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Abstract. In the last years, the offshore wind sector has been constantly growing in Europe, coming also
with a very competitive production price. The objective of this paper is to evaluate the wind power potential
in the European coastal environment of the Mediterranean Sea, an area with a high population density.

Furthermore, a high energy demand exists here and the potential of the renewable energy resources needs to

be assessed for further exploitation. The analysis was performed considering some reference locations. The
climate change impact on the wind energy resource is also investigated. Various comparisons between
historical data and future climate projections simulated by a Regional Climate Model under RCP4.5
scenario are made. The results obtained show that in various locations, especially in Golf of Lion and the

Aegean Sea, there are appropriate conditions for offshore wind exploitations.

1 Introduction

It is well known that the greenhouse gas emissions need
to be reduced due to their effect on global warming and
to the subsequent damages produced by it. One measure
made by Europe was to promote, and also to support, the
production of electricity from renewable sources. In
these conditions, the EU has agreed a 32% renewable
energy target to 2030, with an upward review clause in
2023, that equals around 55% of electricity coming from
renewables in 2030 [1].

The marine environment is a plentiful source of
renewable energy that can be harvested from waves,
offshore winds, tides or currents. Taking in consideration
various factors as, the development of the technology or
the capacity of the installed devices, the offshore wind
energy seems to be the most mature type of renewable
energy extraction in the marine environment [2].
International Renewable Energy Agency (IRENA) also
pointed out that the offshore wind energy is having a
rapid technology cost reduction among others due to the
advances in offshore wind turbine technology, wind farm
development or increasing developer experience [3].
Global Wind Energy Council (GWEC) noticed also that
2017 was a spectacular year for offshore wind sector
with new installed capacities around 4.333 MW
(installed in nine markets globally), representing a 95%
increase compared with 2016. At the end of 2017,
approximatively 84% of the overall offshore installations
(offshore wind capacity 18,814 MW) were placed in the
waters off the coast of European countries, but the
offshore industry expansion across other markets has
begun and has a rapid development [4].

The European coastal environment of the
Mediterranean Sea is an area with a high population
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density. Subsequently, a high energy demand exists here
and the potential of the renewable energy resources need
to be assessing for further exploitation. Moreover, until
now no offshore wind farms have been deployed in the
Mediterranean waters although some previous studies
indicated it to have suitable wind potential [5-7]. The
new technology developments of the floating wind farms
open the perspective to be exploited the potential of
deep-water offshore wind power. This can be relevant
for the Mediterranean countries having large water
depths at a short distance from the shore [8].

For this reason, extended evaluations of the wind
power potential in this area need to be made in order to
find the locations having the capacity to become
interesting for future expansions of the offshore wind
emplacements [9]. These evaluations can be made based
on the wind speed information retrieved from
measurements or numerical modelling of the wind fields
over the target area [10,11]. The wind fields, and also the
wind energy, are affected by climate changes [12-14].
For the new investments, it is important to know what
the projections of the wind energy in the target area
indicate for the coming years. The resolution of the wind
fields is also very important for the accuracy of data
[15,16]

In this study, the wind energy power in some
reference locations of the Mediterranean Sea is evaluated
using the wind fields provided by a Regional Climate
Model (RCM) for two climate periods of 30-year time-
slice each. These time-slices cover the historical (1976-
2005) and the mid-21*" century (2021-2050) wind
conditions. The climate change impact on the wind
energy resource is also investigated by means of various
comparisons between historical data and future climate
projections under a Representative Concentration
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Pathways (RCP) that considers an intermediate
concentration scenario, namely RCP4.5 [17]. In this
way, a perspective of the future wind power potential in
the chosen locations will be obtained.

2 Materials and methods

2.1. Target area

The target areas of the present study are the European
coastal environments of the Mediterranean Sea. Some
reference locations (12 points) covering the nearshore of
European countries were chosen in various subdivisions
of the Mediterranean basin, as presented in Figure 1.
Details about the geographical positions of these points
and their characteristics are given in Table 1.

Table 1. The geographical locations and the characteristics of
the reference points.

Points| Latitude |Longitude| Distance to | Sea depth
©) ©) shore (km) (m)
M1 | N36.75 | E2.45 6.8 126
M2 | N41.10 | El.46 8.4 137
M3 | N43.23 | E4.77 11.2 82
M4 | N41.47 | E9.62 22 146
M5 | N41.12 | E13.38 14.4 120
M6 | N37.43 | E12.86 16 112
M7 | N36.00 | E14.27 6.4 107
M8 | N41.51 | E16.67 28 88
M9 | N35.55 | E23.68 6.5 92
M10 | N37.85 | E24.35 14 82
MI11 | N38.10 | E26.77 6.2 76
M12 | N34.67 | E32.52 4 55

The points are denoted from west to east, thus M1 is
on the southern coast of Spain (Alboran Sea), while M2
and M3 are in the Balearic Sea on the Spanish coast
(near Barcelona) and in Gulf of Lion on the French
coast, respectively. The point M4 and M5 are in the
Tyrrhenian Sea, first between Sardinia and Corsica
islands, while the second near the southern Italian coast
(close to Napoli). In the south-western side of Sicily (Sea
of Sicily) is the point M6, while near to Malta can find
M7. Near to the southern-eastern coast of Italy at the
Adriatic Sea is M8, while M9 is in the Sea of Crete
(Kissamos Bay). The points M10 and M11 are in the
southern part of the Aegean Sea, near to the Greece and
Turkey coasts, respectively. The twelfth point M12 is on
the south-western coast of the Cyprus Island, in the
Levantine Sea.

