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Wave energy resource assessment at Hvide
Sande on the west coast of Denmark

Irina Temiz*, Tatiana Potapenko, and Akash Vijay Kumar

Abstract—The wave power potential in the North Sea
was studied in several publications for different locations.
This paper estimates the wave power potential at a specific
location, namely, near the town of Hvide Sande, located
on the western coast of Denmark. To assess the wave
energy resource at Hvide Sande, a hindcast model uti-
lizing SWAN (Simulating WAves Nearshore) simulation
tool is developed. The model is calibrated and validated
with the 8-years data from a wave measurement buoy
located close to Hvide Sande. Significant wave heights
from simulations show a high correlation with the buoy
data, and the mean wave periods are in good agreement
with the measurements. Utilizing 30-years ERA5 reanalysis
wind and wave data provided by the European Centre for
Medium-range Weather Forecasts, the model was used to
obtain the sea states at four sites. These sites are chosen
to fulfil the placement requirements of two wave energy
converter concepts: Seabased and ECO Wave Power. The
average annual power density is found from 17.3 kW/m to
18.32 kW/m for offshore locations and 10.8 kW/m for the
breakwater location. The obtained results on wave power
potential and the time series of sea states during the 30-
years period will be used for the (micro-) grid studies for
the town of Hvide Sande.

Index Terms—Model validation, seasonal variability,
SWAN, wave energy, wave power density.

I. INTRODUCTION

HIS work has been done as a part of the “DUAL

Ports” project, where a potential of grid inte-
gration of wave energy converters (WECs) and WEC
arrays into the (micro-) grid of the port of Hvide Sande
is studied. Hvide Sande is located at 56°N and 8.1°E
on the western coast of Denmark, lying on the edge of
the North Sea. Information on the wave climate and the
wave energy potential in the area of interest is required
for the project.

Wave energy potential in the North Sea was studied
in several papers. In [1], the wave energy potential
was presented for 31 different locations in the North
Sea. The assessment was based on physical measure-
ments and hindcasting models such as MIKE 21 OWS,
WINCH model, UK Water Wave model. The available
wave power density near shore at a distance less than
11 km was estimated at less than 11 kW/m. In [2], the
wave energy potential was studied for one location in
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the North Sea using MIKE 21 OWS hindcasting model.
The site was chosen 100 km away from the coast,
and the available wave energy density was 9.8 kW/m.
However, these studies utilized models for deep and
intermediate waters suitable for large areas but not
applicable for near-shore analysis.

Wave climate nearby Hantsholm, located at the west
coast of Denmark, was analysed in [3]. The long-
term average wave power density was estimated at 7
kW/m. A long-term high-resolution database of wave
energy potential for the North Sea was presented in
[4]. The wave power density was assessed to be from
5 kW/m to more than 15 kW/m with the most ener-
getic seas in the North East of the investigated region.
These studies confirm that the Danish part of the North
Sea has a good potential for wave energy. However,
the North Sea did not receive sufficient attention from
the wave energy development point of view since it
was always perceived as having “low” wave power
potential. Concerning the present study, it should be
noted that the site of interest is not covered in [3] and
[4].

Hence, the authors concluded that a detailed analysis
of the wave climate nearby Hvide Sande is needed.
Simulating WAves Nearshore (SWAN) model [5], [6] is
used to obtain long-term (30 years) wave spectral data.
The hindcast data are validated against the measure-
ments done in proximity to the port of Hvide Sande.
The paper is partly based on results presented in [7].

II. WAVE MODEL

In this study, the SWAN model available within the
Delft3D-WAVE module v. 3.05 [8] is applied. SWAN is
the third generation discrete spectral wave model that
describes the evolution of the wave energy spectrum
in two-dimensional models under the arbitrary wind,
currents, and bathymetry conditions [6].

