
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Apr 30, 2024

Wave power assessment in Faroese waters using an oceanic to nearshore scale
spectral wave model

Joensen, Bárður; Niclasen, Bárður A.; Bingham, Harry B.

Published in:
Energy

Link to article, DOI:
10.1016/j.energy.2021.121404

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Joensen, B., Niclasen, B. A., & Bingham, H. B. (2021). Wave power assessment in Faroese waters using an
oceanic to nearshore scale spectral wave model. Energy, 235, Article 121404.
https://doi.org/10.1016/j.energy.2021.121404

https://doi.org/10.1016/j.energy.2021.121404
https://orbit.dtu.dk/en/publications/47eb4309-aae6-4009-a103-b2830ca17a06
https://doi.org/10.1016/j.energy.2021.121404


lable at ScienceDirect

Energy 235 (2021) 121404
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
Wave power assessment in Faroese waters using an oceanic to
nearshore scale spectral wave model

B�arður Joensen a, b, *, B�arður A. Niclasen c, Harry B. Bingham b

a LBF Consulting Engineers, Niels Finsensgøta 10, FO-110 T�orshavn, Faroe Islands
b Technical University of Denmark, Department of Mechanical Engineering, Section for Fluid Mechanics, Coastal and Maritime Engineering, Nils Koppels All�e
building 404, 2800, Kgs. Lyngby, Denmark
c University of Faroe Islands, Department of Science & Technology, Vestara Bryggja 15, FO-100 T�orshavn, Faroe Islands
a r t i c l e i n f o

Article history:
Received 2 January 2021
Received in revised form
8 May 2021
Accepted 1 July 2021
Available online 8 July 2021

Keywords:
Wave power
Spectral wave model
MIKE 21 SW
Wave hindcasting
Faroe Islands
* Corresponding author. Technical University of D
chanical Engineering, Section for Fluid Mechanics,
neering, Nils Koppels All�e building 404, 2800, Kgs. Ly

E-mail address: bajoe@mek.dtu.dk (B. Joensen).

https://doi.org/10.1016/j.energy.2021.121404
0360-5442/© 2021 Published by Elsevier Ltd.
a b s t r a c t

It is expected that wave power will first become an economically competitive energy source in isolated
electrical grids located in exposed regions. One such candidate is the Faroe Islands. The goal of this paper
is to map the local wave power potential around the Faroe Islands using the spectral wave model MIKE
21 SW. A model is set up for the entire North Atlantic Ocean. The model is forced by 10 years of ERA5 re-
analysis wind data and is validated against several directional offshore wave buoys along with nearshore
acoustic Doppler current profile measurements. The results show that the wave climate is dominated by
waves from south-to-west and to a lesser extent from northerly directions, while waves from other
directions are more moderate and infrequent. The average wave energy flux at nearshore locations to the
west and north is 45e55 kW/m, while significantly lower flux of 10e25 kW/m is found at eastern lo-
cations. The results show that the maximum significant wave heights are 12e14 m to the west, 9e13 m
to the north and 8e9 m to the east. This energy assessment will provide the basis for an evaluation of
wave energy absorption concepts suitable for deployment in the Faroese waters.

© 2021 Published by Elsevier Ltd.
1. Introduction

Due to a heavy dependence on fossil fuels and the threatening
side effects of greenhouse gasses, governments are called upon to
take action, and significantly increase energy production from
renewable energy sources. The Faroese government, together with
the local electricity company (SEV), have announced that they aim
to achieve 100% carbon emissions-free land-based energy pro-
duction by 2030. In recent years the local share of renewable pro-
duction has been 40% from hydro- and wind-power, with 60%
enmark, Department of Me-
Coastal and Maritime Engi-
ngby, Denmark.
coming from oil. The relatively high dependence on imported oil
makes the electricity price, among the highest in the world [1]. The
high cost of production is a hidden asset in the transformation
towards a 100% renewable energy system, as projects based on
renewable sources can have a lower price of energy relative to
existing oil based production. Recent developments and plans for
variable renewable production, aided by pumped storage systems
support the realization of renewable land-based energy production
[2,3], but with restrictions for further development of hydro-power,

mailto:bajoe@mek.dtu.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2021.121404&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2021.121404
https://doi.org/10.1016/j.energy.2021.121404


B. Joensen, B.A. Niclasen and H.B. Bingham Energy 235 (2021) 121404
there could be a need for additional alternatives to wind and solar
power to achieve 100% production from renewable sources [4].
r Density of water [kg/m3]
s Intrinsic angular frequency [rad/s]
c(s, q) Propagation velocity in spectral space
cx Propagation velocity in x-direction [m/s]
cy Propagation velocity in y-direction [m/s]
Dirp Peak wave direction [deg]
E(s, q) Wave energy spectrum [m2 s/rad]
g Gravitational acceleration