Besides the fact that these locations cover the coastal
areas of various European countries, they were also
chosen on basis of the results of previous studies that
indicated the surrounding areas as being characterized by
elevated wind speeds [5, 10]. The regime of the wind
conditions over the Mediterranean basin was analysed in
some previous studies [18,19] that pointed out the

western side of the basin as being characterized by more
energetic conditions.

2.2. Datasets

The EURO-CORDEX database is the European branch
of the Coordinated Regional Downscaling Experiment
(CORDEX) and provides high-resolution wind fields
simulated by various RCMs [20,21]. These fields contain
information about the wind speed components at 10 m
height (U, denotes the wind speed) and cover the
European zone. They have a spatial and temporal
resolution of 0.11° and 6 hours, respectively.

The wind fields simulated by Rossby Centre regional
climate model — RCA4 model [22] at SMHI (Swedish
Meteorological and Hydrologic Institute), forced with
initial and lateral boundary conditions provided by EC-
EARTH Global Climate Model (GCM), are used in this
study. First datasets considered are the historical winds
that cover a 30-year period, from 1976 to 2005. The
second datasets cover the 30-year interval from 2021 to
2050 and they are projections of the future wind fields
simulated by the RCA4 model under RCP4.5 scenario.
This scenario describes an intermediate concentration
scenario with radiative forcing stabilized at around 4.5
W/m” at the end of the 21*' century.

Fig. 1. Map of the Mediterranean Sea and the reference sites
marked with red circles (from Google Earth, 2019).

3 Analysis of the wind power

In order to perform an evaluation of the wind power
potential in the Mediterranean Sea, the wind power
density P (W/m?) per unit of the swept area needs to be
computed based on the information regarding the wind
speed. The relationship used is [23]:

P= %p air Uj (1)
with p,;; the air density has the value of 1.225 kg/m3 and
U, being the wind speed at a height z.

Databases usually provide the wind velocity at a
height of 10 m over the sea level, but nowadays the
typical height for offshore wind exploitation is around 80
m, or even more [24]. In order to compute the wind
speed at the high level where the wind turbines are
estimated to operate, a logarithmic law is considered
[25]. This approach established that the wind speed U,
(in the present case z is considered to be 80 m) can be
expressed as:
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where U, is, in fact, the known wind speed U, at the
height z.¢ (in this case 10m), while the value of the sea
surface roughness length z, is taken 0.0002 m over the
sea.

At the twelve reference points, Uj, were computed
from EURO-CORDEX wind fields using a triangle-
based linear interpolation method. After this, Ugyand P
were computed in each point, and for each 30-year
period considered, considering the historical wind fields
and also the projections under RCP4.5 scenario. The
values obtained for wind power were analysed using
some statistical parameters in order to obtain an
overview of wind energy potential in the Mediterranean
Sea by means of the results in the reference points.

The statistical parameters considered are: Mean -
mean value, Max - maximum value, Std - standard
deviation, Skew — skewness index, 50" and 95" — 50 and
95 percentile. The standard definitions were used for the
computation of all statistical parameters. To be
mentioned that the 95 percentile represents, in this case,
the wind power value below which 95% of the values
may be found, while 50 percentile represent also the
median value. The results obtained for historical data
(1976-2005) are presented in Table 2, while for RCP4.5
data (2021-2050) are shown in Table 3

The results presented in Table 2 show that the highest
mean wind power for the historical period are found in
the points M1, M3, M4, M6, M8 and M10, with values
higher than 400 W/m’® (various studies considered the
wind power potential as very good above this limit [10]).
In the case of the projections under RCP4.5 scenario,
only in five points, the means are higher the above limit
mentioned (the exception is point M6, in this case
presenting a mean wind power about 388 W/m?). For
both period analysed the highest mean value was found
in M3, with 724 and 720 W/m?, respectively.

Table 2. Wind power characteristics corresponding to the
reference points computed for the 30-year period 1976-2005.

Table 3. Wind power characteristics corresponding to the
reference points computed for the 30-year period 2021-2050.

