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Abstract: The main objective of the present work is to provide a comprehensive picture of the wind
conditions in the Spanish continental nearshore considering a state-of-the-art wind dataset. In order
to do this, the ERA5 wind data, covering the 20-year time interval from 1999 to 2018, was processed
and evaluated. ERA stands for ’ECMWF Re-Analysis’ and refers to a series of research projects at
ECMWF (European Centre for Medium-Range Weather Forecasts) which produced various datasets.
In addition to the analysis of the wind resources (reported for a 100 m height), the performances of
several wind turbines, ranging from 3 to 9.5 MW, were evaluated. From the analysis of the spatial
maps it was observed that the Northern part of this region presents significant wind resources,
the mean wind speed values exceeding 9 m/s in some locations. On the other hand, in regard to the
Southern sector, more energetic conditions are visible close to the Strait of Gibraltar and to the Gulf of
Lion. Nevertheless, from the analysis of the data corresponding to these two Southern nearshore
points it was observed that the average wind speed was lower than 8 m/s in both summer and winter
months. Regarding the considered wind turbines, the capacity factor did in general not exceed
20%—however, we did observe some peaks that could reach to 30%. Finally, it can be highlighted
that the Northern part of the Spanish continental nearshore is significant from the perspective of
extracting offshore wind energy, especially considering the technologies based on floating platforms.
Furthermore, because of the clear synergy between wind and wave energy, which are characteristic to
this coastal environment, an important conclusion of the present work is that the implementation of
joint wind–wave projects might be effective in the Northwestern side of the Iberian nearshore.
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1. Introduction

Climate change is an issue that must be confronted imminently. On the other hand, the continuous
growth of the global population brings with it an increase in energy demand that exacerbates
the emissions of polluting gases, a problem produced by the fossil fuel-based energy industry [1].
Renewable energies are those whose natural source is virtually inexhaustible and that also do not
generate emissions of polluting gases such as CO2 into the atmosphere. From this perspective,
the progress in the measures taken against climate change brings with it an inherent growth of this
energy sector. Furthermore, it is considered that supporting renewable energy brings benefits beyond
the ecological, such as the reduction of the national energy dependence and it is directly related to
the country’s GDP (gross domestic product) growth. Thus, it is not surprising that the European
Union and several governments around the world keep showing growing support to the renewable
industry [2,3]. The society is also gradually moving towards more sustainable production methods
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and trying to reduce waste generation and gas emissions on a personal level, so this social support for
renewable energies represents another driver of this change [4,5].

One of the renewable energies, which utilization has proven to be more viable, is wind energy.
This is the cheapest renewable energy source and is already a well-established sector that has seen
stable growth for decades. Traditionally, wind farms have been located onshore and great technological
development has been achieved for this type of installation, the actual trend being to increase the
dimensions of the turbines in order to generate more energy [6]. In recent years, the creation of offshore
wind farm projects has also gained increasing importance [7]. The remarkable energetic characteristics
of the wind in these coastal areas, where there are normally fewer irregularities and the wind speed is
usually higher than onshore, has awakened a general interest for the offshore wind energy [8,9]. Fixed
offshore wind turbines can operate until about 60 m depth and base their technology on the already
well-developed onshore turbines, the type of foundation that is used being the main difference. On the
other hand, the floating turbines allow the location of these farms in areas farther away from the coast,
where the depth of the seabed is greater [10,11].

The present study focuses on Spain, more specifically on the Spanish coastal environment along the
Iberian Peninsula. Spain is a country with notable characteristics for the usage of its renewable sources,
with a Mediterranean climate that makes its solar and wind energy of special interest. Furthermore,
taking into account the scarcity of the fossil resources of the territory, it is feasible to consider renewable
energies as the main energetic potential of the country [12,13]. With more hours of sun per day than
almost any other country in the European Union, and with little variability of the solar characteristics
throughout the country, the usage of solar energy for both electricity and thermal energy production
is something that has a well-developed character in the country. However, wind energy shows the
highest growth at the moment. This translates into a rapid increase in the nominal installed capacity
of the wind energy in the country, which has experienced huge growth during the last decades.
The implementation of new wind energy projects is being promoted and financially supported by
the Spanish government, which tries to overcome the administrative barrier caused by the lack of an
already well stablished legal framework for this industry [14].

These administrative barriers are even greater when related to the offshore wind energy. This
among others is one of the reasons that lead to the nonexistence of working offshore wind farm
installations actually located in Spain, despite the great length of the country’s coastal environment.
The great depth of the seafloor represents one of the main bathymetric characteristics of the Spanish
coast, while the existence of the environmental exclusion zones along the nearshore is another important
reason for the lack of working offshore wind farms. Moreover, there exists a clear need to develop the
aforementioned floating turbine technology, so that these can be located in deeper waters [15]. However,
although the lack of operating facilities at the moment is not the main focus of the Spanish offshore wind
industry, the government—supported by the European Union—continues to work in order to facilitate
the implementation and development of this type of projects. The rapid development of the floating
technologies is expected to take out the seafloor depth as well as the environmental exclusion zone
related issues in what can be considered the near future [16,17]. In Colmenar-Santos et al. [15], these
and further characteristics related to the future of the offshore wind industry in Spain are discussed,
concluding that once the techno-economic and administrative barriers are surpassed, Spain counts
with good prospects for the further development of the offshore wind installations.

