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A B S T R A C T   

Hydraulic structures can be a promising place for tidal energy extraction due to the high flow velocities, easy 
access to the power grid and easy access for maintenance. However, quantification of the impacts of a tidal power 
plant in a hydraulic structure is not straight forward. In 2015 a pilot plant consisting of an array of five Tocardo 
tidal turbines was installed in the Eastern Scheldt Storm Surge Barrier in the Netherlands. This pilot was 
accompanied by monitoring studies to verify that the operation of the plant had no adverse impact on the barrier 
and its surroundings. This paper presents the assessment of the hydraulic impact of the tidal power plant in the 
storm surge barrier based on an analysis of water level and current measurements, combined with numerical 
modeling and followed by an assessment of the environmental impact with emphasis on the effects on the 
intertidal areas in the estuary. This validation approach by a pilot plant is imperative to understand the inter
action between tidal turbines and the hydraulic structure on the local scale. This understanding gives extra 
credibility to the predictions of the extrapolated large-scale and large array assessments which will always be 
fully numerical.   

1. Introduction 

In order to reduce the carbon dioxide emissions, many countries 
work hard to increase the sustainable energy share of their energy mix. 
Besides hydropower, wind and solar power are two of the most applied 
sources of renewable energy. However, as these fluctuating energy 
sources induce challenges to the power grid, there is an urgent need for 
more predictable energy resources. Marine energy resources such as 
wave energy, tidal energy, thermal energy conversion and salinity gra
dients could contribute to the energy mix, from which the latter three 
are more predictable energy sources. The worldwide tidal energy po
tential is estimated at about 500–1000 TWh/y [1], of which only a small 
part can be exploited due to economical constraints. One of the most 
promising countries for the use of tidal energy is the United Kingdom. 
Pelc and Fujita [2] estimated that the potential for the UK may reach up 
to 50 TWh/y, which is half of the total potential of Western Europe and 
half the need of the UK [3]. Due to the moderate tidal current velocities 
in the North Sea near the Dutch coast, tidal energy exploitation focuses 

on existing hydraulic structures. Near or in discharge sluices and storm 
surge barriers velocities are higher, making it economically viable to 
harvest tidal energy [4]. 

Tidal energy converters (TEC) may impact the environment in 
different ways [5]. Potential impacts that have been identified include 
collision risks and acoustic disturbance for fish and sea mammals, and 
further disturbance of sediment dynamics. However, quantification in 
real projects is rarely undertaken due to the small scale of existing tidal 
energy projects. In 2010 Shields et al. [6] discussed the poor under
standing of the ecological implications of altering hydrodynamics due to 
marine energy devices. To further scale-up and commercialize tidal 
power, the impacts should be quantified, which requires detailed envi
ronmental impact studies per project. Existing studies to date are 
considering the environmental impact of large TEC arrays in open sea 
sites, exclusively by means of numerical modelling. These studies do not 
consider the turbines and the turbine structures in detail, as these local 
effects are considered negligible compared to the large-scale impacts. 
For this reason, they implemented the tidal farm in their numerical 

* Corresponding author. 
E-mail addresses: anton.defockert@deltares.nl (A. de Fockert), arnout.bijlsma@deltares.nl (A.C. Bijlsma), tom.omahoney@deltares.nl (T.S.D. O’Mahoney), 

wilbert.verbruggen@deltares.nl (W. Verbruggen), p.scheijgrond@bluespring.blue (P.C. Scheijgrond), zheng.wang@deltares.nl (Z.B. Wang).  

Contents lists available at ScienceDirect 

Renewable Energy 

journal homepage: www.elsevier.com/locate/renene 

https://doi.org/10.1016/j.renene.2023.06.001 
Received 1 March 2022; Received in revised form 21 April 2023; Accepted 1 June 2023   

mailto:anton.defockert@deltares.nl
mailto:arnout.bijlsma@deltares.nl
mailto:tom.omahoney@deltares.nl
mailto:wilbert.verbruggen@deltares.nl
mailto:p.scheijgrond@bluespring.blue
mailto:zheng.wang@deltares.nl
www.sciencedirect.com/science/journal/09601481
https://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2023.06.001
https://doi.org/10.1016/j.renene.2023.06.001
https://doi.org/10.1016/j.renene.2023.06.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2023.06.001&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Renewable Energy 213 (2023) 109–120

110

models as energy sinks. Due to the large potential for tidal energy 
extraction in the UK, multiple researchers investigated the impact of 
tidal energy extraction around the UK focusing on the areas with large 
potential. The Pentland Firth has one of the largest potentials in the UK, 
with lease agreements up to 398 MW for the MeyGen site. Therefore, 
Chatzirodou et al. [7] assessed the impact on the sedimentary budget of 
a 400 MW tidal energy farm near the island of Stroma. They found that 
the impact of the tidal farm exceeds the morphological change under 
natural hydrodynamic conditions. It was concluded that the morpho
logical change scales with the amount of energy extraction. This was 
also found by Fairley et al. [8] when studying the cumulative morpho
dynamic effects of four large tidal arrays with a rated power of about 
100–200 MW per farm. Robins et al. [9] investigated the impact of tidal 
energy extraction on the sediment transport near the Skerries (northwest 
of Anglesey) in the Irish sea. They modelled different sizes of TEC arrays 
and found that arrays with a capacity up to 50 MW had a small impact on 
the sediment patterns compared to the natural variability. Their model 
showed that tidal arrays with a capacity greater than 50 MW could 
significantly impact the sediment processes up to e.g. 10 km from the 
TEC array. In 2012, Neill et al. [5] assessed the tidal farm with a capacity 
of 300 MW in the Alderney Race near Normandy by means of a nu
merical model. This study showed that a full-scale TEC array would have 
an impact on the sediment budget near the headland. The studies above 
consider mainly the morphological impact due to the turbines, while 
other studies assess the change in impact by varying spacing and 
placement of the turbines ([10–12]). Ahmadian et al. [10] investigated 
the placement of large TEC arrays of 1000 turbines with a rated power of 
150 MW in different layouts in the Bristol channel. They found that the 
layout of the turbine array can have a significant impact on the power 
output and to a lesser extent on the hydrodynamics. Fallon et al. [11] did 
a similar assessment of large-scale arrays in the highly dynamic Shannon 
Estuary. They studied the impact of 600 turbines (rated power 180 MW) 
and found that the impact reduced with lower turbine densities (i.e. 
increased spacing between turbines). The impacts were considered not 
significant with a spacing of 5 rotor diameters or more between turbines. 
Plew et al. [12] showed that the power production of tidal energy sites 
with 100 turbines may reduce significantly due to site constraints. For 
the Tory Channel in New Zealand it was concluded that the maximum 
likely power would be 1/3 of the power predicted by analytical models, 
due to limited depth and economic constraints such as placing turbines 
in locations with optimal site conditions. Besides these studies where 
spacing of the turbines had been investigated, Ramos et al. [13] and 
Sanchez [14] studied the impact of tidal turbines in highly dynamic 
estuaries in the Galician Rias in the north of Spain near the Galician 
coast. Ramos et al. [13] considered a small tidal energy farm in Ria de 
Ribadeo consisting of 8 turbines. They found that the resistance of the 
tidal farm increased flow velocities around the farm and reduced the 
velocities through the farm. This caused a 10–20% power reduction of 
the turbines. Sanchez et al. [14] showed that the impact of a tidal farm in 
the flood dominant dynamic tidal estuary Ria de Ortigueira might be 
larger during ebb than during flood, which requires the need for detailed 
understanding of the estuarine circulation. González-Gorbeña et al. [15] 
investigated the optimal size of a tidal array in a multi-inlet system in the 
south of Portugal considering hydrodynamic and morphological con
straints. They formulated four multi objective optimization models 
subject to a set of performance and environmental constraints of the 
whole system. With this approach they identified the optimal array rows 
and the number of TEC converters per row and used this in a validated 
hydrodynamic model to determine the impact of the TEC arrays. 