The evolution of wave spectrum is described by the
balance equation of the two-dimensional action density
spectrum N (o, ), given in Cartesian coordinates as in

).
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where ¢ is the angular frequency as observed in a
reference frame moving with current velocity; 6 is the
wave propagation direction; ¢ = (¢, ¢y, ¢r, o) is the
action propagation velocity in (z,y,0,6) space; and
S = S(o,0,z,y,t) is the net sink and source term
representing the effects of generation, dissipation, and
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Fig. 1. The model area is located outside the west coast of Denmark.
The blue dots denote the coarse grid nodes. The red dots denote the
SWAN output locations. The blue rectangles are nested grid areas of
the output locations.

nonlinear wave-wave interactions [5]. The action den-
sity spectrum N (o,0) is related to the energy density
spectrum E(o,0) via N(o,0) = E(0,0)/0.

In total, six terms are contributing to the sink and
source terms:

S = Sin + Sas,w + Sds,p + Sds,or + Sniz + Snia (2)

where §;,, is the wave growth due to the wind; Sgs .,
Sasp and Sys pr denote wave decay due to whitecap-
ping, bottom friction and depth induced wave breaking
respectively; and S,;3 and Sy;4 are the nonlinear trans-
fer of wave energy through three-wave and four-wave
interactions.

A. Wind input

The transfer of wind energy to waves is described in
SWAN [9] by:

Sin(0,0) = A+ BE(0,0) 3)

where A and B describe linear and exponential growth
by the wind. The linear growth term A is based on the
expression from [10] with an added filter [11] to reduce
wave growth at frequencies lower than the Pierson-
Moskowitz frequency [12]. The exponential growth
term B follows the expression given in [13]. Explicit
formulas for A and B can be found in [9].

B. Dissipation

Dissipation of wave energy depends on whitecap-
ping, bottom friction and depth-induced wave break-
ing.

1) Whitecapping: The whitecapping is represented by
the pulse-based model of [14], that is, in terms of
wavenumber [15], given by:

Sisw = —F&%E(a, 0) (4)

where the coefficient I' depends on the overall wave
steepness, ¢ and k are the mean frequency and the
mean wavenumber, respectively. Since the wind input
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Fig. 2. The bathymetry map of the model area.

model by [13] is used, the same model is chosen
for whitecapping in Delft-3D with the default settings
provided since SWAN v. 40.91A [9].

2) Bottom friction: The bottom friction models [16]-
[18] can all be expressed in the following form [9]:

o2
Sas,p s g2 sinh? kd
where C), is a bottom friction coefficient and d is
the depth. Following suggestion given in [19] for the
depth-limited wind-sea conditions in the North Sea,
the JONSWAP empirical model [16] with the recom-
mended in Delft-3D bottom friction coefficient C} =
0.067 m?/s3 is used here.

3) Depth-induced wave breaking: The process of depth-
induced wave breaking is described by a spectral ver-
sion [20] of the bore model [21], which is expressed in
SWAN as:

E(0,0) ©)

_ D tot
Etot
where E,,; and D, is the rate of dissipation of the total

energy due to wave breaking. The default settings of
SWAN given in Delft-3D are used in the model.

Sds,br = E(O’, 9) (6)

C. Nonlinear wave-wave interaction

Nonlinear wave-to-wave interactions refer to so-
called quadruplets, i.e., four-wave interactions typical
for intermediate and deep water, and triads, i.e., three-
wave interactions observed in shallow water. Both
quadruplets and triads transfer wave energy from the
spectral peak to lower and higher frequencies leading
to the evolution of the wave spectrum. In SWAN,
quadruples and triads are computed using the discrete
interaction approximation [22] and the lumped triad
approximation [23], respectively. Only quadruplets are
enabled in the model since activating of the triads does
not improve the results but increases the computational
time.

III. MODEL SET-UP

The model covers the area of 7.5 to 8.15 degrees
east and 55.7 to 56.3 degrees north. The coarse grid
with a resolution of 4 km x5 km is shown in Fig. 1.
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TABLE I
THE SWAN OUTPUT LOCATIONS.

Coordinates Distance from  Depth (m)
harbour (km)
L1 56°9'25.85”"N 7°47'34.55"E 26 30.3
L2 56°5'26.79”N 7°50'18.74”E 20 27.3
L3  56°2'54.71”N 7°50'45.13"E 17 27.5
L4 55°59'54.5”N 8°6"29.20"E 1 6.5
L5 55°50'31.8”"N 7°59'52.2"E 19 19.5
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Fig. 3. The domain open boundaries. Space-time varying boundary
conditions are defined separately along each boundary 1-6.