Currently, there is a large project for the installation of a floating offshore wind farm in the
Spanish territory of the Canary Islands. Endorsed by the Norwegian company Equinor, it will entail
an investment of more than 860 million euros and with a nominal installed capacity of 200 MW, it is
expected to be completed during the year 2024 [18,19]. As a first step, this project will establish the
country’s offshore wind standard, and when completed will lead to the creation of new offshore
wind projects. On the other hand, the Northern part of the Iberian nearshore also has considerable
wave energy [20,21] and from this perspective this area is among the most representative coastal
environments in regards to the combined wind-waves energy resources [22] where hybrid projects
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can be successful implemented. In this context, the present work seeks to evaluate the energetic
characteristics of the wind in the Iberian nearshore along the Spanish coastal environment. The outcome
of the work is to provide a global image that allows to identify areas of interest where the wind energy
resources are more significant, and to establish the behavior that a selected number of turbines would
have if located in the mentioned hot-spots in order to determine the viability of an offshore wind
farm installation.

2. Materials and Methods

2.1. The Target Area

The Spanish shore has a length of 7905 km, where 5978 km are located along the Iberian Peninsula.
In the present study, the Spanish peninsular coast was divided in two separate sectors. As shown in
Figure 1, the North sector corresponds to the Atlantic coast located in the Northern part, and the South
sector, corresponding to the Mediterranean coast is located along the Southern and Eastern parts of the
Spanish territory. For the present study, 20 points along the Spanish nearshore were considered, 10 of
them being located in the North sector and the remaining 10 along the South sector. Given that one of
the main bathymetric characteristics of the Spanish coastal environment is the rapid descent of the
continental shelf, the possibility of selecting the study points based on the depth of the seafloor was
quickly discarded, and therefore the following selection method for the offshore points considered for
analysis was developed.
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Spain counts with a national public entity denominated Puertos del Estado with responsibilities
regarding the Spanish Port System [20]. Given that Spain is one of the European countries with more
kilometers of coast, it is meaningful to highlight the importance of the mentioned institution on a
national and international level. Among other functions, the one of interest for the present study is
compiling and analyzing coastal wind information such as wind speed. With this objective, there are
a series of meteorological stations on locations of geographical relevance along the entire Spanish
coastal environment [21]. Considering this, for the selection of the 20 study points located on the sea,
and foreseeing the fact that in subsequent studies a comparative of the offshore and onshore wind
capacity and energetic characteristics might be of interest, an initial selection of 20 of these stations
located on land was made. After that, we decided to locate the offshore points at a distance of five
kilometers into the sea, measured perpendicularly to the coastline, from each of the 20 land points
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mentioned previously. These offshore study points, represented on Figure 1, were denominated ON1
to ON10 for those located on the Atlantic coast, ON indicating Offshore North.

Subsequently, the points located in along the Spanish Mediterranean coast were denominated OS1
to OS10, OS indicating Offshore South. These selected study points are distributed along the entire
Spanish nearshore and geographically related one to one to the 20 main meteorological stations of
Puertos del Estado. Table 1 presents the main characteristics of the 20 offshore locations considered for
the study [22].

Table 1. The main characteristics of the offshore locations considered.

Sector Point Long (◦) Lat (◦) Water Depth (m) Distance from Coastline (km)

N ON1 −1.94 43.38 88.22 5
N ON2 −3.08 43.42 63.33 5
N ON3 −4.5 43.44 102.5 5
N ON4 −5.68 43.61 43.15 5
N ON5 −5.96 43.64 49.8 5
N ON6 −7.21 43.61 74.95 5
N ON7 −8.38 43.49 50.2 5
N ON8 −8.45 43.42 64.75 5
N ON9 −9.14 42.59 52.25 5
N ON10 −8.92 42.29 64 5
S OS1 −6.48 36.78 11.6 5
S OS2 −4.38 36.67 61 5
S OS3 −2.48 36.79 77.31 5
S OS4 −1.01 37.53 87.1 5
S OS5 −0.36 38.33 58.4 5
S OS6 −0.24 39.46 38.2 5
S OS7 0.09 39.95 29.65 5
S OS8 1.27 41.06 62.65 5
S OS9 2.24 41.36 60.45 5
S OS10 3.28 41.93 169.6 5

2.2. Wind Dataset

For the reanalysis made in the present study, the historical database ERA5 [23], successor to the
well-established ERA-Interim was considered [24]. This database is the latest global atmospheric
reanalysis created by the European Centre for Medium-Range Weather Forecast (ECMWF), covering
the time period from 1950 to five days behind real time.

This time series of historical data compiles information on atmospheric parameters at land and
sea level with a time resolution of 1 h and a high spatial resolution of 0.25◦ × 0.25◦ (about 31 km2).
The model provides hourly wind and atmospheric pressure fields consistent with the previous evolution
of the modeled parameters [25].

The study considers the time series of historical values for wind speed at 10 m height during
the 20-year period from 1999 to 2018 on the selected offshore study points along the Spanish offshore
environment, with a time resolution of 6 h (associated with 00:00-06:00-12:00-18:00 UTC). With these
data, a statistical analysis using the computing tool MATLAB was made in order to identify some
relevant wind parameters of interest at the selected locations [26].

