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This paper utilizes three hourly measured values of wind speed and direction from
seven buoys data collection stations in Aegean Sea to study the wind speed and
power characteristics applying the Weibull shape and scale parameters.
Specifically, the site dependent, annual and monthly mean patterns of mean wind
speed, Weibull parameters, frequency distribution, most probable wind speed,
maximum energy carrying wind speed, wind power density and wind energy
density characteristics have been studied. The Weibull distribution was found to
represent the wind speed distribution with more than 90% accuracy in most of the
cases. Slightly decreasing trends were observed in annual mean wind speed values
at Lesvos and increasing at Mykonos. The mean values of wind speed, scale
parameter, most probable wind speed, maximum energy carrying wind speed, wind
power and wind energy density values showed higher values during winter time
and lower in summer time. Mykonos was found to be the best site from wind
power harnessing point of view. Moreover, the correlation between the percentages
of times the wind speed was above cut-in-speed and the measured mean wind
speed for the three selected sites and the correlation between the aforementioned
percentages and the scale parameter ¢ were examined and were found linear.
© 2012 American Institute of Physics. [doi:10.1063/1.3688030]

I. INTRODUCTION

Wind energy was the fastest growing energy technology in terms of percentage of yearly
growth of installed capacity among the sources of renewable energy.' Global wind power
installations increased by 35.8 GW in 2010,* according to the Global Wind Energy Council.
This brings total installed wind energy capacity up to 194.4GW, a 22.5% increase on the
158.7 GW installed at the end of 2009. The new capacity added in 2010 represents investments
worth EUR 47.3 billion (US Dollars 65 bn). Wind energy could be supplying 22% of the
world’s power generation by 2030—and 12% by 2020, according to the most aggressive esti-
mate on wind energy in the Global Wind Energy Outlook 2010 (GWEO 2010).*!

Three reasons have led the strong growth in wind-installed generation capacity worldwide.
The first reason is the growing concern and public awareness about environmental issues.
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Second, awareness about oil and gas reserves depletion and the predicted global peaking of oil
production. Third, the cost reduction for wind power installations, due to the improvements in
wind turbine technologies. >’

At the southeastern part of Europe there are still a lot to be done, so wind energy can
make an important contribution to the regional energy supply and security. In Greece, the utili-
zation of renewable energy sources, and wind energy in particular, can be described as a story
of high expectations, intense initial entrepreneurial interest, delays in the start-up phase of proj-
ects and, sometimes, disappointments during the implementation procedure. Still, the current
situation gives reasons for some optimism and promising perspectives of the use of wind
energy.® Turkey imports nearly 70% of its energy requirements and spends 40%—50% of its
total export income to import fuel, mainly crude oil and natural gas, despite the fact that the
country has significant wind energy potential because of its geographical characteristics, such
as its shoreline and mountain-valley structures.’ In Cyprus, as the country is a small island situ-
ated in the north-eastern Mediterranean, with no indigenous conventional energy sources and
away from interconnected networks of electricity and gas, the use of wind energy is impera-
tive.'” Bulgaria’s wind power is set to boom over the next decade, predicting wind power will
increase from the current 330 MW installed to over 3 GW by 2020, meeting 13.5% of Bulga-
ria’s electricity demand.'" Western Balkan countries have the highest energy intensities in
Europe, but very little investment and priorities are being given to the increase of the effi-
ciency. Moreover, even these countries have a high potential for developing energy production
from renewable energy sources, the present situation for their utilization is not so good, as there
are many constraints in all of them (political, technological, financial, legislative, educational,
etc.). Renewable energy sources can make an important contribution to the regional energy
supply and security.'?

