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 A B S T R A C T

In line with the global shift to transition away from fossil fuels to sustainable energy sources, tidal stream 
energy has emerged as a promising renewable option. This study investigates the tidal stream energy resources 
along the Dutch coast and focuses on the impact of Mean Sea Level (MSL) rise on the future resource potential. 
A THETIS high-resolution unstructured model is used. The model is validated against sea surface elevations, 
and the Dutch tidal stream resource uncertainties are well defined. The validated model is used to evaluate 
the tidal stream energy potential of the Netherlands, regions in the Wadden Sea and Westerschelde in Zeeland 
display noteworthy potential, evidenced by maximum average flow velocities of 1.3 m/s and maximum average 
energy densities of 1600 W∕m2 for the Wadden Sea and maximum average flow velocities of 0.75 m/s and 
maximum average energy densities of 300 W∕m2 for the Westerschelde. Forecasting the 2050 tidal stream 
resource, considering a projected 118 mm MSL rise, results indicate persistent energy characteristics, with 
minimal fluctuations in average velocities and average energy density when compared to the 2016 model. In 
the Wadden Sea and Zeeland, respectively, only marginal changes of +25 W∕m2, and +8 W∕m2 are observed 
in average energy density for those same locations. Furthermore, the inclusion of long-term constituents has 
negligible effects on the 2050 results, emphasising the stability of the tidal stream energy source. Tidal stream 
energy in the Netherlands stands out as a reliable and resilient energy source, demonstrating consistency in 
the face of projected MSL rise. Such predictability has the potential to contribute significantly to fostering a 
sustainable and secure energy system in the Netherlands, while aligning with global efforts to combat climate 
change.
1. Introduction

As the world seeks to transition away from fossil fuels and em-
brace sustainable energy sources, tidal stream energy has emerged as 
a promising renewable option, especially because of its highly pre-
dictable nature. In Europe, highest level of tidal energy resources 
are found in the territorial waters of the United Kingdom (UK) [1]. 
However, tidal energy, can be of major importance even at lower 
energy sites. The predictable and site specificity of the stream tidal 
resource, can assist in the decarbonisation of specific regions [2]. 
UK’s high potential sites like Pentland Firth and Orkney Waters at 
the North of Scotland [3] and Bristol Channel between South Wales 
and Southwest England [4], have been thoroughly investigated on its 
resources. Similarly, research efforts have been undertaken globally in 
promising locations like France [5], United States of America (USA) and 
Canada [6], China [7], Australia [8] and Indonesia [9]. A UK study by 
Coles et al. (2021) [10] has shown the potential of meeting at least 11% 
of the UK electricity demand using tidal stream energy solutions.
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However, a notable lack of research in quantification of the tidal 
stream resources is found for the Dutch coastlines. Historically, the 
tidal research focus within the Netherlands has centred on topics such 
as tidal sediment transport, particularly in the Wadden Sea [11], tidal 
behaviour, with studies showing Sea Level Rise (SLR)-induced increases 
in tidal amplitudes for example [12], and the exploration of tidal bar-
rages, including analyses on hydraulic and environmental impacts, as 
well as assessments of tidal energy production in the Oosterschelde [13] 
with different types of technologies as tidal stream and potential larger 
structures such as hydrodynamic barriers [14]. 

The most recent attempt to evaluate the resource tidal stream poten-
tial was conducted by Alday and Lavidas (2024) [15]. The study found 
a moderate potential for tidal streams energy along the Dutch coast, 
with the most promising sites identified in Zeeland and the Wadden 
Sea. In addition, a critical gap exists regarding the impact of climate 
change effects on this resource potential. The Netherlands, with its 
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expansive coastline and shallow coastal areas in the Wadden Sea and 
Zeeland, is significantly vulnerable to the impacts of Mean Sea Level 
(MSL) rise [16]. Given the global evidence suggesting adjustments in 
tidal behaviour due to MSL rise [17,18], it becomes imperative to 
investigate and address how such changes may impact Dutch tidal 
stream resources. This paper seeks to fill this gap by examining the 
potential effects of MSL rise on the tidal stream resources along the 
Dutch coast.