2.3. The Wind Technologies Considered

For the present study, it is of great relevance to evaluate not only the energetic characteristics
of the wind along the Spanish coastal environment, but also to study how different wind turbine
technologies would perform. Thus, by studying operational parameters that certain wind turbines
would have if located in the considered locations, the conclusions of the study will improve their
validity in identifying hot-spots along the Spanish nearshore, as well as determining the feasibility of
developing an offshore wind farm installation.
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From this perspective, the authors selected four different wind turbine technologies with a wide
range of operational characteristics in order to obtain a better representation of the working performance
that an offshore wind farm would obtain. The wind technologies considered for evaluation in the
present work are outlined in Table 2, since the present study seeks to analyze the present viability of an
offshore wind project, all of the selected technologies are currently installed and operating in other
wind farms. Thanks to this, the results of the present study do not rely on any future technological
developments [27–30].

Table 2. Technical specifications of the technologies considered.

Turbine Rated Power (MW) Cut-In Speed (m/s) Rated Speed (m/s) Cut-Out Speed (m/s) Hub Height (m) Reference

V90-3.0 MW 3 4 15 25 80–105 [30]
M5000-116 5 4 12.5 25 90 [27]

V164-8.8 MW 8.8 4 13 25 105–140 [28]
V164-9.5 MW 9.5 3.5 14 25 105–140 [29]

In order to study a wide range of rated capacities, this parameter varies from 3 to 9.5 MW, while
the corresponding power curves associated to the wind turbines are presented in Figure 2. It is worth
noting the differences on how the power curve of each wind turbine evolves when increasing the
velocity until each one reaches its characteristic cut-in speed. The differences on this value, beyond
being somewhat arbitrary, is another of the characteristics that determines the different operational
energetic parameters that each turbine would obtain when installed. Although each turbine is defined
by different hub heights, all the systems will be evaluated for a hub height of 100 m above the sea level
for the present work. Thus, the selected technologies present a wide range of operational characteristics,
and it can indeed lead to different turbines performing better or worse than others depending on the
studied location [8,31,32].
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2.4. Methods

In order to study the aforementioned dataset, a series of relevant characteristic wind parameters
were obtained, as well as some operational parameters considered relevant for the wind turbines.
The wind speed values provided by the dataset ERA5 are reported at a height of 10 m above sea level,
however, in order to study this parameter at 100 m, which is the considered operational height of the
turbines in this study, it is necessary to apply a logarithmic law that has the following form [33]:

Uz = Uz re f
ln

(
z
z0

)
ln

( zre f
z0

) , (1)
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where Uz represents the wind speed at a certain height z, here mentioned as the operational height of
the turbines, 100 m above sea level. The parameter Uz ref represents the known value of the wind speed
at a given height zref, in this case being 10 m above the sea level, and finally z0 represents the roughness
length, which in this study is estimated to have a value of 0.0002 m [31]. By applying the logarithmic
law, the study is able to consider the wind speed values at a reasonable operational height for the
different wind turbine technologies considered, and in this way to study the different operational
statistical parameters of interest.

At this point it is important to mention that among the ERA5 product, a wind dataset reported at
100 m height is available, so it will be important to notice the differences between the adjusted U10
values and this product. By extrapolating the wind speed from 10 to a 100 m height, it is possible to add
a higher uncertainty that may influence the statistical results. In Table 3, such an evaluation is presented
by considering all the points and the values reported for the full-time distribution. The differences
(in m/s) between the two datasets are indicated in percentiles. In general, the North points reveal a
better agreement, also noticing an increase of the variations as we go from 25th to 95th. Positive values
are reported only by the 25th, expecting minimum values (< 0.1 m/s) for the points ON1, ON4, ON5,
ON10, OS7, OS9, and OS10, respectively.

Table 3. Percentile values—direct comparison reported between the U100 parameters (logarithmic
law) and the U100 parameters provided by the ERA 5 project. The results (in m/s) are reported for the
20-year time period of wind data (1999–2018) where: the positive values indicate that the adjusted
U100 values are much higher; negative values indicate a reverse trend.

Percentiles ON1 ON2 ON3 ON4 ON5 ON6 ON7 ON8 ON9 ON10

25th 0.06 −0.03 0.14 0.01 0.05 −0.3 −0.42 −0.46 −0.11 0.02
50th −0.12 −0.16 0.09 −0.17 −0.12 −0.66 −0.72 −0.79 −0.47 −0.4
75th −0.59 −0.65 −0.07 −0.43 −0.33 −0.96 −1.02 −1.06 −0.78 −0.76
95th −1.24 −1.21 −0.39 −0.74 −0.61 −1.76 −1.67 −1.68 −1.22 −1.18

Percentiles OS1 OS2 OS3 OS4 OS5 OS6 OS7 OS8 OS9 OS10

25th −0.46 −0.03 −0.11 0.15 −0.05 −0.16 0.01 −0.21 0.05 0.09
50th −0.74 −0.21 −0.29 0.01 −0.11 −0.38 −0.13 −0.33 −0.07 −0.11
75th −1.01 −0.52 −0.59 −0.16 −0.37 −0.74 −0.35 −0.58 −0.22 −0.29
95th −1.33 −0.9 −0.88 −0.44 −0.81 −1.66 −1.37 −1.55 −0.93 −0.31