It should be noted that the installed capacity in most numerical 
models discussed above (in the order of hundreds of MW and hundreds 
of turbines) is very significant for tidal power, considering the global 
installed capacity of tidal stream power is less than 12 MW in 2020 [16]. 
The schematization of turbines as energy sinks for modelling in the 
above studies is of questionable validity when the turbines are located 
close to or in a hydraulic structure. The interaction between the TEC 

array and the hydraulic structure could impose additional impacts on 
the performance of the hydraulic structure which normally has other 
functions than extracting energy. This is also the case for the positioning 
of the turbines in a hydraulic structure, as the exact positioning of the 
turbines might influence the flow patterns in and around the hydraulic 
structure. 

This article describes the method and results to understand the 
impact of tidal energy extraction from a hydraulic structure by studying 
a tidal power pilot plant in the Eastern Scheldt Storm surge barrier in the 
Netherlands. Detailed flow and water level measurements were carried 
out prior to the installation of the plant and during operation. By means 
of these measurements in combination with detailed CFD simulations, 
the impact on the hydraulic structure and its bed protection was quan
tified. Furthermore, these results were used for the parametrization of 
the tidal turbines in the large-scale numerical model to assess the impact 
of upscaling tidal power from the hydraulic structure. 

Flow velocities up to 5 m/s in the gates of the barrier make this 
location well suited for tidal power extraction. Another advantage of the 
application of free stream tidal turbines in a barrier is the easy access 
and close connection to the power grid. The Eastern Scheldt is an 
ecologically vulnerable estuary with tidal channels and tidal flats. 
Added resistance on the flow through the barrier due to tidal power 
extraction may impact the morphology and ecology in the estuary. For a 
relatively small-scale pilot, the impact may be too small to measure. 
However, upscaling the tidal power extraction to multiple gates of the 
barrier requires careful investigation. 

Part of the permit for this pilot plant which is installed and operated 
by Tocardo, was a mandatory monitoring of the biotic and abiotic 
ecosystem as well as parameters that affect the stability of the storm 
surge barrier itself. From permit perspective and societal impact, various 
assessments were required by stakeholders and the consenting body 
Rijkswaterstaat to assess the impact of the pilot plant [17]. These studies 
consisted of 1) monitoring of water levels, to assess the impact of the 
pilot plant on the tidal range in the estuary, 2) assessing the flow ve
locities near the turbines based on ADCP measurement data and 
assessing the impact of the turbines on the discharge through the gate, 3) 
assessing the impact on the bed protection, 4) monitoring the effect on 
the pillar construction by annual deformation measurements and anal
ysis on failure probability and 5) assessing the impact on sea mammals 
by analyzing swim patterns and blunt trauma of stranded mammals. 

This article discusses the first three items discussed above, as these 
items are mostly related to each other. The turbine manufacturer and 
Rijkswaterstaat agreed on changes in failure probability after deforma
tion measurements of the pillar construction. These structural impacts 
are not further described. The impact of the turbines on the sea mam
mals was assessed by Wageningen Marine Research (WMR) for a period 
of 2 years [17]. The behavior of the harbor seals, grey seals and harbor 
porpoises was monitored during the operation of the pilot plant in Gate 
8. In addition, pathological examination has been carried out on 
stranded mammals. The assessment showed no trend effect on the 
behavior of these mammals and from the pathological examination it 
was not possible to determine if observed blunt trauma was caused by 
the tidal turbines or by collision with other protrusions such as fishing 
equipment. 

The assessments described above considered both nearfield and far- 
field impacts. The near field assessments focused on the reduced flow 
through the barrier and the impact of the changed flow patterns near the 
bed protection. The large-scale assessments focus on the main intertidal 
flats in the estuary. This article presents a brief description of the estuary 
and the pilot plant, after which the impacts are addressed based on the 
measurements from the monitoring campaign and the numerical models 
which were validated against these measurements [18]. At the end of 
this article the potential for upscaling tidal power from the storm surge 
barrier is discussed based on the conclusions of the impact of this pilot 
plant compared to other impacts such as sea level rise. 
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2. Eastern Scheldt estuary 

2.1. Tidal system 

The Eastern Scheldt estuary developed over thousands of years. For 
centuries, humans tried to reclaim land from the estuary, which was not 
always successful [20]. The estuary was in dynamic morphological 
equilibrium prior to the construction of the barrier ([20]). 

In 1953 severe flooding in the south of the Netherlands, particularly 
in the Eastern Scheldt region led to the development of the Delta Plan to 
protect the low-lying areas of the Netherlands against the sea. The 
Eastern Scheldt storm surge barrier was one of the last hydraulic 
structures built under this plan. The Eastern Scheldt barrier contains 62 
gates, which allow the tide to enter the estuary. The gates are open 
during normal weather conditions and closed during severe storm 
surges. 