�
m=s2

h Water depth [m]
Hm0 Significant wave height [m]
ke Wave number based on energy period [m�1]
N Wave action density
P Wave energy flux [kW/m]
Pannual Annual mean wave energy [MWh/m]
phourly Hourly occurrence of sea state [�]
Sbot Bottom friction dissipation
Sds White-capping dissipation
Sin Momentum transfer of wind to wave generation
Snl Nonlinear wave-wave interaction
Ssurf Depth-induced wave breaking
Stot Total source term
t Time variable [s]
Te Energy period [s]
Tp Peak wave period [s]
q Wave direction [rad]
ADCP Acoustic Doppler Current Profiler
CDS Climate Data Store
DIA Discrete Interaction Approximation
ECMWF European Center for Medium Range Weather Forecast
ERA5 5th generation ECMWF reanalysis dataset for global climate and weather
GEBCO General Bathymetric Chart of the Oceans
HIRLAM High Resolution Limited Area Modeling
MIKE 21 NSW DHI's Near-shore spectral wind-wave model (no longer available)
MIKE 21 SW DHI's 3rd generation spectral wave model
NCAR National Center for Atmospheric Research
NCEP National Centers for Environmental Prediction
PNJ Pierson-Neumann-James wave prediction method
R Correlation coefficient
RMSE Root-mean-square error
SI Scatter index
SMB Sverdrup-Munk-Bretschneider wave prediction method
SWAN 3rd generation spectral wave model developed by Delft University
WAM 3rd generation ocean wave prediction model
WaveWatch III 3rd generation ocean wave model
Recent developments in wave power production look both
interesting and promising. Furthermore, there is a lot of investment
in research and development of wave energy conversion concepts/
techniques [5]. A lot of work has been performed to assess the
potential for wave power production worldwide. This generally
involves running numerical spectral wave model hindcasts, which
are validated against measured data. Locations such as Northeast
Asia [6], Sri Lanka [7] and the South China Sea [8] have been
studied. For the aforementioned studies, SWAN [9] was used to
develop the wave model, and was forced using wind data from the
Japan Meteorological Agency [10]. Furthermore, many studies have
been performed that analyze the coasts of North America in terms
of wave energy assessment [11e14]. Refs. [12e14] usedWaveWatch
III [15], while [11] ran nested simulations in WaveWatch III and
used SWAN to run high resolution simulations for the nearshore
climate. With a more global perspective [16], compiled an atlas of
the global wave energy resource, usingWaveWatch III. This showed
2

that the North Atlantic Ocean, specifically the Northeast Atlantic
Ocean, holds high amounts of wave energy. The Bay of Biscay and
the Iberian Peninsula are locations which have been studied
extensively for wave energy potential assessment. Ref. [17] devel-
oped a wave model using SWAN and forced at the offshore
boundary using wave measurement buoys. Refs. [18] and [19] both
used WAM [20], while [18] used global atmospheric data from
(NCEP) and (NCAR) [19,21] used the HIRLAM [22] numerical model
for atmospheric data. Refs. [23,24], and [25] developed an offshore
model using WAM, and ran nested simulations to feed in to a
coastal SWAN model, while [26] only used SWAN to develop their
model. Furthermore, Scottish waters have also been an area under
consideration [27]. This study usedMIKE 21 SW [28], a submodel in
DHI's MIKE 21 model suite, and forced the model using wind data
from ECMWF [29].

There exist several studies on thewave power potential in island
communities in the North Atlantic Ocean e.g. Refs. [30e34], but



B. Joensen, B.A. Niclasen and H.B. Bingham Energy 235 (2021) 121404
none on the high resolution mapping of the wave energy potential
on the Faroe Shelf. A few local studies have been conducted to
analyze wave conditions around the islands. Ref. [35] used analyt-
ical methods, such as the SMB method (Sverdrup-Munk-Bretsch-
neider) [36], Wilson's method [36] and the PNJ method (Pierson-
Neumann-James) [37]. Ref. [38] used MIKE 21 NSW (Near-shore
spectral wind-wave model) forced by local wave buoy measure-
ments to analyze the wave climate around the islands. Also short
time hindcasts from an operational wave model [39] using SWAN,
forced by wind have been used to estimate the wave climate.
However, none of these have focused on mapping the wave energy
potential, although some introductory estimates have been derived
based on local measurements [40]. The previous local studies on
the wave climate around the Faroe Islands, have shown that there
are large wave heights present. The western and northern coasts
are dominated by larger wave heights, compared to the eastern
coasts. Ref. [41] showed values of an estimated 10-year maximum
significant wave height of 16 m at the western and northern coasts.
However, none of the previous studies show any details on the
wave periods, and the information on the wave energy is very
limited.