Regarding the North points, the differences significantly increase from ON1 to ON10, reaching a
maximum of 0.46, 0.79, and −1.06 m/s for ON8 (25th, 50th, and 75th) while a 1.76 m/s is accounted by
ON6 (95th). As for the South points, the differences are distributed in the range of 0.01 and 0.46 m/s
(OS7-OS1/25th); 0.01 and 0.74 m/s (OS4 and OS1/50th); 0.16 and 1.01 m/s (OS4 and OS1/75th); and 0.31
and 1.66 m/s (OS10 and OS6/95th). In order to avoid any confusion, in the present work we will use
the wind dataset that consider the U10 wind conditions adjusted throughout the logarithmic law.

Having applied the logarithmic law and consequently obtained the wind speed values at the
considered wind turbine operational height, the wind characteristics of interest can be studied.
The parameter wind power density (Pwind in W/m2) allows one to determine the energetic potential of
the wind in a specific location, and it is defined as [31,34]:

Pwind =
1
2
ρair(Uz)

3, (2)

where Uz again represents the wind speed at a certain height z above the sea level (100 m in this case),
and ρair is the air density at said height, which in this study is estimated to be 1.225 kg/m3 [31].

Once these parameters have been obtained, subsequent classifications can be made regarding
the wind energetic capacity on each location. With this objective, it is widely common to classify
wind capacities by classes, going from C1 to C7 [35,36]. These classes are based on the wind speed
magnitude and going from lower to higher wind speed they consequently provide information on the
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attractiveness of each of the locations with a view to the location of an offshore wind farm, being those
with higher class winds more interesting for this possible development [35].

Just as wind capacity is classified based on the magnitude of its speed, turbine technologies are
classified based on their operational wind speed characteristics [32]. Considering that each turbine
entails a large economic investment, it is of great importance ensuring that, when determining the
viability of an offshore wind farm project, the wind turbine technologies considered will operate
efficiently and without suffering any type of catastrophic failure during their operational life span
under the conditions to which they will be subjected. In order to ensure this, a subsequent classification
for wind turbines can be applied, created by the International Electrotechnical Commission (IEC),
it is a safety standard followed by the European Union that classifies the turbines according to the
wind speed at which they have been designed to work [32,37,38]. In the technical specification of
a wind turbine, for each system mentioned there is an IEC wind class, which indicates that a wind
turbine will efficiently operate for a particular wind condition. A turbine class is defined by several
parameters, such as the average wind speed, turbulence intensity, or 50-year wind gust. In the present
work, only the average wind speed was taken into account, covering all the four wind classes, namely:
C1—10 m/s, C2—8.5 m/s, C3—7.5 m/s, and C4—6 m/s.

Due to the fact that irregularity is one of the main characteristics of the wind, it is also interesting
to evaluate how the magnitude of the wind speed (U100) fluctuates considering different periods
of time [8,39]. This irregularity can lead to locations where the wind has notable wind energetic
characteristics during determined months or seasons, having a lower annual mean than other points
that have lower but steadier and consistent values all year around. To evaluate this, the monthly means
for the wind speed values at operative height are studied as well as the seasonal variability on each of
the locations considered. The seasonal variability was obtained with the following equation [8]:

Seasonal =
PSwindmax − PSwindmin

PSwindaverage
, (3)

where PSwindmax and PSwindmin represent the maximum and minimum wind power capacity (Pwind)
values for all the seasons and PSwindmax represents the average value for the 20-year period.

In order to apply statistical methods to the wind speed parameter, it is necessary to use a probability
distribution that defines it. In general, the two-parameter Weibull distribution, being the most used
distribution in the study of the offshore wind farms, and given that the wind speed accurately adapts
to it, is widely considered to precisely define this parameter [40]. The probability of the wind speed, U,
of the Weibull distribution follows the formula [41]:

f (U) =
k
c

(
k
v

)k−1

exp
[
−

(v
c

)k
]
, (4)

where k and c are the characteristic parameters of the Weibull distribution approached by the wind
speed parameter at each of the locations considered, with the mention that c parameter is measured
in m/s and always have a value equal or higher to zero [39]. The parameter k is defined as the shape
parameter and is an indication of the variability of the wind speed values, depending on the width or
narrowness of the distribution curve. The parameter c is the scale parameter of the distribution and
indicates the magnitude of the wind speed values. The use of this distribution provides the possibility
of modifying the value of the aforementioned dimensionless parameters in order to ensure that the
distribution adapt correctly to different time periods. In this way, it is possible to obtain monthly or
seasonal Weibull distributions that precisely define the wind speed [8,42].