Wind power density is a useful way to evaluate the wind resource available at a potential
site."*'* Wind power density is directly proportional to'>: (a) the cube of the wind speed and
(b) the density of the air p. Under the assumption that air density is independent of wind
speed, ”~ ° wind power density has been estimated in the scientific literature. Considering the
time dependence of only the wind speed, the estimation of the mean wind power density can
be done by the wind power density probability density function by a univariate probability
model and this assumption is been used thoroughly to wind turbine energy output
estimation.'>"’

According to the International Standard IEC 61400-12 and other international recommenda-
tions, the two-parameter Weibull probability density function is the most appropriate distribu-
tion function for wind speed data'®?' as it gives a good fit to the observed wind speed data
both at surface?” and in the upper air.>

The mean energy output estimation for a wind turbine has been carried out by using the
power curve of the wind turbine and the probability density function of wind speed at the time
period considered. The mode of the wind power density probability density function can be
used as a wind turbine design parameter, as annual energy output is usually a maximum if a
wind turbine is designed for maximum aerodynamic efficiency at this mode.'* Turbine optimi-
zation for specific wind regimes and climate conditions is becoming more common as the mar-
ket expands into new territories (offshore, low wind regimes) and as the technology matures.”*
Consequently, the wind power probability density function is useful in both the design process
of a wind turbine and in the evaluation process of the wind resource available at a potential
site.' >

The most probable wind speed (Vy,,) which represents the most frequent wind speed and
wind speed carrying maximum energy (V,.xg) are two significant wind speeds for wind energy
estimation.'?®?” These statistical characteristics are not directly connected to wind energy, but
the efficiency of a wind turbine conversion system is closely related to these parameters and
especially V.« g, which should be as close as possible to the rated wind speed of the system.

During the last years a lot of discussion has been made concerning the renewable sourced
energy potential that could be captured in the area of Eastern Mediterranean and especially in
the islands of Aegean Sea. Various research works and tasks had been demonstrated trying to
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determine the maximum wind sourced energy potential in the area.’®' It should be noted that
Hellenic Centre for Marine Research—Poseidon Team has been established a fully computer-
ized automated network that collecting observations for several meteorological parameters from
seven stations mounted on buoys in Aegean area, from the database of which measurements
have been used in the present study.

The present paper has as main objective to thoroughly examine the wind characteristics for
many offshore locations in the area of Aegean Sea, as being an area with large differences in
wind profiles, even more between two neighbouring sites, considering long range wind data
from seven meteorological stations spread across this region and using the studied Weibull pa-
rameters of the area. In addition, this study attempts the assessment of the offshore wind power
potential, in order to investigate the possibility of adopting wind energy for electricity genera-
tion and a classification of the most promising sites for electricity production.

Il. WIND DATA MEASUREMENTS AND SITE DESCRIPTION

The study utilizes 3-hourly measured wind speed and wind direction data from seven buoys
stations, namely Athos, EIM3A, Lesvos, Mykonos, Petrokaravo, Santorini, and Skyros in
Aegean Sea. The data collection period varied between 3.1 years and 11 years as can be seen
from 6th column of the Table I below. The latitude, longitude, the data collection periods are
summarized in Table I and the physical locations are depicted in Figure 1.

Two types of surface buoys are used at the selected sites: Oceanor Wavescan at Athos, and
EIM3A (Figure 1, locations: 1 and 2) and Oceanor SeaWatch at Lesvos, Mykonos, Petrokar-
avo, Santorini, and Skyros (Figure 1, locations: 3, 4, 5, 6, and 7). The anemometer used in both
types of buoys is the Young 04106 (four-blade propeller anemometer).

The Aegean is connected through the straits of the Dardanelles, the Sea of Marmara, and
the Bosporus to the Black Sea. It contains more than 3000 islands, with Crete its largest island
and is considered the home of the earliest European civilization. The Aegean Sea covers about
214 000 km? in area, and measures about 610km longitudinally and 300km latitudinally. The
sea’s maximum depth is 3543 m east of Crete. North winds prevail in the Aegean Sea, although
from the end of September to the end of May, during the mild winter season, these winds alter-
nate with southwesterlies. The barometric conditions that cause these prevailing winds are the
existence of both high barometric pressures over the central Balkans and low pressures over
Turkey.”” The same winds blow in Cyprus as westerlies to southwesterlies, being more
humid, 28-30-34

The entire data set was checked for completeness and erroneous values before starting any
analysis. The outliers were either deleted or in some cases were taken as the average between
the two neighboring values. In case of hourly values if more than five consecutive values were
missing the whole day’s data was not considered. In case when three or more days’ data were
missing then the whole month’s data were not considered in the analysis. In the present case,
such cases were negligent almost none. Hence, data set used in the present work is free from
erroneous values and should be considered as of high quality.