By taking advantage of faster computers and the ability to run a
wave model with an unstructured mesh, which is coarse offshore
but with high resolution nearshore, it is now for the first time
feasible tomap the local wave power potential with high resolution
for the waters surrounding the Faroe Islands, without any simpli-
fying assumptions on the forcing, wave field or wavemodel physics.
Compared to other local studies, this investigation is also validated
against more data and over a longer time-span.

The objective of the present work is to evaluate and assess the
wave climate around the Faroe Islands. This is done by using wave
buoymeasurements and numerical wavemodelling. The numerical
wave model used in this study is MIKE 21 SW. The area around the
Faroe Islands holds a vast amount of wave energy, making it a viable
candidate for wave energy conversion.Wave energy content is high
but this is also a challenge, as the Faroe Islands are located close to
one of the harshest recorded wave climates in the world [42]. This
is challenging, due to the potentially large forces associated with
large and steep waves making the design of the proposed wave
energy devices more expensive.

2. Model overview

When modeling waves at scales where instationary wave
growth is important, the standard approach is to use spectrally
averaged wave models. These models predict the growth, trans-
formation and decay of ocean waves, due to their interaction with
ocean surface winds and bathymetry. In the present study, such a
spectral wave model is used. The underlying concept of spectral
wave models is the energy balance equation, where the evolution
of the wave spectrum is given by:

vE
vt

þ v

vx
ðcxEÞ þ v

vy
ðcyEÞ þ v

vs
ðcsEÞ þ v

vq
ðcqEÞ ¼ Stot (1)

where E(s, q) is the wave energy spectrum, t is time, s is the
intrinsic angular frequency, q is the wave direction, cx and cy are the
propagation velocities in the geographical space, while cs and cq are
the propagation velocities in the spectral space. The first term
represents the local rate of change of energy density in time. The
second and third terms represent the geographic propagation of
energy density in the (x,y)-space. The fourth term represents the
shifting of the frequency due to depth variations, and the fifth and
last term is related to depth-induced refraction with propagation
velocity cq in the q-space. In short, the left hand side of Equation (1)
3

constitutes the propagation of a large sum of independent linear
waves.

The right hand side of Equation (1) represents the effects of
generation, dissipation and nonlinear wave-wave interaction. The
total source term is expressed as

Stot ¼ Sin þ Snl þ Sds þ Sbot þ Ssurf (2)

where Sin is the momentum transfer of wind energy to wave gen-
eration, Snl is the nonlinear wave-wave interaction (triad and
quadruplet), Sds is the dissipation of energy due to white-capping,
Sbot is the dissipation of energy due to bottom friction and Ssurf is
the dissipation of energy due to depth-induced wave breaking. In
deep water the evolution of the spectrum is dominated by the
balance between Sin, Sds and the quadruplet part of Snl. In shallower
water the triad part of Snl, Sbot as well as Ssurf become increasingly
important parts of the evolution. The input term Sin works at all
depth ranges, increasing the amplitudes of wave components
traveling in a similar direction to the wind, but with lower phase
speeds.

For this particular study the third-generation spectral wave
model MIKE 21 SW has been used for modeling thewaves [43]. This
model discretizes the governing equations in geographical and
spectral space using a cell-centered finite volume method. In the
geographical domain an unstructured mesh technique is used. The
time integration is performed using a fractional step approach
where a multi-sequence explicit method is applied for the propa-
gation of wave action [28].

The source functions Sin, Snl, and Sds are similar to those in the
WAM Cycle 4 model [44]. The wind input is based on Janssen's
([45,46]) quasi-linear theory of wind-wave generation, where the
momentum transfer from the wind to the sea not only depends on
the wind stress, but also on the sea-state. The quadruplet wave-
wave interaction is based on the computationally efficient
Discrete Interaction Approximation (DIA) proposed in Ref. [47] and
the Sds term is based on the formulation of white-capping in
Ref. [44].

There is also the possibility of including variations due to wave-
current interactions and time-varying water depth, in which the
wave action density N becomes the dependent parameter. Since no
wave-current interactions and time-varying water depth are
considered in this study, this will not be described here.

3. Model set-up

This section provides details on how the model has been set up.
Bathymetry, mesh, model forcing and physical processes will be
reviewed here.

3.1. Bathymetry and mesh

As mentioned previously, the study area is the waters around
the Faroe Islands. Fig. 1 shows the oceanic scale computational
domain (left), together with the refined grid around the Faroe
Islands (right). An unstructured computational mesh has been used
for the computational domain. This is constructed using the MIKE
mesh-generator, and it covers the area 70◦W to 10◦E and 5◦N to
80◦N. Swells generated in the Atlantic Ocean travel long distances
and reach the Faroe Islands with little loss of wave energy. This is a
positive feature for the extraction of energy fromwaves. In order to
catch all the swells traveling from the Atlantic, it was necessary to
use a large computational model, even though, the area of interest
is mainly around the Faroe Islands. Bathymetry data was acquired
from the General Bathymetric Chart of the Oceans (GEBCO) [48],
and these were used to generate the mesh for the model domain.