Once the Weibull probabilistic distributions have been defined for each of the locations considered
for a determined period of time, statistical methods can be applied to the wind speed parameter. In this
way, the authors proceed to study parameters that provide insight to the performance for the selected
wind speed turbine technologies. In the study, each of the four selected wind turbines are defined by a



Energies 2020, 13, 3986 8 of 21

different characteristic power curve [31]. By studying them on each of the locations considered, it is
possible to obtain the energetic parameter known as Annual Electricity Production (AEP in MWh).
Its value determines the amount of electric energy produced by a certain wind turbine in a given
location during an established period of time. There are different approaches that can be considered in
order to calculate this parameter, and in the present study the following formula is used [31,43]:

AEP = T ×
∫ cut−out

cut−in
[ f (U)P(U) ] dU. (5)

The parameter T represents the number of hours that the wind turbine will operate during a year,
which in this study is considered to be equivalent to 8760 h/year [8]. The parameter f (U) is the Weibull
probability function followed by the wind speed at the turbine location, P(U) is the characteristic
power curve of the turbine and the integration limits cut-in to cut-out correspond respectively to the
minimum and maximum value of the wind speed at which the turbine is working. With wind speeds
below the cut-in value, the turbine does not produce electrical power, and with higher wind speeds
it operates normally until it reaches the wind turbine characteristic rated power [44,45]. Above this
level of energy production, which occurs at a given wind speed, the possibility of the wind turbine
suffering a catastrophic failure gains weight and in order to avoid this, a braking system known as
cut-out is activated.

Another parameter that provides information of the wind turbine performance is the capacity
factor (C f ) [8], which is a dimensionless ratio that relates the energy output of a turbine during a
determined period of time, with the ideal maximum possible output that could have been obtained in
that period. This maximum possible output considers that the wind turbine would operate continuously
at full nameplate capacity during the studied period of time. Given that this is not a realistic occurrence,
the value of the ratio is always under 100%. In the study it is obtained using the formula [8,46]:

C f =
Pturbine
Prated

× 100, (6)

where Pturbine (in MW) is the theoretical energy output of the wind turbine and Prated (in MW) represents
the rated power of the studied turbine.

Lastly, and coming back to the main nature of renewable wind energy, which after all is the
possibility of reducing the contaminant gas emissions to the atmosphere in order to reduce the future
impacts of climate change and the subsequent global warming, it is of special interest to study the
parameter known as CO2 equivalent emission avoidance [47]. This parameter allows both to estimate
the amount of CO2 that would cease to be emitted if the project is carried out, as well as the amount of
CO2 that is currently ceased to be emitted by an already established project that has been operating for
a determined time period. In this study the value is obtained using the formula [48]:

CO2emissions = AEP× x× y, (7)

where CO2emissions is the avoided emission rate (in tons CO2/MWh), AEP represents the aforementioned
parameter denominated as annual electricity production of the wind turbine considered, x is
the reductions of kilowatt-hours into avoided units of carbon dioxide emissions with a value of
x = 6.62× 10−4, and y converts metric tons to tons y = 1.102311.

3. Results

This section presents the results obtained by studying the aforementioned parameters for each
of the locations considered. Thus, Table 4 represents the seasonal and total means for the 20-year
period considered in each of the North sector points. Similarly, Table 5 shows the same information for
the remaining 10 points located in the South sector. It is obvious to observe that in the North Sector,
the points that show the highest averages are located on the most Western part of the Iberian Peninsula.
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Thus, the reference point ON7 with a maximum winter mean of 7.5 m/s, is the location that presents
the highest mean for three out of the four seasons. This is only slightly surpassed by ON9, with a
summer mean of 6.17 m/s. The point ON7 shows the highest total mean with a magnitude of 6.75 m/s
for the time period considered.

Table 4. Mean wind speed values (U100) by season and total for the points located in the North sector.

Point Winter (m/s) Spring (m/s) Summer (m/s) Autumn (m/s) Total (m/s)

ON1 5.72 4.85 3.99 4.81 4.84
ON2 5.81 4.95 4.07 4.9 4.93
ON3 4.61 4.28 3.87 4.09 4.21
ON4 5.58 5.08 4.41 4.91 4.99
ON5 5.98 5.38 4.6 5.19 5.29
ON6 6.09 5.42 4.64 5.22 5.34
ON7 7.5 6.9 6.03 6.57 6.75
ON8 7.26 6.68 5.8 6.33 6.51
ON9 7.19 6.85 6.17 6.33 6.63
ON10 6.5 6.19 5.54 5.64 5.97

Table 5. Mean wind speed values (U100) by season and total for the points located in the South sector.

Point Winter (m/s) Spring (m/s) Summer (m/s) Autumn (m/s) Total (m/s)

OS1 5.25 5.49 4.72 4.69 5.04
OS2 4.44 4.02 3 3.49 3.74
OS3 4.85 5.29 4.33 4.62 4.77
OS4 5.99 5.89 5.18 5.5 5.64
OS5 4.6 4.5 3.96 4.2 4.31
OS6 4.28 3.98 3.44 3.66 3.84
OS7 3.82 3.79 3.3 3.51 3.61
OS8 4.8 4.38 3.65 4.05 4.22
OS9 4.18 4.1 3.54 3.92 3.93
OS10 7.26 6.53 5.9 6.77 6.61

Despite the fact that the locations of the South sector generally present lower values, two of the
points have similar values to the ones from the North sector. Point OS4 presents similar means to the
ones from the Atlantic Coast. This is to be expected since the geographical characteristics of the Strait of
Gibraltar, where it is located, cause that with the existence of wind coming from the Mediterranean Sea,
creating a Venturi effect, which is characterized by a drop in the atmospheric pressure that comes with
an increase of the Westerly wind speed values. However, the location along the Mediterranean Coast
with the highest means is the point OS10, with a maximum winter average wind speed of 7.26 m/s and
a total average of 6.61 m/s.