The Eastern Scheldt barrier consists of 3 sections with different 
lengths (Fig. 1). The most northern section, called ‘Hammen’ consists of 
15 gates, the center section ‘Schaar’ consists of 16 gates and the most 
southern section ‘Roompot’ (including tidal power station in Gate 8) 
consists of 31 gates. The storm surge barrier has a varying sill level 
between − 4.5 m NAP (vertical reference datum in the Netherlands, 
approximately mean sea level at the barrier) and − 10.5 m NAP and a top 
beam at +1 m NAP [24]. The width of each gate is 39.5 m and the width 
of the pillars is 5.5 m. The bed protection at the barrier consists of ar
mour rock up to 10 tons near the barrier extended with an asphalt mastic 
section covered with armour rock up to 3 tons. From 200 m onwards 
block mattresses are present with quarry run rock until the end of the 
bed protection at approximately 600 m from the barrier [24]. 

After the construction of the storm surge barrier in 1986 and the 
construction of the Oesterdam and Philipsdam at the eastern end of the 
estuary (Fig. 1), the characteristics of the Eastern Scheldt tidal basin 
changed. Due to the reduced area of the tidal basin and the resistance 
induced by the barrier, the amount of water flowing in and out of the 
tidal basin (tidal prism) decreased by 30% and the difference between 
mean high water and mean low water in the basin (tidal range) reduced 
by 12% ([25,26]). The installation of the barrier induced large hydraulic 
and morphological changes in the estuary, which are still ongoing. 

Eelkema [20] investigated the morphological behavior of the basin and 
discussed local erosion and accretion problems caused by the con
struction of the barrier. The Eastern Scheldt estuary is a multichannel 
system with meandering ebb and flood channels [21,22]. In between 
these channels, tidal flats (shoals) are present which are drying at low 
water, such as the Roggeplaat (RP), the Galgeplaat (GP) and the Neeltje 
Jans (NJ) in Fig. 1. Because of the reduced tidal volume flowing through 
the Eastern Scheldt, the old tidal channels were in fact too deep after the 
construction of the barrier. Over the years, these channels are accreting 
to reach a new dynamic equilibrium. As the sill and bed protection 
prevent the sand flux through the barrier, the accretion of the channels 
takes place at the expense of the adjacent tidal flats. De Vet [23] studied 
the impact of the barrier on the tidal flats by comparing the Eastern and 
Western Scheldt estuary and found an opposing development of the flats 
and large differences in shape of the tidal flats between the two estu
aries. The flats in the Western Scheldt have milder slopes compared to 
the tidal flats in the Eastern Scheldt. The intertidal flats are an important 
feeding ground for migratory birds and serve as shelter for resting seals. 
To preserve the tidal flats from eroding further, a large-scale suppletion 
took place in 2019 on one of the main tidal flats in the Eastern Scheldt, 
the Roggeplaat [27]. 

In 2013 a consortium of researchers from Deltares and Wageningen 
Marine Research (at the time called IMARES) assessed the influence of 
sea level rise and the effect of the construction of the storm surge barrier 
on the intertidal area in the Eastern Scheldt. The report, called “the 
autonomous downward trend” [28] of the Eastern Scheldt, presented an 
effect chain of stressors and ecosystem services for the estuary. As 
mentioned before by Shields et al. [6], this insight in the functioning of 
the marine ecosystem is vital to determine the impact of a marine energy 
system. Because the tidal turbines in the barrier could be seen as an 
additional stressor for the ecosystem, the diagram in Fig. 2 has been 
updated incorporating tidal energy extraction from the barrier. The di
agram illustrates that the acreage and quality of the intertidal area are a 
key aspect for the ecology in the Eastern Scheldt (i.e. birds, shell fish, 
etc.). 

Fig. 1. Location map of the Eastern Scheldt estuary 
with tidal channels and tidal flats. The bed level of 
the hydrodynamic model is presented including per
manent water level monitoring stations in red (RPBU: 
Roompot Buiten, RPBI: Roompot Binnen, STAV: Sta
venisse, YE: Yerseke, MRG: Marollegat) and the main 
intertidal flats in black (RP: Roggeplaat, NJ: Neeltje 
Jans, GP: Galgenplaat). In the lower left figure, the 
Roompot section of the barrier is shown. The red 
rectangle in this figure shows the extent of the CFD 
model. The dashed lines represent 100 m distance 
from the barrier and the end of the bed protection at 
600 m from the barrier.   
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2.2. Tidal power plant 

Due to the high flow velocities, the gates of the Eastern Scheldt 
barrier are well suited locations for tidal energy extraction. Rijkswa
terstaat, the responsible agency of the Ministry of Infrastructure and 
Water management, issued permits for two pilot projects with tidal 
power in two gates of the Roompot Section of the barrier. At the end of 
2015, Tocardo installed the tidal power plant in Gate 8 of the barrier 
(counted from the south) consisting of five tidal turbines (Fig. 3). The 
width of Gate 8 is 39.5 m, resulting in a maximum opening area of 415 
m2 at high water level. The tidal turbines are mounted on a frame which 
can rotate to lift all turbines simultaneously out of the water. The 
Tocardo T200 turbines with a capacity of 250 kW each are equipped 

with so called bi-blades (diameter 5.26 m and blockage area of 109 m2). 
The passive pitching system allows the turbines to generate energy 
during both ebb and flood. The tip-speed ratio of the turbines is kept at 
an optimal operational point by managing the rotational speed of the 
turbines to generate a maximum amount of energy under varying flow 
conditions. The annual energy production of the pilot plant between 
July 2016 and June 2018 (including operational limitations and main
tenance) ranged between 700 and 900 MWh. 

Rijkswaterstaat must guarantee the proper functioning of the barrier 
under all circumstances in order to protect the southeastern Delta of the 
Netherlands against flooding. Any obstruction in the barrier that could 
compromise the operation needs to be investigated by assessing the 
change in probability of failure of the barrier. As the tidal turbines 

Fig. 2. Effect chain for the Eastern Scheldt with stressors and ecosystem services (obtained from Ref. [28] and adapted for tidal energy extraction from the barrier). 
The tidal turbines are incorporated in this diagram as stressor. The quality of the intertidal area refers to the time for birds to forage. 