As preliminary assessment and magnitude of wind power density calculated at 50 m above
ground level (AGL), Mykonos was classified as the superb windy site with class 7 winds and

TABLE I. Summary of site specific coordinates and wind power class.

Location Latitude (N) Longitude (E)  Start date End date  Period (Years) WPD (W/m?) Wind class

Athos 39°57'843" 24°43'208”  05/25/2000 12/31/2010 11 539 5-Excellent
EIM3A 35°46'990” 24°54'880"  05/28/2007 01/01/2011 3.6 493 4-Good
Lesvos 39°09'346” 25°48'472" 12/31/1999  01/01/2011 11 693 6-Outstanding
Mykonos 37°30'690” 25°27'494" 12/31/1999 01/01/2011 11 971 7-Superb
Petrokaravo ~ 37°35'915” 23°33'715”  08/28/2007 01/01/2011 33 368 3-Fair
Santorini 36°15'510” 25°29'769” 12/31/1999  01/01/2011 11 590 5-Excellent

Skyros 39°06'360” 24°27'568”  08/28/2007 01/01/2011 33 540 5-Excellent
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FIG. 1. Map of Aegean Sea with the sites of the buoys: (1) Athos, (2) EIM3A, (3) Lesvos, (4) Mykonos, (5) Petrokaravo,
(6) Santorini, and (7) Skyros.

wind power density of 971 W/m?. Petrokaravo, with wind power densities of 368 W/m?, was
classified as the fair windy site with wind power class of 3, as mentioned in the last column of
Table 1. All the other sites were found to be between good to outstanding.

lll. WIND SPEED ESTIMATION AT HUB HEIGHT

Today’s modern wind turbines and especially the offshore ones have hub heights of 100 m
and more, while the wind measurements are usually made at 10 to 40 m above ground level in
case of onshore measurements and around 10 m above water surface level in case of offshore
measurements. To estimate the wind speed accurately at hub height and then the energy yield
from an offshore wind turbine, the local wind shear exponent is required. Usually, the wind
shear exponent could be estimated using wind measurements at two or three heights above
ground level. In the present case, the wind measurements were made at 3 and 10 m above water
surface level. The wind shear exponent was calculated using the power law fit, as shown in Fig-
ures 2(a) and 2(b), for Athos and EIM3A buoys stations, respectively. The wind shear exponent
was also estimated for all the locations used in this study and was found to be 0.123. The same
value for all locations is justified, since all buoys are in water and it is a uniform area, having
same roughness, so the wind shear has to be same.

The wind speed was calculated at hub height using wind shear exponent value of 0.123

and the following equation:*>~*°
7o\
Vo=Vi[==], )
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FIG. 2. Wind shear for Athos (a) and EIM3A (b).
where V; and V, are the wind speeds at height Z,; and Z,, respectively, and o is the wind shear
exponent.
IV. WIND DATA ANALYSIS METHODOLOGY
A. Weibull shape and scale parameters estimation

The maximum likelihood method fits a Weibull distribution to a set of measured wind
speeds. This method employs the following equation (Stevens and Smulders,?”) for the calcula-
tion of shape parameter (k), using an iterative process:

N N -1
Vi) S In(Vy)
= | = = 7 ?)