The total mean values for the full time period considered shown in the previous tables are
complemented by Figure 3, a map of the spatial distribution of the wind resources (U100) along the
entire Spanish coastal environment. This is a clear graphic representation of all the aspects mentioned
above. For its part, the changes in the values of the seasonal means than can be observed in the Table 3,
are graphically represented in the Figure 4, where the seasonal variability of the wind speed (U100)
along the Spanish nearshore is mapped.

Figure 5 illustrates the distribution of the U100 mean considering a time span of one month for the
points of the North sector, while Figure 6 provides the same representation for the South sector points.
It is noticeable that, as expected, these figures show values consistent with those already presented in
Figure 4, with general higher values in the months of November to February, and general decrease in
the summer months. In the North sector, the values are between a maximum mean of 7.57 m/s for the
ON7 location during July, and 3.74 m/s, minimum mean that represents the month of September in the
ON10 location. The values of the South sector go from 2.85 m/s during August in the point OS2 to the
highest value of 7.67 m/s in OS10 location during November.
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Figure 6. U100 monthly values for the points from the South sector.

Looking at the values presented in Tables 3 and 4 and in Figure 3, we can notice some differences.
Thus, although the general wind pattern indicated by the map is in line with other similar studies,
some differences occur at the land-water interface. The most probable explanation is related to the
grid resolution considered (0.25◦ × 0.25◦) and a finer grid will most likely solve this issue. In addition,
it is important to mention that on land, a mask is applied over the wind field (covering both land
and marine regions), and although the differences are not visible, they are significant in the sense
that the onshore wind is considerably lower onshore. This can lead to interferences near the coasts,
and the map presented in Figure 3, although providing a general picture of the offshore wind energy
resources distribution around the Iberian Peninsula, is not sensitive enough to provide a very correct
representation close to the coast.

As mentioned in the previous section, the study approximates the wind speed (U100) to the two
parameter Weibull distribution, and Table 6 represents the values of the shape parameter (k) and
the scale parameter (c) for all the points considered. With a maximum c value of 7.619 m/s in the
point ON7 and a minimum value of 4.059 m/s, in OS7, in these points the wind speed follows the
most and least variable Weibull probabilistic distribution, respectively. The parameter k shows values
between 2.111 in ON7 and 0.831 in ON1. These imply that the above-mentioned locations present
the distributions that show U100 wind speed values of greater and lesser magnitude, respectively.



Energies 2020, 13, 3986 12 of 21

All this information contained in Table 6 is accompanied by the graphic representation of the Weibull
probabilistic distribution for the North sector points in Figure 7, this same representation is presented
for the South sector locations in Figure 8.

Table 6. Weibull parameters for the U100 distribution for each location selected.

North Sector ON1 ON2 ON3 ON4 ON5 ON6 ON7 ON8 ON9 ON10

c (m/s) 5.459 5.566 4.747 5.626 5.955 6.024 7.619 7.355 7.489 6.735
k 1.831 1.938 1.819 1.837 1.821 1.959 2.111 2.084 2.021 1.941

South Sector OS1 OS2 OS3 OS4 OS5 OS6 OS7 OS8 OS9 OS10

c (m/s) 5.692 4.211 5.368 6.363 4.867 4.321 4.059 4.742 4.438 7.431
k 2.092 1.844 1.749 1.943 1.936 1.787 1.725 1.728 1.809 1.713
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Table 7 shows the classification of the wind at the operational height considered (100 m above sea
level) from C1 to C7 depending on the wind speed value (U100) as well as its wind power density (Pwind).
Wind speed accommodates values ranging from the interval 0–5.05 m/s for C1 to 8.04–10.8 m/s for C7.
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This corresponds to wind power density values from 0–114.87 W/m2 for C1 to 459.50–1148.75 W/m2

for C7. These intervals presented in Table 7 are the classification criteria followed in order to obtain
Figure 9, which is composed by four maps of the Iberian Peninsula representing the percentage of
wind that belongs to classes C1, C3, C5 and C7, respectively.

Table 7. Wind energy scale at elevation of 100 m.

Wind Power Class Wind Speed (m/s) Wind Power Density (W/m2)