Fig. 3. a A cross section through the middle turbine 
in Gate 8 of the Roompot Section of the Eastern 
Scheldt barrier. The location and orientation of the 
ADCP’s on the turbines and the ADCP’s applied in 
2011 on the barrier are indicated (2011H: horizontal 
out of plane and 2011V: vertical) and the ADCP’s on 
the turbines in 2016 are indicated by ADCP2016Hf: 
front ADCP and ADCP2016Hr: rear ADCP. The length 
of the arrows show the measurement range of the 
ADCP’s. All levels refer to NAP. Fig. 3b: Cross section 
over the width of Roompot Gate 8.   
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mounted in the barrier influence the flow patterns downstream of the 
barrier, the effects of these turbines should be quantified by means of 
monitoring. To allow the pilot project to extract tidal energy from the 
barrier, but to avoid compromising on the main function of the barrier, a 
strict monitoring plan was agreed in which the impact of the tidal tur
bines could be assessed. The permit for the pilot plant limits the oper
ational window for maximum hydraulic head limits between the 
measurement stations Roompot Binnen and Roompot Buiten (see Fig. 1). 
The pilot plant is allowed to operate up to a maximum head (water level 
difference between Roompot Buiten and Roompot Binnen) of 0.60 m 
during ebb 0.80 m during flood. These restrictions limit the potential 
energy extraction for this site where head differences up to 1.1 m occur. 

3. Monitoring and modelling 

To assess the environmental impact of the tidal power plant in Gate 8 
of the Eastern Scheldt barrier, measurements were carried out by both 
Rijkswaterstaat and Tocardo. These measurements were used to assess 
the impact of the turbines on the tidal range and to validate of the nu
merical models. 

3.1. Monitoring 

3.1.1. Water level measurements 
Rijkswaterstaat performs water level measurements at various tidal 

stations in the Eastern Scheldt on a regular basis and with a 10-min 
interval. Since the completion of the Storm Surge Barrier in 1986, two 
of these stations are located near the Roompot section: Roompot Binnen 
and Roompot Buiten. (Fig. 1). These stations are used for the operation 
of the barrier and the operation of the tidal turbine array in Gate 8. To 
investigate the effect of the tidal turbine array on the basin, an analysis 
was made of the trend of the annual average tidal range with and 
without tidal power plant. The result can be seen in Fig. 4. Partly due to 
the operational head limitations as described earlier, the tidal power 
plant was producing energy for about 50% of the time during the period 
June 2016–May 2017. The figure shows the effect of the tidal power 
plant on the tidal amplification factor (ratio of the annual averaged tidal 
range of Roompot Binnen and Roompot Buiten), which is 0.866 for the 
indicated period, which is within the range of amplification factors 

found in the measured period. Based on these findings, it was concluded 
that a much longer period of operation is required to determine whether 
or not there is a statistically significant effect on the annual average tidal 
range. 

3.1.2. Current measurements 
To investigate the impact of the tidal turbines on the flow through 

the gate, velocity measurements were performed prior to and after 
installation of the tidal turbines (Table 1). In 2011, prior to the instal
lation of the tidal turbines, Partrac, on behalf of Tocardo, carried out 
ADCP measurements in Gate 8 of the Roompot section of the barrier. 
One ADCP was mounted at the sill and measured in the direction of the 
water surface (ADCP 2011V in Fig. 3). This ADCP covered the total 
water depth at the sill. The other ADCP (ADCP 2011H) was mounted at a 
height of − 4.8m NAP on the pillar between Gates 8 and 9 The signals of 
ADCP 2011V and ADCP 2011H did not overlap, because the vertical 
mounted ADCP was located at 9.2 m from the sidewall, while the range 
of the horizontal ADCP was limited to 8.2 m. The horizontal ADCP’s on 
the tidal turbines were mounted on the strut (ADCP 2016Hf) and in the 
rear (ADCP 2016Hr) of outer turbines and the middle turbine to measure 
the flow velocities in streamwise direction, while the ADCP measure
ments of 2011 measured the flow in lateral direction. The measurement 
sections of both the horizontal and vertical velocity measurements prior 
to and after the installation of the tidal power station did not overlap, 
because the measurements of ADCP 2011H and 2016Hf are at different 
heights (see Fig. 3a) and because the measurements of ADCP 2011V and 
2016Hf are not at the same location (see Fig. 3b), which makes a direct 
interpretation on the impact of the tidal turbines on the flow patterns 
and flow through the gate difficult. 

For the ADCP measurement on the middle turbine looking towards 
the barrier (ADCP 2016Hf), a relation was established between the hy
draulic head over the barrier based on the water level measurements of 
the Roompot Binnen and Roompot Buiten and the current velocity at the 
sill in the gate (see Fig. 5). The same relation is defined for the situation 
without turbines based on the vertical ADCP data from 2011 (ADCP 
2011V) at − 3.7 m NAP (see Fig. 3a). Due to inertia, the flow velocity in 
the gate at increasing head is smaller than during decreasing head. For 
this reason, both situations were analyzed. Higher velocities were 
measured at the sill during flood than during ebb. This is mainly caused 

Fig. 4. Top: operational time per year of the tidal power plant (OTP). In the months September 2018 until April 2019, the OTP has been out of operation due to a 
break overhaul and in the year 2020 the OTP has not been out of operation due to bankruptcy of Tocardo Tidal Power B.V. The lower plot shows annual average tidal 
range for the station Roompot Buiten (RPBU) and the tidal amplification factor of Roompot Binnen (RPBI) for the situation with and without tidal turbines. 
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by the shape of the sill of the barrier and the positioning of the tidal 
turbines at the Eastern Scheldt side of the barrier (Fig. 3). Without 
turbines, the measurement location of the vertical ADCP (ADCP2011V) 
is downstream of the sill during flood, such that the vertical ADCP 
measures the velocity of the contracted flow at this location due to flow 
separation at the front end of the sill beam (Fig. 6), while the mea
surement location is upstream of the sill during ebb, measuring uncon
tracted flow. For the situation with turbines, the measurement location 
at the sill is located downstream of the turbines during ebb, resulting in 
measuring in the wake of the turbine. During flood, the ADCP 
(ADCP2016Hf) measured the undisturbed flow velocity upstream of the 
turbine. This resulted in a larger inaccuracy in velocity measurements 
during ebb than during flood (see Fig. 5). 