This study for the first time evaluates and quantifies the impact 
of MSL on the Dutch tidal stream resource by employing a distinct 
methodology, incorporating the impact of Climate Change to assess and 
enhance the understanding of Dutch tidal stream potential. The resulted 
forecast of tidal stream energy flux, complements the hindcast of Alday 
and Lavidas (2024) [15] and uncovers the untapped tidal stream re-
source in the Netherlands that is often overlooked. Understanding the 
potential changes and challenges associated with tidal stream energy 
due to climate change is crucial for ensuring a sustainable and secure 
energy system in the Netherlands and aligning with global efforts to 
combat climate change. By comprehensively assessing the impact MSL 
rise on tidal stream resources, this study enables decision-makers to 
evaluate the future energy security offered by tidal stream energy, and 
make well-informed choices regarding the implementation of potential 
tidal stream energy sites.

In this paper, Section 2 presents the hydrodynamic model setup, val-
idation, the Mean Sea Level (MSL) scenario analysis and the model-runs 
setup. Section 3 presents results and discussion, analysing the observed 
model outcomes. Section 4 provides comprehensive conclusions on the 
course of tidal stream resources given MSL rise along the Dutch coast 
by 2050.

2. Materials & methods

2.1. Tidal model and set up

Tidal simulation is done using open ocean model THETIS [19], 
which has proved itself for applications in tidal simulation for coastal 
regions [10,20,21]. Leveraging the Firedrake finite element frame-
work [22] and PETSc [23], THETIS discretises and solves the Partial 
Differential Equations (PDE) governing the 2D nonlinear shallow water 
wave equations over an unstructured mesh. The system undergoes 
spatial and temporal resolution, utilising a CG-type method [24] for 
spatial discretisation and a 2-stage 2nd order L-stable Diagonally Im-
plicit Runge Kutta method, DIRK22, for implicit temporal evolution 
with a constant time step of 300 s [25]. The depth-averaged shallow 
water equations within the computational framework of THETIS are 
hereby articulated as follows: 
𝜕𝜂
𝜕𝑡

+ ∇ ⋅
(

𝐻𝑑𝐮
)

= 0 (1)

𝜕𝐮
𝜕𝑡

+ 𝐮 ⋅ ∇𝐮 − 𝑣∇2𝐮 + 𝑓𝐮⟂ + 𝑔∇𝜂 = −
𝜏𝑏

𝜌𝐻𝑑
(2)

where 𝜂 (m) is the free surface water elevation, Hd (m) is the total 
water depth (𝜂 + ℎ), 𝜈 (m2 s−1) is the kinematic viscosity, u (m s−1) is 
the depth-averaged velocity vector, 𝑓𝐮⟂ represents the Coriolis effect 
(calculated using 𝑓 = 2 ∗ 𝜔 ∗ 𝑠𝑖𝑛(𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒 ∗ 𝜋∕180)), and 𝜏𝑏 (kg m−1

s−2) is the Bed shear stress. The influence of bed shear stress (𝜏𝑏) is 
modelled using the formulation of Manning’s n, defined as: 
𝜏𝑏
𝜌

= 𝑔𝑛2
|𝐮|𝐮

𝐻
1
3
𝑑

(3)

In which 𝜌 (kg m−3) is the density of the water and g (m s−2) is grav-
itational acceleration. The base model’s Manning value, quantifying 
the loss of energy in open channels due to bottom friction, is set at 
0.035 [–]. Wetting and drying is not taken into account, simplifying 
computations in exposed areas. Numerical stability is maintained by 
enforcing a minimum depth of 7.5 m over the domain. Model viscosity 
2 
Fig. 1. North Atlantic and high-fidelity regions mesh created with qmesh, 
containing  65k nodes and  128k elements, with 500 m resolution at the 
Netherlands coastlines.

is set at 1.0 [N s∕m2] and all models make use of a sponge layer of 
high drag and high viscosity at the forced open ocean boundary, a 
method that has been used before by Mawson 2022 [26]. Tidal forcing 
is applied at the open ocean boundary, using the TPXO tidal dataset by 
Egbert & Erofeeva, 2002 [27] from which 8 main constituents (M2, S2, 
K1, O1, P1, Q1, N2, K2) were used.