Nested grids sized 9 km x8 km at the the SWAN
output locations given in Table I have a resolution of
500 m x 500 m. Locations L1-L4 are chosen as poten-
tial placements of wave power plants, and the wave
measurement buoy is placed at location L5.

The bathymetry for the model shown in Fig. 2 is
constructed from the GEBCO a 15 arc-second gridded
bathymetry database [24], and the coastline data from
the latest Global Self-consistent, Hierarchical, High-
resolution Geography Database (GSHHG) [25].

The ERAS reanalysis wind and wave datasets by the
European Centre for Medium-range Weather Forecasts
(ECMWE) are utilized [26]. The wind and wave data
have an hourly temporal resolution. The period for the
past 30 years from 1990 to 2019 is considered.

The wind boundary conditions, namely, the average
wind speed at a 10 m height and wind direction given
in the nautical convention, are implemented in the
model. The wave boundary conditions include the sig-
nificant height of wind waves, the mean wave period
and the mean wave direction. The wind and wave
boundary conditions are space-time varying, where
the domain open boundaries are divided as shown
in Fig. 3. The calibration of different wind-wave gen-
eration/propagation models and boundary conditions
available in Delft-3D were investigated in [7].

IV. MODEL VALIDATION
A. Buoy data

The buoy measurement data were recorded from
February 10, 2005, to December 31, 2012, by a wave

rider buoy located at 55°50°31.8”"N and 7°59'52.2E (lo-
cation L5), just off the south-western coast of Hvide
Sande. The water depth at the buoy location is 19.5 m.
The wave datasets contain the sea state statistical pa-
rameters: the significant wave height H,,,9, maximum
wave height H,,.,, wave direction, and the mean
wave period Tj;. However, some time intervals in
the measurements are missing. In total, 46951 buoy
measurements are available with a data availability of
68.51%.

Before using the buoy measurement data, the dataset
was processed and subject to quality control tests to
verify the validity and reliability of the data. First,
the outliers and data outside physically realistic lim-
its were removed. Then, the wave parameters were
averaged using a one-hour moving average. The one-
hour time window was selected to compare the model
output data obtained based on the input data of hourly
temporal resolution. Finally, the data were interpolated
on regularly spaced 30-minutes time vectors to make
the measurement data suitable for comparison with the
modelled data.

B. Statistical parameters

The model results are compared with the buoy mea-
surement data. Several indices are used for the mod-
elled data assessment: Pearson’s correlation coefficient
(R) given in (7), the root-mean-square error (RMSE)
defined by (8), the scatter index (SI) given in (9), and
the bias (Bias) in (10).

S (@i — 7)Y — §)

R == bl (7)
VEY @i - 22 Y, s - 9)?
1 N
RMSE = || + ;(x — )2, ®)
5p = BMSE ©)
Yy
Bias =% — 1§, (10)

where z; stands for the modelled data points and y; for
the observed data from the wave measurement buoy;
Z and gy are the average values of the modelled and
observed data sets, respectively; N is the number of
data points in both data sets.

The statistical results of validation of the significant
wave height H,,, and the mean wave period T, are
presented in Table II and Table III, respectively.

The significant wave height H,,o shows a high
Pearson’s correlation coefficient R equal to 95.95% for
the entire time period, the bias is negligible, and the
RMSE is limited by 0.24 m. The overall scatter index
S1 is limited by 17.73% showing a strong agreement.

The mean wave period Tj; shows a good agreement
but with a reduced correlation compared to H,,o vary-
ing from 79.60% to 87.23% through the years and equal
to 84.38% for the entire period. 1,01 has a negative
bias of —0.38 s for the whole period indicating that the
hindcast mean wave period is slightly underestimated.



TABLE II
VALIDATION H,,,0.