A more detailed analysis of the ADCP data is given by Verbeek et al. 
[29], who analyzed the difference in flow velocity with the turbines 
spinning in idle mode delivering a minimum of resistance to the flow. 
Verbeek et al. [29] also presented the measured velocities for the lateral 
beams of the ADCP. These measurements are not further discussed in 
this article as the measurement period of the multibeam measurements 
was only 1 day compared to the 16 days of measurement data for the one 
beam ADCP data as presented in Fig. 5. 

No overlap in measurement location was available, due to the 
different orientation between the ADCP instruments in 2011, (which 
measured parallel to the barrier) and the ADCP instruments on the 
turbines, which measured perpendicular to the barrier (Fig. 3). The 
strong contraction of the flow towards the gates leads to a quickly 
developing flow profile close to the sill. This high variability of flow 
velocities combined with the absence of overlap in the measurements 
made it impossible to make a quantitative assessment of the resistance of 
the turbines on the flow through the barrier. However, to overcome this, 

the measurement data was used to validate the CFD models which were 
run for the situations with and without turbines. 

3.2. Numerical modelling 

To assess the impact of the pilot plant on the environment (both 
nearfield and far-field), different types of modelling have been carried 
out. Nearfield modelling was carried out to directly assess the impact of 
the tidal turbines on the flow through the barrier and on the local bed 
protection and far-field modelling has been utilized to assess the impact 
of a reduced flow through the barrier on the intertidal area in the Eastern 
Scheldt basin. 

3.2.1. Nearfield effects 
To assess the impact of the tidal turbines on the environment, a CFD 

model (as described in Ref. [18]) was made extending 200 m at both 
sides of the barrier and consisting of 2 gates (Gate 8 and half the adjacent 
Gate 7 and Gate 9). The geometry of the storm surge barrier and the 
turbines including turbine blades were reproduced in detail. The ba
thymetry was based on a multibeam survey (0.5 m resolution) and 
converted to a resolution of 2 m in the model. Simulations were carried 
out for situations with and without turbines and the results were vali
dated against the velocities measured by the ADCP measurement cam
paigns of both 2011 without turbines and 2016 with turbines installed 
(see Ref. [18]). In the simulations with turbines, the turbines were 
represented by means of an overset mesh, in which the actual rotation of 
the turbine blades was modelled. With these CFD models, four constant 
head conditions were modelled. For ebb, heads of 20 cm and 32 cm were 
simulated, while for flood heads of 20 cm and 55 cm were simulated. 
The two-phase simulations (air and water phases with Volume of Fluid 

Table 1 
Overview of ADCP measurements prior and after installation of the turbines. The position of the ADCPs are indicated in Fig. 3.  

ADCP Measuring period days Turbine operation Range [m] Beams Beam angle Orientation 

2011V 15/08/2011–21/08/2011 6 – 9 2 20◦ vertical 
2011H 15/08/2011–21/08/2011 6 – 8.2 2 20◦ horizontal 
2016Hf 10/10/2016–26/10/2016 14 Normal 20 1 0◦ horizontal 
2016Hr 10/10/2016–26/10/2016 14 Normal 25 1 0◦ horizontal  

Fig. 5. Comparison of the 2011 vertical ADCP data without turbines with the ADCP data from the center turbine above the sill of the storm surge barrier at the height 
of the turbines for a period of 2 weeks. The lines show the median value. For ebb, the measurement plane (sill) is in the wake of the turbines. 
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method) were carried out using the improved detached eddy simulation 
(IDDES) formulation, which uses Large-Eddy-Simulation (LES) in the 
bulk of the domain and the Reynolds-Averaged Navier–Stokes (RANS) 
approach near the bed and the walls. The imposed velocity profile at the 
inlet has been validated against velocity measurements at approxi
mately 750 m upstream of the barrier in the Eastern Scheldt. 

The validation of the CFD model has been described by O’Mahoney 
et al. [18], covering validation against velocity, thrust and power 
measurements. Although this model was not able to cover the inertia 
effect as observed in the measurements, the model was able to assess the 
effect of the turbines on the discharge coefficient. The discharge co
efficients (μ) were calculated by means of the water level difference (Δh 
in m) over the model and the computed discharges (Q in m3/s) at the sill 
by the CFD model by the following formula: 

Q= μA
̅̅̅̅̅̅̅̅̅̅̅
2gΔh

√
(1)  

Where g (m/s2) is the gravitational acceleration and A (m2) the 
throughflow area between the sill and the water level. A reduction of 
about 0.05 in the discharge coefficient was found during ebb, while no 
reduction in the discharge coefficient was found during flood (Table 2). 
This is mainly caused by the position of the turbines with respect to the 
sill of the barrier. The turbines are located at the Eastern Scheldt side of 
the barrier. During flood, the flow is influenced by the turbines after 
passing and detached from the sill. This is different for ebb, where the 
flow is influenced by the turbines before the sill of the barrier is reached 
(Fig. 3). In the flood cases the wakes of the turbines are situated in the 
outflow of the barrier and do not affect the discharge coefficient, while 
in the ebb cases the wakes of the turbines are part of the inflow to the 
barrier and result in a reduction of the discharge coefficient of the gate in 
question. 

The CFD model simulations were also used to assess the impact of the 
turbulence generated by the turbines on the bed protection. In Fig. 6, a 
vertical cross-section of the CFD generated flow field is shown for the 
situation with and without turbines for a head difference of 20 cm 
during flood. This figure shows difference in time-averaged flow ve
locities directly downstream of the turbines. For the situation without 
turbines, flow contraction takes place at the sill after which the flow 
remains attached to the water surface. After approximately 100 m, the 

Table 2 
Discharge coefficients through the gate with turbines (Gate 8) and through the 
lateral gates without turbines.   

Case Head [m] Discharge coefficient 

Lateral gates Gate 8 difference 

Ebb 1 − 0.2 0.97 0.93 0.05 
2 − 0.32 0.98 0.92 0.06 

Flood 3 0.2 0.85 0.85 0 
4 0.55 0.88 0.88 0  

Fig. 6. Mean velocity at a vertical cross section through turbine 2 for (a) flood simulation and (b) ebb simulation with a head difference of 0.2m. The top panels show 
the velocity magnitude for the situation without turbines and the lower panels show the velocity magnitude with turbines. 
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flow starts to spread over the whole water column. This is different for 
the situation with turbines, where the turbines “absorb” a large part of 
the kinetic energy of the flow near the surface. The flow velocity in the 
upper water column behind the turbines is significantly lower, resulting 
in a weaker shear zone between the upper and lower water layers. The 
smaller flow velocity for the case with turbines resulted in a large zone 
with lower flow velocities near the bed, except for the return flow in the 
first 20 m in the flood simulation (Fig. 6). 