2.2. Mesh construction

To ensure accurate modelling of tidal waves at the Dutch coast, 
the open ocean boundary is positioned at larger depths well outside 
the shelf break, to apply boundary conditions in a quiet see state 
and mitigate bottom friction effects on developing waves and thereby 
enhance accuracy, resulting in a large domain that requires an un-
structured grid for computational feasibility. The unstructured mesh 
was generated using qmesh [28] and gmsh [29], incorporating high-
resolution coastline data (∼1.85 km resolution) from GSHHG [30] and 
was post-processed in QGIS [31].

The mesh shown in Fig.  1, was constructed in UTM30 (Universal 
Transverse Mercator coordinate system), using 6 distinct resolutions 
spans, from which the 500 m resolution was the highest density, 
applied in the Wadden Sea and along the coastline in Zeeland.
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Fig. 2. Bathymetry of the domain in meters with regards to mean sea level as 
provided by EMODnet [32].

Bathymetric data, acquired from the European Marine Observation 
and Data Network [32] at a 1/16 arc sec resolution, was utilised, 
and a 2D interpolation using Scipy’s RectBivariateSpline function was 
employed to project this data onto the nodes of the unstructured mesh. 
The resulting bathymetry plot over the domain is illustrated in Fig.  2.

To get a reliable signal at the Dutch coast line all models were run 
for a 52 day period, which included a 14 day spinup, a 7 day clean week 
of signals and a 31 day simulation period. Due to data availability for 
validations, models were run from June 24th 2016 00:00 till August 
15th 2016 00:00, with 1800 s export times.

2.3. MSL scenario

This study examines Mean Sea Level (MSL) rise its impact on 
tidal energy potential along the Dutch coast, emphasising a robust 
analysis of MSL changes. Utilising both tide gauge and satellite data, 
MSL estimates are obtained. Tide gauges offer a historical perspective 
from 1880 to 2021, with data obtained from Permanent Service for 
Mean Sea Level (PSMSL) [33], revealing varying MSL rise gradients 
along the coast, as shown in Fig.  3. A super-linear growth trend is 
observed, with average yearly increases of 1.89 mm/year (1880–2021) 
and 3.07 mm/year (1993–2021) over all tide gauge stations on average. 
Satellite data from 1993 to 2022 indicates a yearly rise of 3.18 mm. 
To set a single MSL increase rate over the domain, the increase rates 
from 1993 till 2021 from Harlingen (3.86 mm/year) and Vlissingen 
(3.09 mm/year) are averaged out and yield a 2050 MSL rise scenario 
of 3.48 mm/year ending up with a 118 mm increase in 2050, aligning 
with KNMI scenarios [34]. As super-linear growth is suggested this is 
a conservative increase forecast in expected MSL rise and is applied to 
all 2050 THETIS models.
3 
Fig. 3. Linear analysis on tide gauge stations along the Dutch coast, and curve 
fitting to determine expected changes.

2.4. Models run

Five model runs are executed, comprising two 2016 models, repre-
senting summer and winter, and three 2050 models, including summer 
and winter models and a summer model with additional long-term 
constituents. As the summer and winter models show very similar 
outcomes (expected as atmospheric pressure and wind stress are not 
taken into account), only the summer models are further considered 
in this research. The inclusion of the specific constituents aims to 
explore their influence, which has been earlier described by Heigh et al. 
2011 [35], on tides and potentially energy density, particularly in the 
timescale context of the MSL rise scenario applied in this research. This 
involves two long-period constituents, Mf and Mm and three nonlinear 
harmonic constituents, M4, MS4, and MN4.