N
> vt
i=1

where V; is the wind speed in time step i and N is the number of time steps. Once the shape pa-
rameter k has been determined, the following equation could be used to calculate the value of

scale parameter c:
1
k

N
>V
i=1

N

= ; 3)
B. Most probable wind speed

The most probable wind speed simply provides the most frequently occurring win speed
for a given wind probability distribution. The most probable wind speed can be calculated using
the Weibull shape and scale parameters via the following equation:*’

N
Vm,,c<1 %) | )

C. Maximum energy carrying wind speed estimation

The maximum energy carrying wind speed is the speed which generates maximum energy.
This can be estimated from the Weibull parameters through the following relationship reported
in Ref. 38:

N
Vmax,E = C<1 + _) . (5)
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TABLE II. Summary of Weibull parameters, most probable and maximum energy carrying wind speed at seven locations
at 10 m above water surface.

Parameters Athos EIM3A Lesvos Mykonos Petrokaravo Santorini Skyros
V (m/s) 5.08 6.09 6.29 7.45 5.31 6.34 5.88
T 3.96 3.18 3.93 4.12 3.19 3.50 3.67
K 1.24 1.99 1.62 1.78 1.72 1.82 1.70
¢ (m/s) 4.78 6.83 6.38 7.90 5.89 6.96 6.40
Vinp (m/s) 1.27 4.81 3.53 4.97 3.55 4.49 3.80
Vimax.g (M/s) 10.37 9.69 10.48 12.06 9.22 10.46 10.11
WPD (Wm?) 134.08 58.91 142.23 165.07 64.45 91.28 98.32
WED (kWh/m?) 1174.52 516.06 1245.96 1445.99 564.58 799.62 861.32

D. Wind power density estimation

The wind power density is directly proportional to the cube of mean wind speed (V) and
the air density (p) and can be calculated using the following relationship reported in Ref. 39:

1
WPD =5 pV3. (6)

The wind power density can also be calculated using the Weibull distribution function as
follows:**

(o.¢]

WPD = J 1 pVAf(V)dV = 1 pc’T <k+3) , (7
0 2 2 k

where pis the standard air density at mean sea temperature of 15°C, and 1 atmospheric pressure
that is 1.225kg/m”.

E. Wind energy density estimation

Once the wind power density (WPD) has been estimated, the wind energy density can be
obtained just multiplying by the number of hours (T). To get the annual wind energy density,
one can multiply WPD by 8760h to get the wind energy density in kWh/m?,

1
WED == pc°T (%) T, ®)

TABLE III. Variation of mean wind speed, Weibull shape parameter and Weibull scale parameter at 10 and 90 m above
water surface, at seven locations.

10m 90m

Vinean (m/s) k ¢ (m/s) Vinean (m/8) k ¢ (m/s)
Athos 5.08 1.24 4.78 6.65 1.25 6.27
EIM3A 6.09 1.99 6.83 7.99 1.99 8.95
Lesvos 6.29 1.62 6.38 8.25 1.62 8.37
Mykonos 7.45 1.78 7.90 9.76 1.78 10.36
Petrokaravo 5.31 1.72 5.89 6.96 1.72 7.72
Santorini 6.34 1.82 6.96 8.31 1.82 9.12

Skyros 5.88 1.70 6.40 7.71 1.70 8.38
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V. RESULTS AND DISCUSSION

The three hourly measured wind speed data from seven buoys stations in Aegean Sea
was used to obtain the site dependent, annual and monthly statistics of wind speed. These
overall, annual and monthly mean values were then used to calculate the Weibull parameters
which in turn were used to estimate the most probable, maximum energy carrying wind
speed, wind power density, and finally the wind energy density for all the stations used in
the present work. The obtained statistics and other characteristics are discussed in
Subsections V A-V D below.
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A. Site dependent statistics of wind characteristics

The overall mean wind speed, the standard deviation, Weibull shape and scale parameters,
the most probable and maximum energy carrying wind speeds, wind power density and wind
energy density values are summarized in Table II.