Fig. 1. The computational domain and mesh for the study area. (a) The North Atlantic, (b) the Faroe Islands together with wave measurement points.

Table 1
Model forcing and physical processes activated in model.

Physical process/Set up Value

Spectral formulation Fully spectral
Time formulation Instationary
Number of directions 24
Number of frequencies 40
Water level variation No
Current conditions included No
Ice coverage No
Diffraction No
Quadruplet wave interaction Yes
Triad wave interaction Yes
Wind forcing ERA5 0.25x0.25� 10 m speed & direction
Depth-induced wave breaking H/h ¼ 0.8
Bottom friction Nikuradse roughness, kN ¼ 0.04
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Due to computational constraints, high resolutionwas only applied
for the area around the Faroe Islands, where local bathymetry data
was used [49], consisting of 100 m by 100 m data points. It was
desirable to have a higher resolution of data, however this was not
available. A filter was applied for the whole area (excluding 8◦W to
6◦Wand 61◦N to 63◦N), such that the resolution of the bathymetric
data for the rest of the North Atlantic was 1� latitude by 1�

longitude.
The model domain consists of 19983 elements at various mesh

resolutions, with the area around the Faroe Islands having the finest
resolution and the North Atlantic ocean with the coarsest resolu-
tion. The mesh element area varies from 1.9 , 104km2 to 3.7 ,
10�3km2 and the grid for the output results is the same resolution
as the input mesh in Fig. 1 (b).
White-capping Cdis ¼ 1.9 & ddis ¼ 0.6
Initial conditions Zero spectra
3.2. Model forcing and model settings

The model was forced with data for the wind speed at 10 m
above sea level and its direction, acquired from the re-analysis
dataset (ERA5) from the European Center for Medium range
Weather Forecast (ECMWF) climate data store (CDS) [29]. This has a
spatial resolution of 0.25�x0.25� and a temporal resolution of
1 hour. The ERA5 model reanalysis results will be used as an
accepted state of the art reference for our region, since it is a model
known to give acceptable local forecasts [50].

For the frequency discretization, a logarithmic discretization is
4

used with a minimum frequency of 0.035 Hz, with 40 frequencies
and a frequency factor of 1.1, see Ref. [28] for further details. For the
directional discretization, 24 directions are used with each direc-
tion covering 15�.

As a default setting for the instationary formulation solution
technique a ’lower order’ geographical space discretization algo-
rithm is used, with ’maximum number of levels in transport’ of 32,
where ’lower order’ means a first order upwinding numerical



Table 2
Validation parameters for measurements and MIKE model comparison.

Site Parameters Bias RMSE SI R

East Hm0 [m] �0.06 0.37 0.17 0.95
Tp [s] �0.56 1.78 0.20 0.75
Dirp [�] 24.71 32.29 0.26 0.68

West Hm0 [m] �0.19 0.52 0.19 0.98
Tp [s] �0.23 2.05 0.20 0.70
Dirp [�] 22.17 30.33 0.12 0.64

North Hm0 [m] �0.19 0.47 0.19 0.96
Tp [s] �0.22 1.48 0.15 0.82
Dirp [�] 21.05 28.63 0.14 0.62

South Hm0 [m] �0.11 0.42 0.17 0.97
Tp [s] �0.26 1.37 0.14 0.85
Dirp [�] 20.30 28.23 0.15 0.60

�Arnafj. Hm0 [m] 0.05 0.23 0.26 0.96
Tp [s] 0.10 2.00 0.24 0.53
Dirp [�] 22.95 32.26 0.26 �0.18

V�agur Hm0 [m] �0.03 0.15 0.24 0.96
Tp [s] 0.61 2.49 0.32 0.47
Dirp [�] 23.78 30.01 0.32 0.35
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scheme. No water level variation, current conditions, ice coverage
or diffraction were included in the model. A point, located a few
hundred meters south of the southernmost island was used for
comparison for initial test runs to see the effect of including the
diffraction. Therewas basically no difference in the significant wave
height, peak wave period, wave direction or the wave power.

As a starting point, default settings were applied to the model.
However, for the white-capping source term, the recommendation
from Ref. [51] was applied, since we are dealing with a combination
of wind-sea and swell. Initial model runs with the recommended
value showed that the model underestimated the significant wave
height, showing that the dissipation of energy due to white-
capping was initially too high. Therefore, the dissipation coeffi-
cient Cdis was changed from the recommended value of 2.1 to 1.9.
Table 1 shows themodel forcing and physical processes activated in
the model.