C1 (Poor) 0–5.05 0–114.87
C2 (Marginal) 5.05–5.86 114.87–172.31

C3 (Fair) 5.86–6.43 172.31–229.75
C4 (Good) 6.43–6.89 229.75–287.19

C5 (Excellent) 6.89–7.35 287.19–344.62
C6 (Outstanding) 7.35–8.04 344.62–459.50

C7 (Superb) 8.04–10.80 459.50–1148.75
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In the previous section, another relevant classification was mentioned, the so-called IEC wind
turbine classes. From this perspective, Figure 10 represents graphically over three maps of the Iberian
Peninsula, the classification of the wind turbines for IEC Class 1, Class 2, and Classes 3 to 4 respectively.
Practically, the entire coastal territory is classified within Classes 3 and 4, however, in the areas
corresponding to the points that have consistently been showing the best characteristics. This is the
case of the points ON7, ON9 in the North sector or OS4 and OS10 in the South sector, as there are
hot-spots there that would be classified as Class 2—some of them even as Class 1.
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Reviewing the results obtained after studying the performance of the wind turbine technologies
considered, Figure 11 represents the AEP of each of the four wind turbines in each of the 20 locations
along the Spanish coastal environment. Generally, the points located in the North sector have a higher
energy production, and this is to be expected due to the fact that all previous results indicate that the
Atlantic Coasts resources are generally superior to those of the Mediterranean Coast, where only the
OS4 and OS10 present values of similar magnitude to the North sector ones. It is relevant to mention
that the energy productions of the V164-8.8 and V164-9.5 turbines are practically equal and much
higher than those presented by the Areva M5000-116 or V90-3.0 turbine. This is to be expected as both
V164 wind turbine technologies have a considerably higher rated capacity than the remaining two.

The remaining relevant energetic parameter that provides information regarding the performance
of each wind turbine technology considered is the capacity factor (Cf). The values of this parameter
are illustrated in Figure 12 for each of the wind turbines in the North sector locations. Analogously,
Figure 13 represents these values for the locations of the South sector. The highest capacity factor
values result in the North sector points, where once again the reference point ON7 corresponds the
highest value for the Areva M500-116 wind turbine that manages to provide a better performance.
In the South sector, the OS10 location is the one that presents better values.

Finally, in order to conclude this section, it can be highlighted that the results presented provide
significant information and represent a good base for the identification of the most relevant locations
for the development of offshore wind farms.
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4. Discussion

In this section, an analysis of the results obtained in the present study will be made together with
a comparison with some other significant works. In general, it can be noted that the points located
on the North sector present higher average wind speed (U100), with values above 4.21 m/s in all the
locations considered along the Atlantic Coast.

In regard to the Southern part, in Sánchez-Lozano et al. [49] the mean wind speed values reported
at 10 m height in the Murcia region are between 2.49 and 3.52 m/s. The present study shows a total
wind speed value at the operational height (100 m) of 5.64 m/s for the 20-year period considered in the
location OS4, which is very close to this region. Taking into consideration the increase in the wind
speed values that takes place when translating to a greater height, which is analyzed in Cabello and
Orza [50]. In this study, which is focused on the same geographical area, an increase of 30% is estimated
when translated from 2 to 10 m height. It is also of special relevance to highlight the enhancement of
the average wind speed when going from onshore to offshore, a feature that is characteristic for the
entire Iberian nearshore.

It is also relevant to mention the location OS10, which is placed very close to the Franco-Spanish
border, as the obtained results show a total wind speed (U100) mean value of 6.61 m/s with a maximum
mean value of 7.26 m/s during the months of December to February, corresponding to the winter season.
In Pascual et al. [51], the high seasonal variability, due to the wind pattern known as Tramontana, is
highlighted. This feature characterizes the Balearic Mediterranean area, corresponding to the points
OS4 to OS10. This variability is shown in the results presented in Figures 4 and 6, where it is illustrated
how these points have a seasonal mean value increase up to 25% when compared to the total historical
(U100) means.

Regarding the two parameters corresponding to the Weibull probabilistic distribution, no unusual
values are observed. Thus, the ON1 location presents values of 5.459 m/s and 1.831 for the scale (c) and
shape (k) parameters, respectively. In Herrero-Novoa et al. [52], values for these Weibull distribution
characteristic parameters are obtained based on field measurements, reported at 2, 10, and 50 m height
from the meteorological stations distributed throughout Navarra region (42◦ N, −1◦ E). Since the
values of the two parameters corresponding to the Weibull distribution are 4.98 m/s and 2.07 for c and
k, respectively, when considering a 50 m height. From this perspective, it is relevant to mention that
the operational height taken into account in the present study is 100 m above sea level. These values
present sufficient concordance with the results obtained in the present study at the location ON1.

As a concise representation of the wind capacities [31,34], Figure 9 represents the classification
map of the wind classes for the Iberian Peninsula. With this representation it can once again be
highlighted that the North sector shows higher wind classes, reaching values up to 15% for Class
7 in some locations. This is equivalent to a wind power density (Pwind) between 459.5 W/m2 and
1148.75 W/m2. When comparing these percentages with less than 1% presented by the nearby onshore
areas [52], it is viable to notice once again that generally offshore areas have better wind resources
along all the Spanish continental nearshore, with the Atlantic Coast showing a special predominance
as regards the offshore wind resources.

Figure 11 represents the values obtained for the Annual Electricity Production (AEP) parameter for
each of the wind turbine technologies considered, the highest values being located in the North sector
with reference points ON7 to ON9. OS10 is the only South sector point with comparable production
values. According to the data presented in the official Annual Electricity Demand Revision for 2019,
published by the national entity Red Eléctrica de España [53,54], the Galician region comprising
the points ON7 to ON10, had in 2019 a demand of 18,351 GWh. This means that in order to reach
a significant value of 1% of this demand, different offshore wind farm configurations should be
developed. The lowest number of turbines needed would be obtained by using the V164-8.8 wind
turbine technology, when installed in the ON7 location. The results of the present study show that
a turbine individually generates around 20,580 MWh in a year, so by installing nine of these wind
turbines, 1.0093% of the annual demand of this autonomous region would be generated. On the other
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hand, the installation with the highest number of turbines would take place when using the V90-3.0
wind turbine, which when located in ON8 generates 4890 MWh annually. Therefore, it would be
necessary to install 38 of these wind turbines in order to generate 1.0125% of the annual demand. Due to
the higher consumption in the region where the OS10 point is located, corresponding to Catalonia
with an annual demand of 46,873 GWh, achieving these percentage values would entail much greater
economic investments.