The maximum wind speed of 7.45m/s at 10m above water surface level was found at
Mykonos and the minimum of 5.08 m/s and 5.31m/s at Athos and Petrokaravo, respectively,
while at all remaining locations the wind speed was more than 5.88 m/s. The shape parameter
values were around 1.5 = 0.25 at all the locations, except Athos. The scale parameter value was
more than 5.89 m/s for all the stations except at Athos where it was 4.78 m/s. At Mykonos, the
most probable wind speed was found to be 4.97 m/s, while at Athos it was only 1.27. This sim-
ply means that Mykonos receives higher wind speed for most of the times while Athos the
least. The maximum energy carrying wind speed, V.« g was highest at Mykonos (12.06 m/s)
and the minimum at Petrokaravo (9.22m/s). This implies that a wind speed of 10.37m/s at
Athos produced the maximum energy and so on.

The observed discrepancies of the results at these two locations are relatively justified from
the existence of the prevailing winds in Aegean Sea, called Etesians, which are the strong, dry
north winds, from about mid-May to mid-September. Even these winds cover the whole Aegean
area, in the Northern Aegean Sea (Athos area), especially the Etesians blow as winds of

() Athos: Wind Frequency Rose (b) ETM3A: Wind Frequency Rose () Lesvos: Wind Frequency Rose
-

s cam 3 50 o e

(d) Mykonos: Wind Frequency Rose (e) Petiokaravo: Wind Frequency Rose () Santorini: Wind Frequency Rose
. -

P - cam ocam

{g) Skyros: Wind Frequency Rose

m

FIG. 4. Wind frequency roses for all the selected stations.
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FIG. 5. Correlation between the percentages of times the wind speed was above cut-in-speed and (a) the measured mean
wind speed values (b) the scale parameter values, for the seven selected stations.

northeasterly to northerly direction. Given the local topography of the land relief at the north of
the buoy (Athos mountain—over 2000 m), there is a screening effect to these strong winds.
This effect doesn’t happen in the case of Mykonos buoy (in the central Aegean, these winds
blow of northerly direction also, but there is no hindrance in the area).

The mean wind speed was extrapolated to 90 m in steps of 20m using the measured wind
speed at 3 and 10 m, the local wind shear exponent o =0.123, and the Eq. (1). The mean wind
speed at Athos was 31% higher at 90 m (6.65 m/s) than that at 10 m (5.08 m/s), as can be seen
from Table III below. The increase in wind speed was almost 31% in all the cases shown in
this table.

The Weibull shape parameter values were almost the same at 10m and 90m, as can be
seen from Table III. At 10 m, the maximum value of k of 1.99 was at EIM3A station while
minimum of 1.24 at Athos. Moreover, the scale parameter values at 10 and 90 m above water
surface level are compared in Table III. Almost similar trends are observed as in case of mean
wind speed shown in the aforementioned table.

The frequency distribution obtained using the Weibull parameters and the measured wind
speed are compared in Figure 3 for six buoys stations. In general, there was an excellent agree-
ment between the estimated and measured frequency distribution but in case of Athos, Lesvos,
and Mykonos the higher differences were observed between the two at wind speeds less than
Sm/s. At higher wind speeds, the agreement between the Weibull parameter based frequency

TABLE IV. Annual variation of Weibull shape and scale parameters.

Athos EIM3A Lesvos Mykonos Petrokaravo Santorini Skyros

Year K ¢ (m/s) k ¢ (m/s) k ¢ (m/s) k ¢ (m/s) k c(m/s) k ¢ (m/s) k ¢ (m/s)

2000 - - 170 7.74 - - 1.66  7.47
2001 0.81 4.64 - - 1.55 8.83 178 7.66
2002 148 723 141 761 143 6.62
2003 136  6.70 - - - -

2004 1.04 524 1.57 7.60 1.66 839 202 747

2005 1.70  7.49 - - 1.66 7.86 187 730
2006 158 6.16 1.66 745 - - 1.69  6.61

2007 147  6.01 158 646 187 832 200 736
2008 1.53 642 1.82 6.7 202 888 166 606 187 682 1.8 737
2009 - - I . 211 880 1.75 594 093 497 177 694

2010 1.57 6.85 1.84 777 187 828 - - 197 728 155 643
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and measured frequency distribution was superb with less than 5% deviation. At Athos, a close
agreement between the Weibull distribution function and the measured wind speed was
obtained with RZ=0.90. At EIM3A, Lesvos, Mykonos, Petrokaravo, Santorini, and Skyros the
R? values were 0.94, 0.79, 0.70, 0.92, 0.93, and 0.94, respectively. This exercise proved that
the Weibull distribution can be used to represent the wind speed distribution with sufficient
accuracy.