3.3. Wave data measurements used for validation of the model

All of the near-shore data used, has been provided by Fiskaaling
(www.fiskaaling.fo). This data is collected with Acoustic Doppler
Current Profilers (ADCP). These are mainly used for current mea-
surements, but they can be used, for wave measurements as well.
They are deployed in shallowwater, since themeasuring device has
to be submerged at a limited depth in order to measure with suf-
ficient accuracy [52].Four offshore 0.9 m diameter directional
Datawell Waverider buoys are also used in the validation, see Fig. 1
(b). The first wave buoys were deployed in 1980 [53,54], and these
have been a part of the local operational services for fishermen.

3.4. Validation of the MIKE 21 SW model

A comparison between the calculations from MIKE 21 SW and
the measurements made at different locations around the islands is
crucial in order to quantify the validity of the wave model. The
�Arnafjørdur and V�agur measurement locations are nearshore lo-
cations, while the east, north, west and south locations are offshore
locations. The first two are associated with aquaculture in the Faroe
Islands, and the others are owned and operated by Landsverk [55].
Fig. 1 (b) shows a map of the locations of the performed mea-
surements. The model validations are performed over different
time periods, because the nearshore location data only spans a few
months recorded over a few different periods, while the mea-
surements from Landsverk are large datasets which cover several
decades. To quantify the validity of the wave model, statistical pa-
rameters such as bias, root-mean-square error (RMSE), scatter in-
dex (SI) and correlation coefficient (R) are calculated.

Bias ¼ 1
N

XN
i¼1

ðxmi � xoi Þ (3)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

ðxmi � xoi Þ2
vuut (4)

SI ¼ RMSE

x
̄
o

(5)

R ¼ PN
i¼1ðxmi � x

̄
mÞðxoi � x

̄
oÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1ðxmi � x
̄
mÞ2

q
ðxoi � x

̄
oÞ2

(6)

where xo is the observed (measured) data and xm is the model data
5

with mean values x
̄
o and x

̄
m respectively. Bias gives information on

whether the model over- or underestimates the modeled param-
eter, RMSE gives information on the differences between the
observed and modeled values (residuals). The scatter index SI puts
the RMSE in a relative frame (non-dimensional), the correlation
coefficient R measures the linear correlation between the modeled
and measured values. The validation parameters for the wave di-
rection are not calculated using a linear approach, which might
yield misleading results, especially when considering waves trav-
eling from a northern direction (0� and 360�). Instead, a vectorial
approach is applied, taking the distance between each wave di-
rection component (modeled and measured) to calculate the vali-
dation parameters.

Table 2 shows the validation parameters for the considered lo-
cations (see Fig. 1(b)). Hm0 is the significant wave height, Tp is the
peak wave period and Dirp is the peak wave direction. For the east
and south locations there is agreement between the modeled and
measured significant wave height, however the model slightly
under predicts the significant wave height. For the peak wave
period, there is some discrepancy between the modeled and
measured data. There is a reasonably low scatter value and a fairly
high correlation. For the west and north location, there is some
deviation between the modeled and measured data, for both the
significant wave height and the peak wave period. However, the
scatter index is quite low and there is generally a good correlation
between modeled and measured data.

For the �Arnafjørdur and V�agur locations, agreement is found
between the modeled and measured data, however for the peak
wave period some deviations are found. Wave direction shows
larger discrepancies between modeled and measured, compared to
offshore locations.

Fig. 2(a) and Fig. 2(b) show scatter plots for significant wave
height and peak wave period for the east and west locations, for the
time period 01-01-2012 to 31-12-2012. The figures show that the
model is capable of capturing the measured significant wave height
data quitewell. The majority of the peaks in significant wave height
are captured by themodel, however for some of the sharp peaks the
model underpredicts the significant wave height. For the peakwave
period there is more scatter, but the majority of the data is well-
captured by the model.

Fig. 2(c) and (d) show scatter plots of the modeled and
measured significant wave height and peak wave period at the
north and south locations, for the period 01-04-13 to 31-12-13. The
model captures the significant wave height well at both

http://www.fiskaaling.fo


Fig. 2. Scatter plots. (a) Significant wave height Hm0 (left) and peak wave period (right) for the east location, (b) Significant wave height Hm0 (left) and peak wave period (right) for
the west location, (c) Significant wave height Hm0 (left) and peak wave period (right) for the north location, (d) Significant wave height Hm0 (left) and peak wave period (right) for
the south location.
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Fig. 3. Time-series of modeled and measured (a) significant wave height, (b) peak wave period and (c) peak wave direction for the �Arnafjørdur location, model validation phase.
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measurement locations. However, some of the peaks in the wave
height are underpredicted by the model. For the peak wave period
there is a bit more scatter in the comparison data, but the majority
is captured by the model.

The validation statistics at the offshore buoys show comparable
levels of accuracy at the different sites around the islands. However,
there are discrepancies in the peak wave direction, especially for
bias and RMSE. The east site has the highest level of sheltering, so
an undershoot in themodeled peak wave period could indicate that
the modeled sheltering was too strict compared to reality.