In addition, the depth shift is applied to the 2050 models to account 
for MSL rise. From all models, the velocity (m/s), elevation (m) and 
energy density fields (W∕m2) are extracted. With the energy density 
field as a measure on how many watts of energy are available in a 
vertical water column (depth averaged) per square metre. Which is 
quantified as: 

Energy density flux = 𝑃
𝐴

= 1
2
𝜌𝑈3 [W∕m2] (4)

Since all models are run on exactly the same mesh, the elevation, 
velocity and energy density fields are directly subtracted from each 
other to provide insight into the differences. Visualisations of the output 
are constructed using ParaView [36]. To evaluate changes in future 
tidal stream potential due to MSL rise, the 2016 summer model is 
considered first. After which the 2050 summer models can be directly 
compared to the 2016 scenarios. From this a conclusion can be drawn 
on whether and how MSL rise changes tidal stream potential along the 
Dutch coast towards 2050.

3. Results

3.1. Model validation

To assess the base model’s accuracy, the simulated elevation data 
from selected tide gauge stations, shown in Fig.  4, were compared with 
real-time observations obtained from the Copernicus Marine Service 
Information [37]. The commonly used metric Root Mean Square Error 
(RMSE), provides a measure of the average difference between the 
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Fig. 4. Tide gauge stations locations in the Dutch coastlines.

Table 1
Comparison between RMSE with harmonic analysis data and real time obser-
vations.
 RMSE obs vs. sim RMSE anal vs. sim Accuracy increase 
 Den Helder 0.17 m 0.12 m 29%  
 Harlingen 0.35 m 0.29 m 17%  
 Vlakte Vd Raan 0.44 m 0.43 m 2%  
 L91 0.18 m 0.13 m 28%  
 Nes 0.32 m 0.27 m 16%  
 Vlieland Haven 0.21 m 0.17 m 19%  
 Den Oever 0.18 m 0.11 m 39%  
 Vlissingen 0.48 m 0.47 m 2%  
 Roompot Buiten 0.40 m 0.39 m 3%  
 Brouwersgat 0.35 m 0.34 m 3%  

simulated and observed elevation values, is utilised. The RMSE is 
calculated using the following equation: 

𝑅𝑀𝑆𝐸 =

√

√

√

√
1
𝑁

𝑁
∑

𝑖=1

(

𝑦𝑖 − 𝑦̂𝑖
)2 (5)

In which 𝐍 represents the number of data points, 𝑦𝑖 is the observed 
elevation value, and 𝑦̂ is the simulated elevation value at the 𝑖th 
data point. By taking the square root of the average of the squared 
differences, RMSE provides a comprehensive measure of the overall 
accuracy of the model. In addition the coefficient of determination and 
the scatter index are used to further analyse the data.

At the Wadden Sea, the model exhibited good phase alignment, but 
some discrepancies were noted at peak signals, potentially influenced 
by atmospheric pressure and wind stress, as they were not taken 
into account and particularly present due to the open expanse of the 
Wadden Sea. The validation for the coast in Zeeland revealed a strong 
determination coefficient (𝑟2 = 0.98), yet slight deviations from the 1:1 
line indicated damping effects, possibly linked to the Manning value. 
To increase the model’s validity, two methods were executed.

First, a new signal was created with a harmonic analysis on the 
real time observation data, using the Uptide package [38] on the used 
constituents (M2, S2, K1, O1, P1, Q1, N2, K2), to mitigate the impact 
of atmospheric pressure and wind stress on elevation measurements. 
Improving accuracy significantly, especially in the Wadden Sea, as 
found in Table  1.
4 
Fig. 5. Average flow velocities 2016 summer model Dutch coast.

