Roompot MHW -0.09 -0.14 -0.20 -0.28
MLW 0.17 0.27 0.36 0.46
MTR -0.26 -0.41 -0.57 -0.74

Neeltje Jans MHW -0.21 -0.33 -0.44 -0.56
MLW 0.19 0.29 0.39 0.49
MTR -0.39 -0.62 -0.83 -1.06

Zeelandbrug Noord MHW -0.25 -0.40 -0.53 -0.67
MLW 0.22 0.35 0.47 0.60
MTR -0.48 -0.75 -1.00 -1.27

Yerseke MHW -0.35 -0.55 -0.73 -0.92
MLW 0.35 0.55 0.72 0.92
MTR -0.70 -1.10 -1.45 -1.84

Marollegat MHW -0.37 -0.58 -0.77 -0.98
MLW 0.40 0.62 0.82 1.05
MTR -0.77 -1.21 -1.59 -2.02
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Table E.2: Percentage of deviation mean tidal ranges channels at various observation points, near-future scenario

lower reference upper upper
[%] [%] [%] [%]

OS11 MTR 0.01 0.01 0.01 0.01
Roompot Buiten MTR -0.01 0.00 0.00 0.01
Roompot Binnen MTR -0.13 -0.20 -0.26 -0.32
Roompot MTR -0.10 -0.16 -0.22 -0.28
Neeltje Jans MTR -0.14 -0.23 -0.30 -0.39
Zeelandbrug Noord MTR -0.16 -0.25 -0.34 -0.43
Yerseke MTR -0.20 -0.32 -0.42 -0.53
Marollegat MTR -0.21 -0.33 -0.44 -0.55

Tidal Volume

Table E.3: Deviation mean tidal volume at various cross sections, near-future scenario

Location -lower reference + upper ++ upper
[m3 ∗106] [m3 ∗106] [m3 ∗106] [m3 ∗106]

Barrier Opening −1.76 −2.77 −3.67 −4.66
Zeelandbrug −1.26 −1.97 −2.61 −3.31
Northeast Branch −0.22 −0.34 −0.45 −0.56
Southeast Branch −0.79 −1.23 −1.63 −2.06
Lodijksche Gat −0.53 −0.84 −1.11 −1.41

Table E.4: Percentage of deviation mean tidal volume at various cross sections, near-future scenario

Location -lower reference + upper ++ upper
[%] [%] [%] [%]

Barrier Opening −0.17 −0.27 −0.36 −0.41
Zeelandbrug −0.18 −0.28 −0.37 −0.47
Northeast Branch −0.19 −0.30 −0.40 −0.51
Southeast Branch −0.18 −0.29 −0.38 −0.48
Lodijksche Gat −0.19 −0.29 −0.39 −0.49

E.1.2. Channels
Discharges

Table E.5: Percentage of deviation peak ebb end flood discharge at various cross-sections, near-future scenario

Location Ebb Flood
[m3/s ∗102] [%] [m3/s ∗102] [%]

Roompot Channel −2.84 −0.73 −3.06 −0.66
Schaar Channel +0.21 +0.15 +0.76 +0.45
Hammen Channel +0.08 +0.07 +0.37 +0.22
Roompot South −0.78 −0.80 −0.43 −0.44
Roompot East −1.29 −0.53 −2.10 −0.66
Geul van Roggenplaat −0.84 −0.32 −0.32 −0.11
Engelsche Vaarwater −0.71 −0.34 −0.54 −0.21
Brabantsche Vaarwater −0.30 −0.40 −0.18 −0.20
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E.2. Maximum Roll-out Scenario

E.2.1. Basin

Water Levels

Table E.6: Deviation mean water levels and mean tidal ranges channels at various observation points, maximum roll-out scenario

lower reference upper upper
[cm] [cm] [cm] [cm]

OS11 MHW 0.08 0.13 0.18 0.23
MLW 0.04 0.06 0.07 0.09
MTR 0.05 0.08 0.11 0.14

Roompot Buiten MHW 0.28 0.42 0.56 0.72
MLW 0.42 0.60 0.74 0.88
MTR -0.14 -0.17 -0.18 -0.15

Roompot Binnen MHW -1.01 -1.60 -2.10 -2.66
MLW 0.91 1.43 1.92 2.46
MTR -1.92 -3.03 -4.01 -5.12