Fig. 3 and Fig. 4 show the time-series of the significant wave
height, peak wave period and the peak wave direction for the
�Arnafjørdur and V�agur locations used for validating the model. The
figures show agreement between model and measurements, and
the majority of the peaks in significant wave height are captured by
themodel. There are discrepancies for the peak wave period at both
locations. For the wave direction at the �Arnafjørdur location, the
model captures this for the majority of the time. However, in the
measurements, there is a lot of spreading in the wave direction for
the smaller significant wave heights. This could be caused by the
fact that when a state of small waves is present, the measurement
device captures waves coming from many more directions, than
what is captured in the model, or that the device needs a certain
signal to noise ratio, i.e. wave height, before making valid wave
direction measurements. Figs. 3 and 4 show that the larger wave
heights contain a more consistent wave direction, compared to the
smaller wave heights. Fig. 4 shows the same phenomenon as
7

described above for the V�agur location. However, there are larger
deviations at the V�agur location than at the �Arnafjørdur location.
The mean wave directions in the �Arnafjørdur and V�agur locations
are 138� and 112�, respectively. Keeping in mind that the
�Arnafjørdur fjord's opening, faces in a southeastern direction and
the V�agur fjords opening faces an east-southeast direction, it makes
sense that the majority of the waves travel from these above
mentioned directions.

One thing all of the above mentioned validation studies have in
common, is the comparison quality of the peak wave direction. In
all of the cases, there is quite a large deviation between the
measured and the modeled data. The peak wave direction is a
sensitive parameter, as it describes where the most energetic wave
comes from. Furthermore, there is usually a lot of scatter associated
with the peak wave direction. Unfortunately, the mean wave di-
rection was not available from the measurements (only peak wave
direction was available), as this would have introduced a more
consistent wave direction, and probably given less scatter.

Mesh resolution might also play a role in the accuracy of the
modeled direction compared to the measured, considering that
sheltering zones might need an even higher resolution than what
was applied here.

As mentioned earlier, it is of great importance to ensure the
quality of the model results. Parameters such as bias and RMSE are
often used for quality checks. Ref. [27] found bias values for Hm0
ranging from �0.16 m to 0.27 m and RMSE as high as 0.45 m. Ref.
[30] found bias values for Hm0 around�0.06m and RMSE as high as



Fig. 4. Time-series of modeled and measured (a) significant wave height, (b) peak wave period and (c) peak wave direction for the V�agur location, model validation phase.
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0.71 m. Ref. [31] found bias values for Hm0 ranging from �0.01 m
to �0.13 m and RMSE as high as 0.60 m. The present study shows
bias values from 0.06 m to 0.19 m for the offshore locations
and �0.05 m to 0.03 m for the nearshore locations. RMSE values
ranging from 0.37 m to 0.52 m for the offshore locations and RMSE
values of 0.15 m and 0.23 m for the nearshore locations, respec-
tively. This leads us to conclude that the model quality is compa-
rable to similar recent studies in the literature.

4. Results and discussion

4.1. Wave hindcasting

As the model is thoroughly validated and is able to predict the
wave parameters efficiently, the next step is to investigate the
spatial variation of the wave climate around the Faroe Islands. This
is represented in terms of the significant wave height and the
average wave energy flux. These parameters will be presented as
annual mean and maximum, together with seasonal mean
variation.

Fig. 5 shows the mean significant wave height for the ten year
period 01-01-2009 to 31-12-2018 for the Faroese waters. The figure
shows that the western and northern coasts contain higher waves
than the eastern coasts. Values of about 2.4 me3.0 m significant
wave height on the western and northern coasts, and values of
about 1.2 me2.0 m in the eastern coasts.
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Fig. 6 shows the maximum significant wave height for the
period 01-01-2009 to 31-12-2018. A similar trend is seen here as in
Fig. 5, higher waves on the western and northern coasts compared
to the eastern coast. Values of about 12e14m at the western coasts,
9e13 m at the northern coasts and about 8e9 m at the eastern
coasts. We note that these results compare well with what was
found in Ref. [41].

The wave energy flux, or wave power, in a sea state in arbitrary
water depth, can be expressed as

P ¼ rg
ð2p

0

ð∞

0

Eðs; qÞcðs; qÞdsdq (7)

where E(s, q) is the energy density, c(s, q) is the group velocity, r is
the density of water and g is the gravitational acceleration. Fig. 7
shows the mean wave energy flux calculated from Equation (7).
This figure shows the same trends as the previous figures. Thewave
energy flux at the western and northern coasts contain a higher
amount of energy than the eastern coasts. Values of wave energy
flux at the western and northern coast vary from 45 kW/m to
55 kW/m. At the eastern coast the values vary from 10 kW/m to
25 kW/m.These results for the wave energy flux correspond well
with what is presented in Ref. [40] in terms of the spatial variation
of wave energy flux. The results in Ref. [40] are derived from the
four wave measurement buoys west, south, east and north shown



Fig. 5. Mean significant wave height for January 2009 to December 2018.