The difference in turbulent fluctuations at the same cross section is 
shown in Fig. 7 in terms of the turbulent kinetic energy. Significant 
differences are found behind the turbines and small differences can be 
observed near the bed for the situation with and without turbines. The 
high turbulence intensity for the situation without turbines is generated 
by the obstruction of the sill and the pillars of the barrier. 

As seen in Figs. 6 and 7, the turbines influence the flow patterns 
behind the barrier significantly. The turbines reduce the strength of the 
shear layer which is formed by the flow detachment from the sill. This 
results in a lower turbulence intensity behind the turbines than 
compared to without turbines. A similar effect is observed at the North 
Sea side of the barrier in case of ebb. However, this effect is smaller, as 
the sill is located downstream of the turbines for this situation. The 
change in average flow velocities and turbulence intensity behind the 
turbines influences the loads on the bed protection. Based on the CFD 

model results at 100 m from the barrier, the average velocities at the bed 
remained similar or decreased (by max 0.1 m/s) due to the presence of 
the turbines and the velocity fluctuations decreased as well in all 
simulated situations (by max 0.15 m/s). Based on general stability for
mulas for bed protection (see e.g. Ref. [30]), lower flow velocities and 
velocity fluctuations lead to reduced loads on the bed protection. It is 
important to note that these results are averaged results. At some loca
tions, the velocities and velocity fluctuations slightly increased. How
ever, in general a decreasing trend was observed in mean velocity and 
velocity fluctuations near the bed with the turbines installed. 

3.2.2. Far-field effects 
The impact of the additional resistance by the turbines on the flow 

through the barrier has been studied by large scale depth-averaged hy
drodynamic models. The model, which is shown in Fig. 1 covers a large 
part of the ebb-tidal delta and the complete Eastern Scheldt tidal basin 
[19,20] The model has been built with Delft3D-FLOW [31] and has been 
validated with data from the water level measuring stations in the 
Eastern Scheldt (Fig. 1). Each gate was represented by one cell with a 
width of 45 m (the actual gate opening is 39.5 m, with a pillar width of 
5.5 m) and the local depth at the sill. The flow rate through the barrier 
(and tidal turbines) were represented by means of a discharge relation 
represented by an additional quadratic friction term in the momentum 

Fig. 7. Mean turbulent kinetic energy (TKE) at a vertical cross section through turbine 2 for (a) flood simulation and (b) ebb simulation with a head difference of 
0.2m. The top panels show the TKE for the situation without turbines and the lower panels show the TKE for the situation with turbines. 
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equation, also known as “porous plates”. The porous plates were placed 
on both sides of the barrier, meaning that each gate contains two porous 
plates and a sill. The porous plates in the gate with turbines were tuned 
to match the computed discharge loss of the CFD simulations. Delft3D is 
not able to account for different discharge coefficients for ebb and flood. 
For this reason, one value was selected for the loss in discharge co
efficients, which is similar for ebb and flood. 

The hydrodynamic model was validated using measured water levels 
inside and outside the basin. The stations Roompot Binnen, Stavenisse, 
Yerseke and Marollegat were selected for the validation in the Eastern 
Scheldt basin and the stations Roompot Buiten and OS11 were selected 
for the validation at the North Sea side (Fig. 1). The validation was 
carried out for the year 2014. The model was able to represent the 
measured water levels with an accuracy of 10–11 cm inside the basin 
and 8–9 cm on the North Sea side of the barrier (Table 3). 

The impact on the flow around the Roompot section of the barrier, 
has been assessed for the operational head of the tidal power plant, 
which is 0.8 m during flood and 0.6 m during ebb. For this situation, the 
maximum differences between the simulations with turbines and 
without turbines are compared for depth averaged flow velocities and 
flow direction. Differences in depth-averaged velocity up to 3 cm/s were 
found at velocity magnitudes of approximately 1.0 m/s. These differ
ences reached up to about 1 km from the barrier, exceeding the edge of 
the bed protection at 600 m from the barrier. The difference in velocity 
direction for the situation with and without turbines was approximately 
10◦. This change in velocity direction occurred mainly near the turning 
of the tide during low heads and low flow velocities. For the higher 
hydraulic heads, no change in flow direction was observed between the 
situations with or without turbines. 

To assess the impact of the tidal turbines on the intertidal areas in the 
Eastern Scheldt, the water level deviation at the most important inter
tidal flats was assessed: the Roggeplaat, Neeltje Jans and the 

Galgenplaat (Fig. 1). A reduction in flow through the barrier leads to a 
decrease in tidal range, resulting in a smaller intertidal area. The 
intertidal area for these three tidal flats is shown by means of the hyp
sometric curves in Fig. 8. 

While the impact on the water levels in the Eastern Scheldt is small 
with turbines installed in Roompot Gate 8 only, model simulations were 
also carried out for the situation with turbines installed in each of the 62 
gates of the barrier. Although this is an unrealistic scenario, it does 
provide information about a maximum potential impact. Based on the 
results of the CFD model simulations, the tidal turbines in Roompot 8 
induced a decrease in discharge coefficient of 5% for ebb. No changes 
were found during flood. However, different positioning of the turbines, 
different operation of the turbines, or different turbine designs may lead 

Fig. 8. Hypsometric curves of the Roggeplaat, Neeltje Jans and the Galgenplaat (for locations, see Fig. 1) derived from the model bathymetry. The white areas 
represent the intertidal window at the tidal flat. 

Fig. 9. Reduction in tidal range at the intertidal flats with turbines installed in 
1 gate (black lines) and with turbines installed in all 62 gates (grey lines). The 
right-hand axis is an exact scaling of the left hand axis with a factor 62. 

Table 3 
Root mean square (RMS) errors of the water levels of the hydrodynamic model at the measuring stations. The stations OS11 and Roompot Buiten are located at the 
North Sea side, the other stations are in the Eastern Scheldt basin.  