Roompot MHW -0.97 -1.55 -2.09 -2.70
MLW 0.93 1.47 1.96 2.50
MTR -1.90 -3.03 -4.05 -5.20

Neeltje Jans MHW -1.12 -1.77 -2.35 -3.01
MLW 0.99 1.56 2.07 2.65
MTR -2.11 -3.33 -4.43 -5.66

Zeelandbrug Noord MHW -1.44 -2.27 -3.00 -3.83
MLW 1.21 1.90 2.52 3.20
MTR -2.65 -4.17 -5.53 -7.03

Yerseke MHW -1.99 -3.12 -4.16 -5.32
MLW 1.89 2.97 3.93 5.00
MTR -3.88 -6.10 -8.09 -10.31

Marollegat MHW -2.14 -3.35 -4.44 -5.65
MLW 2.16 3.40 4.52 5.78
MTR -4.30 -6.75 -8.96 -11.43

Table E.7: Percentage of deviation mean tidal ranges channels at various observation points, maximum roll-out scenario

lower reference upper upper
[%] [%] [%] [%]

OS11 MTR 0.02 0.03 0.03 0.05
Roompot Buiten MTR -0.05 -0.06 -0.06 -0.05
Roompot Binnen MTR -0.73 -1.16 -1.54 -1.96
Roompot MTR -0.72 -1.15 -1.54 -1.98
Neeltje Jans MTR -0.77 -1.22 -1.62 -2.07
Zeelandbrug Noord MTR -0.89 -1.40 -1.85 -2.36
Yerseke MTR -1.12 -1.75 -2.33 -2.97
Marollegat MTR -1.18 -1.85 -2.45 -3.13

Tidal Volume
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Table E.8: Deviation mean tidal volume at various cross sections, maximum roll-out scenario

Location -lower reference + upper ++ upper
[m3 ∗106] [m3 ∗106] [m3 ∗106] [m3 ∗106]

Barrier Opening −9.53 −15.01 −19.92 −25.41
Zeelandbrug −7.03 −11.05 −14.66 −18.70
Northeast Branch −1.20 −1.87 −2.47 −3.11
Southeast Branch −4.41 −6.95 −9.24 −11.80
Lodijksche Gat −3.01 −4.74 −6.30 −8.04

Table E.9: Percentage of deviation mean tidal volume at various cross sections, maximum roll-out scenario

Location -lower reference + upper ++ upper
[%] [%] [%] [%]

Barrier Opening −0.94 −1.92 −2.41 −2.96
Zeelandbrug −0.99 −1.56 −2.07 −2.63
Northeast Branch −1.08 −1.70 −2.23 −2.82
Southeast Branch −1.03 −1.62 −2.16 −2.76
Lodijksche Gat −1.05 −1.66 −2.21 −2.82

E.2.2. Channels
Discharges

Table E.10: Percentage of deviation peak ebb end flood discharge and asymmetry at various cross-sections, maximum roll-out scenario

Location Ebb Flood
[m3/s ∗102] [%] [m3/s ∗102] [%]

Roompot Channel −9.26 −2.37 −8.68 −1.88
Schaar Channel −1.94 −1.47 −1.14 −0.67
Hammen Channel −1.83 −1.58 −3.91 −2.41
Roompot South −2.17 −2.21 −1.56 −1.63
Roompot East −5.43 −2.24 −5.85 −1.83
Geul van Roggenplaat −5.17 −1.97 −3.77 −1.23
Engelsche Vaarwater −4.18 −2.01 −3.22 −1.23
Brabantsche Vaarwater −1.57 −2.10 −1.16 −1.27
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E.3. Partial Roll-out Scenarios

E.3.1. Basin

Water Levels

Table E.11: Deviation mean water levels and mean tidal ranges at various observation points, partial roll-out scenarios

Roompot Filled Schaar Filled Hammen Filled
[cm] [cm] [cm]