At Athos, the wind speed was above cut-in-speed of 4 m/s for 53.31% of the times during
the data collection period and the predominantly blown from NS (>45%). At EIM3A, the
remained above cut-in-speed for more than 73.61% of the times and came from WN directions
for 50% of the times. At Lesvos, Mykonos, and Petrokaravo, the wind remained above cut-in-
speed for more than 67.5%, 78.68%, and 61.01% of the times and was found to be blowing
predominantly from NE, N-NS-NE, and NW, respectively. At remaining two stations, the wind
speed remained above cut-in-speed for more than 72.86% and 64.68% of the times. The wind
direction was mostly found to be from N, as can be seen from Figure 4. Moreover, in all
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FIG. 6. Seasonal variation of Weibull shape parameter k (a) and Weibull scale parameter ¢ (b), for all the locations.
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stations, a strong linear relation was found between the percentages of times the wind speed
was above cut-in-speed and the mean wind speed values, as the scale parameter values, as well
(Figures 5(a) and 5(b), respectively). The values of R? are relatively high and demonstrate a re-
markable match of the linear model (R*=0.832 and 0.897, respectively).

B. Annual and monthly variation of Weibull parameters

The annual mean values of shape parameter k were found 2 to greater than 2 at
Mykonos in the years 2008 and 2009 and Santorini in 2004, 2007, 2008, and 2010, as given in
Table IV.

In most of the cases the k values were in the range of 1.5 = 0.25. The annual scale parame-
ter values were found to be highest at Mykonos and lowest at Athos. At Athos, an increasing
trend was observed in the values of ¢ from 2001 to 2010 but slightly decreasing Lesvos. At
Mykonos, an upward trend was observed while at Santorini a mixed signal was received. These
trends have to be verified with long-term annual mean values from the nearby historical meteor-
ological stations.

The monthly mean values of shape parameter showed higher values in the summer time
and lower in the winter time in general with highest in August as can be seen from Figure 6(a).
Larger seasonal ranges were observed at Athos and EIM3A stations in k values as depicted in
Figure 6(a). The scale parameter values showed a bell shaped trend starting high from January
and reaching a minimum in June and then again increasing towards end of the year, as shown
in Figure 6(b). Highest seasonal change in scale parameter values was observed at Skyros.

C. Annual and monthly variation of most probable and maximum energy carrying wind
speed

The most probable wind speed was minimum of 0.22m/s in 2004 and maximum of 4.43 m/s
in 2005 at Athos, as summarized in Table V. At Lesvos, the V,,, values varied between a mini-
mum of 2.54m/s and 5.09 m/s corresponding to 2003 and 2010, respectively. At both of these
sites, no definite increasing or decreasing trends could be detective over the data reporting period.
At Mykonos a definite increasing trend was observed from 2005 onwards but a mixed trend at
Santorini. The most probable wind speed provides information about the most occurring value of
wind speed during the data collection period. For example, at Athos, in year 2004, 0.22 m/s wind
speed was most prevalent while in 2005, 4.43 m/s.

A large variation was observed in Vg values at Athos i.e., 10.35 in 2006 and 21.6 in
2000. At Lesvos the values were almost the same during entire data reporting period while at

TABLE V. Annual variation of most probable and maximum energy carrying wind speed in m/s.