Station distance from barrier [km] tidal range [m] RMS error [m] 

year 2014 

OS11 − 14 3.01 0.081 
Roompot buiten (RPBU) <-0.5 2.98 0.087 
Roompot binnen (RPBI) <0.5 2.61 0.109 
Stavenisse (STAV) 22 2.73 0.102 
Yerseke (YE) 32 2.98 0.108 
Marollegat (MRG) 43 3.48 0.112  
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to a different impact on the discharge coefficient. For this reason, 
various model simulations were carried out for reductions in discharge 
coefficient up to 10%. The applied reduced discharge coefficients were 
similar for both ebb and flood. It has to be noted that the levels of the sill 
vary between the gates, which would result in smaller tidal turbines in 
the gates near the headlands with a different power output. No variation 
of the power over the width of the storm surge barrier was used in these 
simulations. Furthermore, the simulations did not include an opera
tional head limitation, i.e. the turbines could operate up to the 
maximum occurring head. Based on the simulations that were carried 
out with the hydrodynamic model with tidal turbines installed in Gate 8 
only, the tidal range at the most important tidal flats (Roggeplaat, 
Neeltje Jans and the Galgenplaat) reduced with approximately 2–3 mm 
for a reduction of 5% in discharge coefficient (Fig. 9), which results in an 
instantaneous reduced intertidal area of between 0.2 ha and 0.5 ha 
(Fig. 10), which is less than 0.1% of the tidal flat area. The total inter
tidal area of the Eastern Scheldt Estuary was approximately 11.000 ha in 
1986 (reference year for start of monitoring autonomous negative 
trends). A similar analysis was carried out for the situation whereby 
turbines are installed in all 62 gates. In Figs. 9 and 10, the reduction in 

intertidal area and the reduction in tidal flat area is shown for the 
different tidal flats. Considering a reduction of 5% in discharge coeffi
cient, the reduction in tidal range would reach up to 13 cm at the Gal
genplaat. This leads to a reduction of intertidal area of 25 ha, which is 
about 3% of this tidal flat. 

In Fig. 11, the reduction in tidal flat area is shown against the number 
of gates in which tidal turbines are installed. In this analysis, a reduction 
in discharge coefficient of 5% is applied for respectively 1, 4, 8, 16, 31 
and 62 gates. The gates involved are evenly distributed over the barrier, 
with Roompot Gate 8 as single gate. The variation in tidal range also 
induces a small variation in mean sea level. This variation is less than 1 
mm at these tidal flats for all simulations and can be ignored. 

The sediment starvation and the blockage of the gates by tidal tur
bines are not the only stressors that causes a reduction in intertidal area 
in the Eastern Scheldt basin. Sea level rise results in an increase of the 
mean low water level (MLW), which results in a reduction of the 
intertidal area as well (see Fig. 2). For the Eastern Scheldt basin, 
different sea level rise scenarios were defined by the KNMI (Royal Dutch 
Meteorological institute – see van den Hurk et al. [32]). These scenarios 
were based on a global temperature increase of 1–2 ◦C temperature in
crease for the period 1990–2050. Because the installation of the tidal 
turbines leads to an instantaneous increase in low water level, the 
impact can be considered constant, while sea level rise is a continuing 
process. Considering an average scenario for sea level rise as defined by 
van den Hurk et al. [32], the sea level would rise by 25 cm for the period 
1990–2050, or 4.17 mm/year on average. For the simulations, the 
assumption is made that MLW increases by the same amount as mean sea 
level as defined by van den Hurk et al. [32]. Comparing this increase in 
mean low water level with the impact of the tidal turbines in Roompot 
Gate 8 (Fig. 12), a sea level rise of 3.5 months has a similar effect on the 
mean low water level in the Eastern Scheldt basin compared to the pilot 
plant in Roompot Gate 8. It should be noted that this loss is reversible 
and can be made undone by decommission the pilot plant. 

In Fig. 12, the impact on the mean low water level at the Galgenplaat 
is shown for various number of gates filled with turbines. In this analysis, 
a worst-case scenario is shown in which all gates are filled with turbines. 
Besides the impact on intertidal area, such a scenario may have a sig
nificant effect on the ecology, as it could complicate fish and sea 
mammal migration through the barrier [33]. In such a situation, the 
barrier with tidal stream turbines would face similar challenges 
compared to tidal lagoons and tidal barrages (see e.g. Ref. [34]). 

Fig. 12. Impact of three sea level rise (SLR) scenario’s compared to the impact 
of tidal turbines (5% resistance) on the mean low water level at the 
Galgenplaat. 

Fig. 11. Reduction in intertidal area at the intertidal flats for different gates 
with tidal turbines installed. This analysis considers a reduction in discharge 
coefficient of 5%. 

Fig. 10. Reduction in intertidal area at the intertidal flats with turbines 
installed in 1 gate (black lines) and with turbines installed in all 62 gates (grey 
lines). The right-hand axis is an exact scaling of the left hand axis with a fac
tor 62. 

A. de Fockert et al.                                                                                                                                                                                                                             



Renewable Energy 213 (2023) 109–120

119

To prevent the intertidal flats in the Eastern Scheldt from drowning, 
a large suppletion of 1.3 million m3 of sand took place, where sand from 
the Roompot tidal channel was dumped on the Roggeplaat at the end of 
2019. This suppletion with an average height of 9 cm should preserve 
the tidal flat for 25 years [27]. Comparing this to the higher mean low 
water level by the turbines in Roompot gate 8, the turbines would reduce 
the effective time of the suppletion by approximately 4 months. Instal
lation of turbines in all gates (see Fig. 9) would reduce the effective time 
by approximately 15 years. 

4. Discussion 

Although extensive monitoring campaigns were setup where water 
levels and flow velocities were measured in detail near the pilot plant in 
Eastern Scheldt barrier, it was not possible to directly quantify the 
impact of the pilot plant based on these measurements alone. To 
quantify the impact of the pilot plant, numerical nearfield and far-field 
models were used and validated against the water level and ADCP ve
locity measurements. By means of the nearfield CFD model, the impact 
of the pilot plant on the flow through the barrier and the impact on the 
bed protection was determined. By using the additional resistance of the 
turbines on the flow through the barrier in the large-scale model, the 
impact on the intertidal areal was assessed, which is one of the key as
pects of a healthy ecosystem in the Eastern Scheldt (Fig. 2). 