Fig. 6. Maximum significant wave height for January 2009 to December 2018.

Fig. 7. Mean wave energy flux for January 2009 to December 2018.

Fig. 8. Maximum wave energy flux for January 2009 to December 2018.
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Fig. 9. Wave rose plots for the four offshore buoy locations - model results. (a) West, (b) North, (c) East and (d) South.
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in Fig. 1(b).
Venugopal et al. [27] presented maps of average wave energy

flux for Scottish waters. Keeping in mind that the Faroe Islands are
located directly north of Scotland, the statistical values in that study
are aligned with what is found in the present study. However, the
values for average wave energy flux in the present study are higher
closer to shore.

Fig. 8 shows the maximum wave energy flux around the Faroe
Islands. Values of 1200e1500 kW/m along the western coast,
10
600e1000 kW/m on the northern coast and on the eastern coast,
values of 300e600 kW/m.
4.2. Wave direction

As this is a study of wave power potential and it investigates the
possibilities of deploying wave energy devices in the Faroe Islands,
it is important to look at which direction the waves come from. To
this end, wave rose plots have been compiled in order to visualize
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where the majority of the waves travel from.
Fig. 9 shows wave rose plots for the four offshore locations -

west, east, south and north. For the west and south location, the
majority of the waves travel from a west and southwesterly di-
rection. This makes sense, since the majority of the storms that hit
the Faroes travel from the mid North Atlantic Ocean. For the north
location the majority of the waves travel from the west and north.
Fig. 10. The seasonal variation of the mean significant wave height of the four considered
September, (d) October, November and December.
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The north buoy measurement location is not in a sheltered zone,
when storms travel from the mid North Atlantic (southwest di-
rection), hence the large number of occurrences from the west. The
north location also shows high occurrence from the north, while
the west and south locations do not to the same extent. This is
natural, since these buoys are largely sheltered fromwaves coming
from the north.
seasons. (a) January, February and March, (b) April, May and June, (c) July, August and



Fig. 11. The seasonal variation of the meanwave energy flux of the four considered seasons. (a) January, February and March, (b) April, May and June, (c) July, August and September,
(d) October, November and December.
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For the east location the majority of the waves come from the
north and south directions. If waves travel to the Faroes from a
southwestern direction these will be refracted around the southern
most island and be seen on the east location as traveling from a
nearly southerly direction.
12
4.3. Seasonal variation

As the Faroe Islands are located in the North Atlantic Ocean,
there are relatively large seasonal variations in the wave climate.
Harsh and rough seas are normal in autumn and winter, while to-
wards the end of spring and in summer, the seas are usually much
calmer. Therefore, it is of great interest to analyze how large these
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variations in the wave climate are from season to season. In this
study we look at each season as a three month period, starting with
January. Fig. 10 shows the variation in the mean significant wave
height, in each season.The figure shows, that the mean significant
wave height in the winter and autumn period is much higher than
in the spring and summer months. For the winter and autumn
months, the mean significant wave height is 3e4 m at the western
and northern coasts and 1.5e2.5 m at the eastern coasts. In the
spring and summer months, the mean significant wave height is
1.5e2 m at the western and northern coasts and 0.8e1.4 m at the
eastern coasts.

The seasonal variation of the average wave energy flux around
the islands is shown in Fig. 11. It is clear that the wave energy flux is
higher in the autumn and winter months, compared to the spring
and summer months.The values are 70e80 kW/m on the western
and northern coasts during the autumn and winter months, and
25e35 kW/m on the eastern coasts. The wave energy flux in the
spring and summermonths varies between 20 kW/m and 30 kW/m
along the western and northern coasts, and at the eastern coasts
the wave energy flux is 5e10 kW/m.
4.4. Evaluation of the local energy potential

Information on the energy content, peak periods and wave di-
rection is vital, at the first stage of consideration of potential wave
energy device deployment. As a first step, we have selected a series
of target deployment locations where we evaluate the local energy
potential. Here only 3 points are investigated in more detail, as
these are representative for the given offshore areas. One point is
selected in the westernwaters, one point in the eastern waters and
one point in the northern waters. In practical terms, it is important
to know howmuch each sea-state contributes to the total available
wave energy. Figs. 12e14 show the yearly average energy at each of
the selected locations, along with the energy period (Te) and the
significant wave height (Hm0). The intensity of the colorbar shows
Fig. 12. Annual mean wave energy in (MWh/m) at point W, presented in terms of significan
per year of each sea state.
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the annual energy contribution in (MWh/m) and the numbers on
the figure show the yearly average occurrence frequency of each
sea-state. Isolines for the average wave energy flux are also shown.