Table 2
Average RMSE comparison Manning values.
 RMSE RMSE Wadden RMSE Zeeland 
 Manning 0.05 0.44 m 0.30 m 0.66 m  
 Manning 0.045 0.39 m 0.26 m 0.59 m  
 Manning 0.04 0.34 m 0.22 m 0.53 m  
 Manning 0.035 0.27 m 0.18 m 0.41 m  
 Manning 0.03 0.24 m 0.20 m 0.31 m  

Subsequently, a sensitivity analysis is performed on the Manning 
value to address potential damping effects within the model, especially 
for the area around Zeeland. The sensitivity analysis involves testing 
five Manning values ranging from 0.03 to 0.05 in increments of 0.005. 
The results, detailed in Table  2, reveal that Manning 0.03 produces 
the lowest average RMSE (0.24 m). Notably, in Zeeland, Manning 0.03 
provides the most favourable outcomes, while for the Wadden Sea, 
Manning 0.035 is recommended. This optimal Manning value of 0.03 
will be utilised in the subsequent phases of this research to determine 
energy density for the years 2016 and 2050.

3.2. THETIS 2016 tidal stream model

The 2016 summer model average speed plots suggests moderate 
flow velocities for tidal energy extraction in the Dutch coastal areas 
the Netherlands, as shown in Fig.  5. Maximum average flow velocities 
within the Netherlands are obtained in the Wadden Sea and Zeeland, 
which is in line with Alday and Lavidas (2024) [15].

Looking at the Wadden Sea specifically, highest flow velocities 
occur between Texel and the main land, where average flow velocities 
of 1.1 to 1.3 m/s are observed. Following that is the entrance between 
Texel and Vlieland, where average current speeds of 0.8–1.0 m/s are 
occurring. And finally, two more spots where +0.5 m/s average speeds 
have been identified, between Vlieland and Terschelling (0.6–0.8 m/s) 
and between Terschelling and Ameland (0.6–0.7 m/s). All of which are 
enlarged in Fig.  6.
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Fig. 6. Average flow velocities 2016 summer model Wadden Sea (left panel) & Zeeland (right panel).
For Zeeland, only the Westerschelde is assumed as a potential area 
for tidal energy, as the rest of Zeeland’s water bodies are controlled 
by water works which are not taken into account in the models. This 
means that only this part of Zeeland is considered in this study. Looking 
at its average flow velocities, as shown in Fig.  6, highest values are 
obtained at the very beginning of the Westerschelde, near Vlissingen. 
Where average flow velocities of 0.6–0.75 m/s are observed. Apart 
from this, no other places with constant average flow velocities of over 
0.5 m/s are identified.

Looking at maximum speeds, speeds of 2.0–2.4 m/s are seen in 
the Wadden Sea between Texel and the mainland. Maximum speeds of 
1.3–1.7 m/s between Texel and Vlieland, 1.3–1.6 m/s between Vlieland 
and Terschelling and 1.3–1.6 m/s between Terschelling and Ameland. 
In terms of both average and maximum current speeds and the area 
over which they extend, the area between Texel and the mainland 
shows thus relatively the highest tidal potential. The maximum speeds 
obtained near Vlissingen are of magnitude 1.3–1.45 m/s. The energy 
density field along the Dutch coast for the 2016 model is shown in Fig. 
7.

Zooming in on the previously indicated areas in the Wadden Sea 
and Zeeland, average energy densities of 1200–1600 W∕m2 are ob-
served in the Wadden Sea between Texel and the mainland. As well as 
300–600 W∕m2 between Texel and Vlieland, 300–350 W∕m2 between 
Vlieland and Terschelling and 200–300 W∕m2 between Terschelling 
and Ameland. In Zeeland, average energy densities of 200–300 W∕m2

are observed for the area near Vlissingen as shown in Fig.  7.
In terms of maximum obtained energy densities, Fig.  8 suggests 

values of 4000–7000 W∕m2 for between Texel and the mainland, 
about 1000–2300 W∕m2 between Texel and Vlieland, about 1000–2000 
W∕m2 between Vlieland and Terschelling and about 1000–2000 W∕m2

between Terschelling and Ameland. For Vlissingen maximum values 
of 1200–1600 W∕m2 are observed. The 2016 summer model output 
confirms previous research by Alday and Lavidas (2024) [15] on Dutch 
tidal potential, to have low resource areas along its coast located in the 
Wadden sea and Zeeland.