However, the AEP is not the only relevant parameter to be considered for the wind turbines. It is
also of great importance to take into account the capacity factor (Cf). Both Figures 12 and 13 show
how the Areva M500-116 wind turbine presents the best Cf for each of the 20 locations considered
in the study. If once again we analyze the installation that would need to be developed in order to
generate 1% of the AEP of the Galicia region, it would take 15 wind turbines generating a total amount
of 188,550 MWh annually when located in ON7 (equivalent to 1.0275% of the AEP of the Galicia region).
With a Cf of 28.5%, higher than the 26% of the aforementioned V164-8.8, the installation of the wind
turbine technology with a better Cf could be considered of higher interest.

Referring to other works, such as in Ramírez et al. [55], which presented a similar study for the
onshore territory of the Iberian Peninsula, where three different onshore wind farm installations were
considered, it can be concluded that the mean value of Cf for the 2016 year is around 24%. This value
is consistent with the one mentioned in Migoya et al. [56], where while considering a lower annual
operating hours value, Cf for an onshore wind farm located in Madrid is again estimated to be 24%.
This, far from being considered an indisputable average value, provides a general image of the values
that can be expected to take place for Cf when considering onshore locations in the Iberian Peninsula.

Seeking to highlight the common objective of renewable energies, and in order to quantify the
positive ecological impact that the installation of an offshore wind farm would provide to the Spanish
nearshore environment, the CO2 equivalent emissions avoidance parameter was also considered to
be of special relevance in this study. From this perspective, Figure 14 shows the results obtained for
each of the wind turbines considered when located in each of the 20 study locations, as calculated
using Equation (7). The results show how the emission of 15.02 t/MWh would be avoided if turbines
V164-8.8 are located in ON7.
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However, the data presented in the CO2 electricity generation associated emissions, published
in May 2020 by the national entity Red Eléctrica de España [53,57], consider this avoidance to be
equivalent to 100% of the AEP values multiplied by 1× 10−3. Meanwhile, when computing the x and y
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parameters of the Equation (7), it results on only considering an emission avoidance equivalent to the
AEP value multiplied by approximately 0.73× 10−3. So, if the methodology applied by the Spanish
entity is considered, the values for this parameter would be somewhat higher.

In addition to this, it is relevant to mention that the Iberian Peninsula is an important area for
the wind and wave resources and as a consequence during the recent years several studies discussed
the benefits of using both resources in combined wind-wave projects [57–61]. Although the wave
energy is more significant than the wind energy, the wave industry is still in an infancy stage so that
the know-how accumulated by the wind sector could be useful. Among the benefits outlined by the
authors, these benefits can be mentioned as more relevant: reducing the intermittency of the power
production, improving the CAPEX and OPEX values, and providing coastal protection.

5. Conclusions

In this study, an assessment of the wind resources along the Spanish continental nearshore has
been made, taking into account the wind characteristics evaluated for 20 locations along this coastal
environment. In addition, the characteristic power curves of some wind turbines were considered,
all of them being already present at this moment in operational projects.

Furthermore, by taking some other aspects into consideration, such as maritime traffic or the
presence of natural exclusion areas, a selection has been made within the points that present better
wind resources.

From this perspective, it was concluded that, the points located in the North sector generally have
the best characteristics when evaluating the possible development of an offshore wind farm, although
encouraging particularities were also found in some points from the Southern area. This is the case of
OS4, corresponding to the Strait of Gibraltar, and the point OS10, corresponding to the French border
in the Balearic Mediterranean zone. However, it can be noticed that these two locations are the only
points of real relevance in the South sector.

Due to factors, such as maritime traffic, high population density or the presence of protected
natural areas, the point OS4 was discarded, considering that the resources of this location are not high
enough to overcome the impediments mentioned that could lead to incurring on higher costs.

Regarding the OS10 location, the aforementioned characteristic variability of the wind resources in
that region indicates that other locations with more stable wind resources throughout the year should
be more viable for an offshore wind farm project development. This added to the very high population
density in this region, which would lead to discard the OS10 location as well.

Focusing now on the North sector, the locations with the best offshore wind resources are those
from the region of Galicia, with the reference points ON7, ON8 and ON9 being the most favorable.
However, points such as ON10, ON3, ON4, or ON5 are not discarded, since various aforementioned
studies conclude that these locations present high wave energy resources, so a hybrid approach could
be of special relevance in some areas. Therefore, in general it is relevant to mention the fact that the
Northern side of the Iberian nearshore has also a very good potential in terms of wave energy resources.
From this perspective, this coastal environment represents an optimal target for the development of
hybrid wind-waves marine energy farms. Besides the fact that such marine energy farms can become a
viable source of clean energy, another important aspect related to the marine renewable energy is that
its extraction can influence in a significant way the coastal dynamics, and thus can have a beneficial
influence in providing coastal protection.
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