R RMSE (m) SI Bias (m)
2005 94.44%  0.24 18.01%  —0.01
2006 96.10% 0.3 16.71%  0.03
2007 96.75%  0.24 16.69%  —0.03
2008 96.26%  0.23 18.75%  —0.003
2009 9547% 023 17.68%  —0.01
2010 93.69%  0.23 2030%  —0.001

2011 96.90%  0.22
2012 96.43%  0.23

16.28%  0.04
16.86%  0.02

Total  95.95%  0.23 17.73%  0.004
TABLE III
VALIDATION Tp;.
R RMSE (s) SI Bias (s)
2005 81.66%  0.70 15.85%  —0.37
2006 84.14% 0.70 15.86%  —0.40
2007 85.75% 0.76 1711%  —0.42
2008 87.23%  0.78 18.15%  —0.42
2009 87.23%  0.62 14.86%  —0.34
2010  79.60%  0.74 18.07%  —0.43
2011 82.74%  0.73 16.60%  —0.32
2012  86.21%  0.68 15.59%  —0.32
Total  84.38%  0.72 16.69%  —0.38
7
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Fig. 4. Time series comparison of computed and measured data for
significant wave height.

The overall scatter index of Ty, is 16.69%, showing a
strong agreement between the modelled and measured
data.

C. Time series data

Comparison examples of time series data from 2011
are shown in Figs. 4-6, where simulated and the mea-
sured data of the significant wave height, mean wave
period and mean wave direction are shown. In Fig. 4,
it can be observed that the modelled data slightly
underestimates large values of H,,o. It implies that an
additional model to predict the extreme wave heights
should be used. The mean wave periods predicted by
the model are less than the measured values (Fig. 5),
and the difference becomes noticeable for short wave
periods. It can also be noted that very large (greater
than 15 s) mean wave periods occurred during Febru-

20

measured -------- modelled

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Date 2011

Fig. 5. Time series comparison of computed and measured data for
mean wave period.
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Fig. 6. Time series comparison of computed and measured data for
mean wave direction. Directions are given according to the nautical
convention.

ary and December 2011 and were not captured by the
model. However, the long mean wave periods continue
for a short time of 2-2.5 hours and were possibly
caused by storms with rapid wind speed growth and
changed wind direction (see Fig. 6).

V. RESULTS

The locations of interest are selected as potential
placement of wave power plants. Locations L1-L3 are
considered for an underwater WEC, e.g., developed
by Seabased [27]. These locations are chosen so that
the distance to the locations does not exceed 30 km;
there exists relatively flat seabed area sufficient for
installation of 2-10 MW wave power park, and the
depth at the site is greater than or equal to 25 m.
Location L4 is chosen very close to the breakwater
nearby the entrance to the harbour of Hvide Sande.
It is considered for potential placement of a smaller
breakwater-integrated WEC, e.g., developed by ECO
Wave Power [28].

The average, standard deviation and maximum
wave power density at the four locations calculated for
the 30-years period are presented in Table IV. Figs. 7
and 8 illustrate the average wave power variations
through the 30-years period and the intra-annual vari-
ations, respectively. The wave power density of a sea
state available per meter of the wave crest is calculated
according to formula (11).
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Fig. 7. Average annual wave power density calculated for locations
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Fig. 8. Intra-annual variation of the wave power density calculated
for location L1-L4 over a period of 30 years.

TABLE IV
AVERAGE WAVE POWER DENSITY AND ITS STANDARD
DEVIATION FOR LOCATIONS L1-L4.

Location  Pyyg (kW/m)  Pgq (kW/m)  Praz (kW/m)
L1 18.32 23.06 369.20
L2 17.52 22.34 365.76
L3 17.30 22.20 369.26
L4 10.80 14.66 162.25
2H? T,
p =PIt (11)
647

where p is the seawater density, and g is the gravita-
tional acceleration.

The average wave power densities at locations L1,
L2 and L3 are similar but slightly increasing for the
areas located farther offshore. Although the average
wave power density available at L4 is lesser due to var-
ious wave energy dissipation mechanisms described
above, the wave power potential at L4 can still be
overestimated by the model due to the proximity of
the coastline and the presence of the breakwater.