3.3. Tidal stream differences between 2050 and 2016

Since no difference between winter and summer is assumed, con-
clusions on how tidal stream energy resources along the Dutch coast 
are affected by MSL rise (+118.15 mm) will follow directly from the 
results of the comparison between summer 2050 and summer 2016. 
5 
The average flow velocity fields, maximum flow velocity fields, average 
energy density fields and maximum energy density fields were directly 
subtracted from each other (summer 2050 - summer 2016), in order 
to effectively orchestrate possible changes. Focusing on the earlier 
described potential tidal stream areas in the Wadden Sea and Zeeland 
(Fig.  9), it can be observed that differences for average flow velocities 
are in a range of 0–0.015 m/s, which is very low, indicating no clear 
changes towards 2050. When examining the differences in maximum 
flow velocities (Fig.  10), slightly higher values are obtained, +0.05 to 
+0.08 m/s near Vlissingen and +0.05 to +0.065 m/s between Texel and 
the main land. Smaller differences are obtained in the other areas in the 
Wadden Sea; +0.02 to +0.05 m/s between Texel and Vlieland, +0.03 to 
+0.05 m/s between Vlieland and Terschelling and +0.04 to +0.06 m/s 
between Terschelling Ameland. When converting this to energy density, 
very little changes are seen on average (Fig.  11). Maximum increases of 
25 W∕m2 are observed for the average energy density between Texel 
and the mainland, for the rest, no changes above 10 W∕m2 exist in 
the Wadden Sea. For the area in the Westerschelde near Vlissingen, 
maximum changes in average energy density changes are not larger 
than 8 W∕m2. From which it can be concluded that, on average, no 
significant changes are expected in tidal stream resources along the 
Dutch coast. Fig.  12 shows how 2050 would differ from 2016 in term 
of maximum energy density. Maximum changes of 450 W∕m2 are 
observed between Texel and the mainland, and maximum changes of 
no more than 250 W∕m2 are observed at the other sites in the Wadden 
Sea. For the area near Vlissingen increases not larger then 200 W∕m2

are observed.

3.4. 2050 summer with additional long term constituents vs. 2050 summer 
without

To ensure that there is a clear understanding of the extent to which 
long-term constituents could play a role in tidal stream potential, the 
initial summer 2050 model is compared to the summer 2050 model 
with additional long term constituents taken into account. To do so, 
the differences between average velocity fields are examined (2050 
summer with long term constituents - 2050 summer), as shown in 
Fig.  13. As differences in average flow velocities are very close to 
zero (maximum 0.003 m/s), it is clear both the differences in average 
flow velocity and the differences in energy density are nil. It therefore 
follows that the tidal stream potential is not noticeably affected by the 
addition of long-term constituents to the tidal forcing of the model.
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Fig. 7. Average energy density model summer 2016, Wadden Sea (left panel) and Zeeland (right panel).

Fig. 8. Maximum energy density model summer 2016, Wadden Sea (left panel) and Zeeland (right panel).

Fig. 9. Average velocity field summer 2016 subtracted from summer 2050, Wadden Sea (left panel) and Zeeland (right panel).

Renewable Energy 256 (2026) 124214 
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Fig. 10. Maximum velocity field summer 2016 subtracted from summer 2050, Wadden Sea (left panel) and Zeeland (right panel).

Fig. 11. Energy density field summer 2016 subtracted from summer 2050, Wadden Sea (left panel) and Zeeland (right panel).

Fig. 12. Maximum energy density field summer 2016 subtracted from summer 2050, Wadden Sea (left panel) and Zeeland (right panel).

Renewable Energy 256 (2026) 124214 
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Fig. 13. Average flow velocity field summer 2050 subtracted from summer 2050 with long term constituents, Wadden Sea (left panel) and Zeeland (right panel).
4. Discussion

This research focuses on the tidal stream resource change over 
time primarily. Changes are therefore rather examined over extended 
periods (using the average energy density fields) than targeting short 
bursts of high energy density (maximum energy density fields). It 
can be concluded that no clear changes in tidal stream resources are 
observed due to MSL rise along the Dutch coast towards 2050. Tidal 
stream resources consequently can be assumed to remain constant 
towards 2050 even given proposed MSL rise.