The impact of the pilot plant on the tidal range in the Eastern Scheldt 
was difficult to determine compared to the natural variation in head 
over 18.6 years. As the pilot plant was only in operation for a maximum 
of 50% of the time, due to the limit in operational head and maintenance 
works, the impact of the pilot plant should be judged separately from the 
natural variation. Longer measurement periods are required to assess 
the impact on the tidal range quantitatively. The numerical far-field 
model predicts a decrease of a few millimeters in tidal range at the 
main tidal flats. However, in these simulations, the limited operational 
window was not incorporated, and a similar resistance was present for 
both ebb and flood, while this is different for the pilot plant. These as
sumptions result in an overprediction of the impact on the tidal range in 
the estuary by the numerical model. 

By means of the nearfield CFD model, a detailed insight is obtained in 
the flow behavior near the bed protection. These detailed insights in 
flow patterns near the bed can provide valuable information for the 
impact on the bed protection. At present most bed protections near 
hydraulic structures are designed based on depth average flow velocity 
fields combined with a turbulent kinetic energy amplification factor. 

Although the storm surge barrier seems a good place for extracting 
tidal energy, a possible upscaling of tidal power from the Eastern Scheldt 
storm surge barrier requires dedicated investigations as to the posi
tioning of the turbines with respect to the sill as this will determine the 
impact of the turbines on the flow through the barrier. Besides the 
positioning of the turbines, the sill level varies over the width of the 
barrier, which makes not every opening equally suitable for harvesting 
tidal energy. Additionally, increasing the blockage of specific gates by 
tidal turbines might influence the flow through the adjacent gates. The 
blockage owing to the turbines leads to a slightly increased water level 
upstream of the gate with turbines and adjacent gates and a slower 
filling of the inner basin, which results in a higher discharge trough the 
remaining gates. Such an effect was indeed noticed in the results of the 
CFD simulations during ebb and it will be present in the far-field model, 
especially when multiple gates are filled with turbines. As the Eastern 
Scheldt consists of 3 sections with gates (Fig. 1), the installation of tidal 
turbines in the Roompot section might lead to increased flow velocities 
at the Schaar section and at the Hammen section. An unequal distribu
tion of tidal energy extraction from this barrier might also result in 
changes in flow patterns at locations where turbines are absent. Varia
tions in positioning of turbines with respect to the sill, or the size of the 
turbines and the unequal distributions of turbines over the width of the 
barrier are not considered in this article. However, optimization routines 

could be used to find an optimal configuration considering power output 
and environmental constraints (see Ref. [15]). 

An environmental problem in the estuary is the erosion of the 
ecologically valuable intertidal flats. The erosion since the building of 
the storm surge barrier is caused by the weakening of the tidal flow in 
the channels [23]. Tidal power extraction at the barrier can further 
reduce the strength of the tidal flow in the channels aggravating this 
environmental problem. However, after the building of the storm surge 
barrier the tidal flow is hardly able to transport any sediment to the tidal 
flats. Therefore, the impact of the considered tidal power extraction on 
this aspect is expected to be very limited. 

5. Conclusion 

Hydraulic structures like storm surge barriers are ideal locations to 
harvest tidal energy. Besides the high flow velocities that occur near 
these structures, easy access for installation and maintenance and a close 
connection to the grid are obvious advantages. However, as most 
existing hydraulic structures are not designed for harvesting tidal en
ergy, thorough investigations are required to understand the potential 
impacts on flood protection and environment before larger schemes can 
be considered. 

This paper discusses the impact of the tidal turbines in the Eastern 
Scheldt Storm Surge Barrier on barrier safety by assessing the impact of 
the flow on the bed protection near the barrier and on the environment 
by assessing the development of the intertidal flats in the Eastern 
Scheldt, which are a key factor in the ecosystem. 

The local effects of the array of five tidal turbines in Gate 8 of the 
Roompot section of the Storm Surge Barrier are small. By means of a 
monitoring campaign, numerical models were validated which were 
used to assess the impact of the pilot plant on the bed protection near the 
barrier and on the intertidal areal of the Eastern Scheldt estuary. It was 
not possible to detect the impact of the pilot plant on the tidal range in 
the estuary compared to the natural variation in tidal range over 18.6 
years. A CFD model was built and validated against the measured ve
locities near the pilot plant. By means of this CFD model, it was shown 
that the turbines of the pilot plant in Gate 8 had no impact on the flow 
through the barrier during flood, while a decrease in discharge of 5% 
was found during ebb. The simulations showed that the turbulent ve
locity fluctuations were smaller at most locations near the bed protec
tion when tidal turbines were installed, as the tidal turbines reduce the 
strength of the turbulent eddies coming from the sill of the barrier. 
However, at other locations the velocities and velocity fluctuations 
slightly increase. The overall impact on the bed protection was therefore 
considered to be neutral for this pilot plant. In case of upscaling when 
multiple gates are filled with tidal turbines, the flow velocities in the 
gates without turbines might change which could change the loads at the 
bed protection of these gates. The CFD simulations covered stationary 
situation within the operational limits of the plant. The influence of the 
turbines for hydraulic heads outside the operational head limitations 
were not considered. 

The impact on the main intertidal flats in the Eastern Scheldt by the 
tidal turbines in the barrier was assessed by a large-scale hydrodynamic 
model for different scenarios in which multiple gates were equipped 
with tidal turbines. The impact on the tidal range and the intertidal areas 
of the ecological sensitive Eastern Scheldt estuary ranged from very 
small for the pilot plant in Gate 8 to substantial in case turbines are 
placed in all gates. Comparing this to an average sea level rise scenario, 
the installation of tidal turbines in Gate 8 of the Eastern Scheldt is 
equivalent to the sea level rise of 3.5 months. Rijkswaterstaat preserves 
the tidal flats by suppletion’s to compensate for effects of sea level rise. 
Based on a profit principle, it could be argued that tidal energy extrac
tion from the storm surge barrier should compensate for the loss in 
intertidal area. However, it should be noted that the loss in intertidal 
area would be immediately restored at the end of the project life upon 
removal of the turbines. 
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The detailed measurements that were taken at the pilot plant in the 
Eastern Scheldt showed that validation of the applied numerical models 
gives the required insights to understand the hydraulic impact of the 
TEC array on the hydraulic structure. This understanding is needed for 
extra credibility of the predictions of the extrapolated large-scale and 
large array assessments which are always going to be fully numerical. 
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