Mean | Max Std 50" 95™

Wim?) | (Wim?) | (Wim?) | (Wim?) | (w/m?) |SEeY

Points

M1 420 12398 685 154 1692 |3.81

M2 141 6339 301 38 642 |5.08

M3 720 14691 1007 332 2674 | 2.87

M4 604 11665 832 285 2238 | 2.79

M5 286 19053 517 100 1212 | 5.25

M6 388 8720 601 169 1554 |3.41

M7 272 7934 469 79 1198 |3.54
MS 419 11036 625 185 1599 |3.61
M9 231 7791 373 91 921 |4.07

M10 | 446 9556 624 197 1727 |2.76

M11 | 316 | 6507 | 424 161 1105 |[3.12

Mean | Max Std 50" 95th

W/m?) | (W/m?) | (Wim?) | (W/m?) | (Wim?) [SKeW

Points

M1 418 11743 642 162 1653 |3.35

M2 143 23250 302 40 642 [13.95

M3 724 13607 975 353 2662 | 2.75

M4 620 12012 829 306 2259 |2.65

M5 | 298 | 9218 | 516 105 1278 | 4.05

M6 400 13349 633 176 1595 |3.97

M7 | 285 | 10015 | 501 86 1236 | 4.02
M8 | 410 | 12677 | 627 180 | 1586 |3.76
Mo | 225 | 11853 | 375 88 912 | 4.62

M10 | 437 8516 619 190 1709 |2.79

M11 | 302 | 7886 | 423 150 | 1091 |3.39

M12 | 241 9959 400 115 887 |5.41

Mi12 | 237 | 14062 | 391 111 889 | 6.52

In order to observe inter-annual the variability of the
wind power along each 30-year period, the annual means
were computed in all reference points. Figure 2 presents
the results only for M3. The possible trends of the annual
data can be highlighted by fitting a linear trend (dashed
blue line) or applying a five-year running average filter
(solid black line).

1980 1985 1990 1995 2000
Year
800 — R o
— e =
1 — —
700 =T T r x—-a-x--_-.._.._-,_..,.{’_‘\:.
R e e TS I M
600 M =
500
E
= 400
300
200
100
0
2025 2030 2035 2040 2045 2050

Year

Fig. 2. Annual means of the wind power at the height of 80 m
above the sea level for the point M3 computed for historical
data (top panel) and for RCP4.5 (bottom panel). The linear
trend is indicated by the blue dashed line.

The slope of the linear regression adjusted to the
annual means for historical data indicates a slight
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increase of the annual means (about 8 W/m” per decade),
while in the case of projections under RCP4.5 scenario
seems to appear a decrease of the wind power (about 12
W/m® per decade).

Along the months of the year, the wind power can
also present some variability. In order to observe come
features of the wind power in the reference locations, the
monthly means were computed and the results are shown
in Figure 3. First of all, it can be observed that between
the historical monthly averages (solid lines) and the
future monthly averages (dashed lines) the same pattern
is maintained, with no significant differences between
the values.

In the case of the points located in the western
Mediterranean, the wind power in the summer time is
lower, compared with winter time when high values. The
points M3 and M7 present the highest values each
month. In M2 the variability is not so accentuated. As
regards the eastern Mediterranean an unusual feature
appears in the two points located in the Aegean Sea
(M10 and M11).
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Fig. 3. Monthly variability of the wind power for all points at
the hub height of 80 m, historical data (M-h) and projections of
the future data (M-p); (a) Points located in western
Mediterranean (from M1 to M7), (b) Points located in eastern
Mediterranean (from M8 to M12).

The seasonal variability of the mean wind power in
each point can be observed also from Figure 4 where the
values computed for winter (computed as the mean of all
data from October to March) and summer (computed as
the mean of all data from April to September) are
presented. The small difference between the calculated
winter and summer averages in the points M10 and
M1 1cand is observed also in this figure.

However, depending on the wind turbine
characteristics, the electrical power is produced only for
a range of wind speeds defined by the cut-in and cut-off
values. Many types of turbines use a cut-in the value of
3.5 m/s wind speed and for the cut-out 25 m/s. For both

available data (historical and projections), the percentage
of Ugy that are inside the functional range above
mentioned was computed in each point and the results
are illustrated in Figure 5. The point M3 located in Golf
of Lion presents the highest value (about 80%), but close
values have been calculated in M4, M6, M8, M10 and
MI11 (higher than 75%).
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Fig. 4. Seasonal variability of the wind power at the hub height
of 80 m, for historical and future data.
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Fig. 5. Percentage of the wind speeds (Ug) in the range
between the cut-in and cut-off wind speeds (functional range
3.5-25 m/s).

4 Conclusions

The analysis of the wind power potential in twelve
reference locations in the Mediterranean Sea was
performed considering historical wind fields for a 30-
year period (1976-2005), and also projections of the
wind fields under RCP4.5 scenario (2021-2050). Both
wind fields were simulated by the same RCM, namely
RCA4.5.

The climate change impact on the wind energy
resources was also investigated by performing
comparisons between historical and projected wind
power. No important differences between both data were
observed. In 50% of the points (M1, M3, M4, M6, M8,
and M10) the values computed for wind power are
elevated. In the point M3, located in Golf of Lion, are
the highest values of the mean wind power and
percentage of the wind speeds (Uyy) in the functional
range of the turbine. On the other hand, in the points
MI10 and M11 located in the Aegean Sea there are high
values of wind power and also with a more uniform
pattern along the year.
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