In addition, the low velocities also suggest that smaller diameter 
tidal turbines will be more beneficial, in order to maximise energy 
extraction. Such smaller diameter devices may also benefit by ad-
vancements in 3D printed elements that can reduce the deployment 
time. However, this research was not interested in evaluating tidal 
stream arrays or their positioning, therefore the economic feasibility 
would require a different approach [39]. The findings, can securely 
indicate that the designs selected for the Netherlands will be expected 
to produce reliability for the decades to come, even with the impacts 
of Climate Change on the tidal resource.

The hot-spot areas for tidal stream are located in the North and 
South of the country where the expected contribution can be vastly 
different. In the North, tidal stream has higher mean and maxima 
values, whilst at the same time the Wadden islands have a weaker grid 
connectivity to the mainland, and are actively seeking to decarbonise. 
In the southern regions the connectivity is higher and nearby the 
port of Rotterdam and other industrial hubs can benefit by the tidal 
predicability. The findings of this study can be used by the Dutch 
government and other stakeholders involved in shaping the future 
energy landscape of the Netherlands, with the goal of enhancing the 
utilisation of indigenous renewable energy resources.

5. Conclusion

This study assessed the resource potential for tidal stream energy 
in the Netherlands, taking also into account changes in potentials due 
to MSL rise towards 2050. Despite being a low resource area, this 
study suggests that the tidal resource will not be affected by Climate 
Change. Analysis of historical data over the past decade has highlighted 
varying rates of mean sea level (MSL) rise along the Dutch coast, 
ultimately resulting in an estimated average increase of 3.475 mm 
per year towards 2050. Considering this trend, it is projected that the 
Netherlands may experience a total MSL rise of 118.15 mm from 2016 
to 2050.
8 
The base model for 2016 (using a 0.035 Manning value) showed 
satisfactory validation (RMSE’s ranging from 0.17 to 0.44 m) when 
compared to real-time observations at tide gauges across the country. 
However, some observations could not be explained by the model 
simulation due to irregularities likely caused by atmospheric pressure 
and wind stress. Particularly in the Wadden Sea, which is more exposed 
to open sea conditions, irregularities were perceived in the observation 
data, and to a lesser extent in Zeeland, characterised by an estuary 
environment.

The validation of the improved tidal model confirmed its reliability 
and suitability as a base model for 2016 and 2050. Subsequently, five 
models were run to analyse the effects of MSL rise on the tidal stream 
potential towards 2050. Comparison between the 2016 summer and 
winter models indicated similar outputs, so that the summer models 
for both 2016 and 2050 were representative.

The results of the 2016 summer model revealed low tidal energy 
resources in the Netherlands generally. However in the Wadden Sea 
the area between Texel and the mainland exhibited average flow ve-
locities of 1.1 to 1.3 m/s and energy densities of 1200–1600 W∕m2, 
while in Zeeland the Westerschelde showed its highest potential at 
its inlet with flow velocities of 0.6–0.75 m/s and energy densities 
of 200–300 W∕m2. These findings suggest the possibility of utilising 
downscaled tidal stream turbines in these regions, despite the overall 
low resource availability compared to other sites in for instance the UK 
and France which have resources significantly higher, that have tidal 
stream velocities of ≥3.5 m/s.

Analysing the differences between the 2050 and 2016 models, mi-
nor variations in average velocities (0–0.015 m/s) and average energy 
density (up to 25 W∕m2) were observed. As these differences were not 
significant it indicates that tidal stream resources are unlikely to be 
affected by MSL rise scenarios towards 2050. Finally, when examining 
the inclusion of long-term constituents in the model, it was found that 
their incorporation did not significantly impact the results for 2050 
compared to the regular 2050 summer model, with maximum average 
velocity differences of 0.003 m/s.
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