OS11 MHW 0.10 0.02 0.02
MLW 0.02 0.02 0.02
MTR 0.07 0.00 0.00

Roompot Buiten MHW 0.61 -0.09 -0.10
MLW 0.44 0.15 0.16
MTR 0.17 -0.24 -0.26

Roompot Binnen MHW -0.97 -0.26 -0.31
MLW 0.97 0.21 0.24
MTR -1.94 -0.47 -0.54

Roompot MHW -0.94 -0.28 -0.28
MLW 1.00 0.21 0.21
MTR -1.94 -0.49 -0.56

Neeltje Jans MHW -1.14 -0.27 -0.31
MLW 1.08 0.22 0.25
MTR -2.22 -0.49 -0.56

Zeelandbrug Noord MHW -1.51 -0.35 -0.38
MLW 1.33 0.25 0.30
MTR -2.84 -0.60 -0.68

Yerseke MHW -2.07 -0.48 -0.54
MLW 2.07 0.40 0.47
MTR -4.14 -0.88 -1.00

Marollegat MHW -2.22 -0.50 -0.57
MLW 2.36 0.47 0.54
MTR -4.58 -0.97 -1.12

Table E.12: Deviation in percentage mean tidal ranges at various observation points, partial roll-out scenarios

Roompot Filled Schaar Filled Hammen Filled
[%] [%] [%]

OS11 MTR 0.02 0.00 0.00
Roompot Buiten MTR 0.06 -0.08 -0.09
Roompot Binnen MTR -0.74 -0.18 -0.21
Roompot MTR -0.74 -0.19 -0.21
Neeltje Jans MTR -0.81 -0.18 -0.21
Zeelandbrug Noord MTR -0.95 -0.20 -0.23
Yerseke MTR -1.19 -0.25 -0.29
Marollegat MTR -1.25 -0.26 -0.31

Tidal Volume
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Table E.13: Deviation mean tidal volume at various cross sections, partial roll-out scenario

Location Roompot Schaar Hammen
[m3 ∗106] [%] [m3 ∗106] [%] [m3 ∗106] [%]

Barrier Opening −10.42 −1.03 −2.02 −0.20 −2.29 −0.23
Zeelandbrug −7.48 −1.06 −1.59 −0.22 −1.81 −0.26
Northeast Branch −1.28 −1.16 −0.27 −0.25 −0.31 −0.28
Southeast Branch −4.68 −1.10 −1.00 −0.24 −1.15 −0.27
Lodijksche Gat −3.19 −1.12 −0.69 −0.24 −0.79 −0.28

E.3.2. Channels
Discharges

Table E.14: Deviation peak ebb end flood discharge and asymmetry at various cross-sections, partial roll-out scenario

Roompot Filled Schaar Filled Hammen Filled
Ebb Flood Ebb Flood Ebb Flood
[m3/s ∗102] [m3/s ∗102] [m3/s ∗102] [m3/s ∗102] [m3/s ∗102] [m3/s ∗102]

Roompot Channel -11.37 -11.83 1.10 1.63 1.07 1.61
Schaar Channel 0.98 2.90 -2.18 -5.17 -0.76 1.13
Hammen Channel 0.46 1.44 -0.43 0.58 -1.78 -5.96
Roompot South -2.87 -2.43 0.34 0.49 0.38 0.37
Roompot East -5.34 -7.67 -0.08 0.80 0.05 1.03
Geul van Roggenplaat -3.18 -1.33 -0.85 -1.13 -1.09 -1.22
Engelsche Vaarwater -2.79 -2.09 -0.64 -0.51 -0.72 -0.54
Brabantsche Vaarwater -1.05 -0.71 -0.25 -0.20 -0.27 -0.22

Table E.15: Percentage of deviation peak ebb end flood discharge and asymmetry at various cross-sections, partial roll-out scenario

Location Roompot Schaar Hammen
Ebb Flood Ebb Flood Ebb Flood
[%] [%] [%] [%] [%] [%]

Roompot Channel −2.91 −2.57 +0.28 +0.36 +0.27 +0.35
Schaar Channel +0.74 +1.72 −1.64 −3.08 −0.57 +0.67
Hammen Channel +0.39 +0.89 −0.38 +0.35 −1.54 −3.68
Roompot South −2.92 −2.54 +0.35 +0.52 +0.39 +0.39
Roompot East −2.21 −2.40 −0.03 +0.24 +0.02 +0.32
Geul van Roggenplaat −1.21 −0.44 −0.32 −0.37 −0.42 −0.39
Engelsche Vaarwater −1.33 −0.80 −0.30 −0.19 −0.34 −0.21
Brabantsche Vaarwater −1.41 −0.77 −0.33 −0.22 −0.36 −0.24
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