The occurrence frequency of each sea-state is calculated by
ordering the energy period (Te) and the significant wave height
(Hm0) in bins and counting how frequently these occur on average
per year for the time period 2009e2018. The average wave energy
flux is calculating using a parametrized version of Equation (7),
depending on the energy period (Te), the significant wave height
(Hm0), the wave number based on the energy period (ke) and the
water depth h.

P ¼ rg2

64p
H2
m0Te

�
1þ 2keh

sinhð2kehÞ
�
tanhðkehÞ (8)

For the annual mean wave energy in (MWh/m) the average
wave energy flux is multiplied by the hourly occurrence phourly of
each sea state (Hm0, Te).

Pannual ¼ P,phourly (9)

Figs. 12e14 show that there is a higher energy content in the
western and northern coasts, compared to the eastern coast. The
occurrence of sea-states with shorter and smaller waves are more
frequent in the eastern lying point, compared to sea-states with
longer wave periods and larger wave heights dominating at the
western and northern points. As a starting point, it is of course
beneficial to consider sites with high energy content as these will
yield a high energy production. However, considering the scatter
diagram in Fig. 12, we see that the high energy content is contained
in sea-states with long wave periods and large wave heights. This
will in the end lead to larger wave forces, leading to stricter design
considerations. Preferably, we would want the high energy content
located in the ”milder” sea-states, leading to a more stable pro-
duction of energy.

Considering the different types of concepts for wave energy
t wave height Hm0 and energy period Te. The numbers on the plot show the occurrence



Fig. 13. Annual mean wave energy in (MWh/m) at point E, presented in terms of significant wave height Hm0 and energy period Te. The numbers on the plot show the occurrence
per year of each sea state.

Fig. 14. Annual mean wave energy in (MWh/m) at point N, presented in terms of significant wave height Hm0 and energy period Te. The numbers on the plot show the occurrence
per year of each sea state.
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extraction, we would like to choose a design for the specific site so
that the resonance wave period has a high representation in the
scatter diagram. The more frequently the resonance period is rep-
resented the higher the energy output is from the device.

Table 3 shows the annual average energy content in MWh/m,
the water depth and the distance to shore for each of the
14
considered sites. The table shows the same trend as in Figs. 12e14,
that the energy content is much higher at the western location,
compared to eastern and northern. All three points have a relatively
large water depth, when considering wave energy extraction de-
vices, therefore floating devices are the most probable type to be
installed at each location. The distance to shore varies a lot from site



Table 3
Annual average energy content, water depth and distance to shore for each of the
considered sites.

Site Annual energy Depth Distance to shore

[�] [MWh/m] [m] [m]

W 424.9 77 5490
E 160.3 66 8650
N 264.5 89 3400
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to site, giving a variation in installation costs, considering power
transmission to land. However, at the northern location, the dis-
tance to shore is relatively short compared to the other locations,
but the nearest islands all contain large headlands on the northern
facing sites. So the actual power cable length from the north loca-
tion to the nearest realistic land location is probably twice the
distance shown in Table 3.

Indeed there are many things to consider before deployment of
any type of wave energy extraction device. From a strict annual
average energy content point of view, the western location is
indeed the preferable one. However, at this location the occurrence
of extreme sea-states is higher than at the other sites, leading to a
longer survival mode operating time, and possibly also leading to
more wear and tear on the device. If a moremoderate production is
desirable, the east location will be preferable, since the occurrence
of milder sea-states is higher at this location.
5. Conclusions

This work developed a large scale model of the North Atlantic
ocean, using the state-of-the-art wave model suite MIKE 21 SW, for
hindcasting of wave parameters, specifically for the waters around
the Faroe Islands. The model was forced by wind data from ECMWF
at 0.25�x0.25� resolution. Furthermore, a comprehensive validation
was performed using measured wave data from wave buoys both
offshore and nearshore around the Faroe Islands. The validation
study for the offshore buoys showed that the significant wave
height was successfully reproduced, with correlation coefficients
higher than 0.95. For the nearshore locations, correlation co-
efficients for the significant wave height were 0.96. For the peak
wave period at the offshore locations, this was somewhat suc-
cessfully reproduced, with correlation coefficients varying from 0.7
to 0.85. However, for the nearshore locations, the peak wave period
showed higher discrepancies, with correlation coefficients of
0.53 at the �Arnafjørdur site, and 0.47 at the V�agur site.Results for
the statistical maximum of the significant wave height, were in
agreement with a previous study [41]. Values of 12e14 m were
found at the western coasts, 9e13 m at the northern coasts and
8e9 m at the eastern coasts. Furthermore, results for the annual
average wave energy flux aligned with what was presented in
Ref. [40], showing 45e55 kW/m at the western and northern
coasts, and 10e25 kW/m at the eastern coasts.

The results of the present study show that the developed wave
model can be used with high confidence to provide detailed wave
statistics at suitable locations in the Faroe Islands. This will provide
valuable data for initial design studies on the deployment of wave
energy converters for power production and the transition to a
100% renewable supply.
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