Figs. 9 and 10 illustrate the wave power density at
location L1 as a time series, and a scatter diagram of
sea states and their occurrence frequency, respectively.
It can be observed that the most frequent sea states
occur at milder sea states with significant wave heights
not greater than 3 m/s and mean wave periods up
to 7 s and therefore carry less wave energy. However,

400
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Fig. 9. Wave power density at location L1 plotted for the 30-years
period.
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Toq 8]

Fig. 10. Scatter diagram of the wave climate at L1 obtained for the
30-years period.

extreme sea states with a significant wave height up
to 10 m may occur at L1, resulting in a very large
values of wave power density in Fig. 9. It also explains
a large wave power density variability illustrated by
the standard deviations and maxima in Table IV.

Figs. 11 and 12 show directional wave power den-
sity variation for location L1. Directional wave power
density variations for the other locations are similar.
In Fig. 11, only a wave power density of maximum
50 kW/m is plotted, and the occurrence of higher wave
power density sea states with respect to wave direction
is illustrated in Fig. 12. It can be noted that the majority
of waves come from the north-westerly direction, and
fewer waves are from westerly and south-westerly
directions. The most energetic waves also come from
these directions. Sea states corresponding to a wave
power density greater than 50 kW/m are considered
extreme for both wave energy technologies.

VI. DISCUSSION

The wave power density of the North Sea was
estimated for different locations and using various
methods in earlier publications. For example, in [2]
the wave energy density available at the site in the
North Sea 100 km away from the coast was estimated
at 9.8 kW/m. Considering offshore location of the site,
its wave power density is underestimated compared to
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Fig. 11. Wave rose for wave power density at location L1 obtained
for the 30-years period. Only sea states with wave power density
less than or equal to 50 kW/m are plotted.

the obtained power potential in this paper. A relatively
low wave power density was presented in [3], which
could be the result of the site location, depth and
the time interval of hindcasting. Wave power potential
presented in [4] agrees well with the present model
results.

Comparing results from [1] with the wave power
density at locations L3 (17 km from shore) and L4
(1 km from shore), it can be noted that the wave power
potential estimated for locations L4 is overestimated
and for locations very close to shore different models
should be used, e.g., SWASH [29]. On the other hand,
the estimated wave power potential of 11 kW/m [1]
is also an average value calculated over the entire
North Sea. Therefore the wave power potential at a
particular location nearby Hvide Sande may be differ-
ent. Nevertheless, the wave power potential at location
L4 should be used with caution since it may provide
overestimated output power values from a WEC.

In [30] the wave power potential of the North Sea
was between 12-17 kW/m, which seems the closest
to the potential predicted by the model presented in
this paper. Serensen and Fernandez Chozas [30] used
the estimated wave power potential to find an annual
energy production of 77 TWh employing the Wave
Dragon conversion technology in the transnational grid
cooperation approach. This work aims to estimate the
wave power production at Hvide Sande using different
technologies. Wave power plants by Seabased and
ECO Wave Power are designed to operate in mild to
moderate sea conditions in intermediate water depths
(Seabased) or on breakwaters (ECO Wave Power).
Therefore, these technologies can be well suited to
the wave climate of Hvide Sande. Nevertheless, rare
storms (see Fig. 12) shall be accounted for in the WEC
design.

VII. CONCLUSION

Wave power potential at the proximity of the Danish
town of Hvide Sande was estimated and presented in
this paper. The assessment was done for four different
locations, which were chosen to suit at least two dif-
ferent wave energy technologies. The results showed

W E N from 150 KW/m
b [ 130 - 150 KW/m
19% [ 110 - 130 kW/m
090 - 110 kW/m
1.5% [C——"170-90 kW/m
2% [———150-70 kW/m

Fig. 12. Wave rose for wave power density at location L1 obtained
for the 30-years period. Only sea states with wave power density
greater than 50 kW/m are plotted.

that the available average wave power potential varies
from approximately 11 kW /m to 18 kW /m. However, a
relatively mild wave climate brings challenges of large
wave power variability through the lifetime of a WEC
as well as rare but extreme sea states, which the wave
energy device should survive.

The hindcast data of sea states presented in the
paper were obtained using a SWAN model calibrated
and validated against 8-years buoy measurement data
recorded nearby Hvide Sande. The simulations showed
a very good of the significant wave heights and a good
agreement of the mean wave energy periods.

In the future, detailed information about the sea
states at Hvide Sande will be used to estimate the
economic potential of wave energy to contribute to
renewable electricity production at this site.
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