Athos EIM3A Lesvos Mykonos Petrokaravo Santorini Skyros

Year Vmp Vmax,E Vmp max,E Vmp Vmax,E Vmp Vmax,E Vmax,E Vmp Vmax,E Vmp Vmax,E

\Y% Vip
2000 - - 460 1221 - - 428  12.02
2001 0.78 21.60 - - 453 15.06 494  11.60
2002 338 1290 3.19 14.19 2.89  12.13
2003 254 12.99 - - - -

2004 022 14.74 400 1279 480 13.54 533 1048
2005 4.43 11.86 - - 450 12.67 491  10.69
2006 3.25 1035 426  12.02 - - 3.89 1045
2007 2.74  10.81 343 1083 554 1226 529 1036
2008 320 11.10 443 1032 634 1248 348 977 498 984 475 11.08
2009 - - . . I . 648 1208 367 9.6 443 1034 435 10.63

2010 3.61 11.54 509 11.58 548 12.23 - - 551 10.18 331 10.95
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FIG. 7. Seasonal variation of most probable wind speed (a) and maximum energy carrying wind speed (b), for all the
locations.

Mykonos some variations were noticed during 2001 to 2004. At Santorini, the V.« g values
were almost the same, as can be seen from Table V. The maximum energy carrying wind speed
represents the value which yields the maximum energy. For example, at Mykonos, in 2001,
Vmaxe=15.06m/s, was responsible for giving the maximum energy while in 2007,
Viaxe = 12.26 m/s produced the maximum energy.

The seasonal variation of V,, and V. g is shown in Figures 7(a) and 7(b), respectively.

Overall, higher values of V., were observed during winter months and lower during
summer time, as shown in Figure 7(a). Highest seasonal change (2 to 6.5) was observed at Sky-
ros. Least seasonal variations were observed at Petrokaravo and Santirini stations. Abnoramally
high seasonal change in maximum energy carrying wind speed, V,ax g, Was observed at Athos
while at other locations the seasonal change was between 7 and 14 m/s, as can be seen from
Figure 7(b). Least seasonal variations were observed at Mykonos which means that energy pro-
duced at this station will be at steady rate. Usually, higher values of V,,,x g were obtained dur-
ing winter months and lower during summer time.
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TABLE VI. Annual variation of wind power density at seven locations.

Athos EIM3A Lesvos Mykonos Petrokaravo Santorini Skyros
Year W/m? W/m? W/m? W/m? W/m? W/m? W/m?
2000 - 137.66 - 133.37
2001 167.85 267.15 111.45
2002 166.88 218.01 137.13
2003 . 162.99
2004 145.83 163.42 190.58 69.08
2005 126.49 156.22 82.59
2006 86.44 133.47 - 86.48
2007 97.86 99.14 126.40 66.77
2008 106.75 117.06 71.47 57.91 96.79
2009 97.38 56.85 78.65 87.79
2010 119.91 108.89 126.11 - 57.34 102.58
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FIG. 8. Seasonal variation of wind power density (a) and wind energy density (b), for all the locations.
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TABLE VII. Annual variation of wind energy density at seven locations.

Athos EIM3A Lesvos Mykonos Petrokaravo Santorini Skyros
Year kWh/m? kWh/m? kWh/m? kWh/m? kWh/m? kWh/m? kWh/m?

2000 -

2001 1470

1206 - 1168

- 2340 976

2002 1462 1910 1201
2004 1277 1432 1669 605
2005 1108 1368 723
2006 757 1169 - 758
2007 857 868 1107 585
2008 935 1025 626 507 848
2009 . 853 498 689 769

2010 1050

954 1105 - 502 899

D. Annual and monthly variation of wind power and energy density

The annual and monthly mean WPD and wind energy density (WED) values calculated
using Weibull parameters via Eqgs. (7) and (8) are reported in Tables VI and VII and Figures
8(a) and 8(b), respectively.

The WPD varied between 86.44 W/m? and 167.85 W/mz, at 10 m above water surface level
corresponding to years 2006 and 2001, respectively. The annual highest WPD of 267.15 W/m?
was observed at Mykonos in 2001. Overall, no annual decreasing or increasing trends could be
observed at any of the stations. An obvious seasonal trend with higher WPD values during win-
ter time and lower in summer time was observed at all the stations except at Mykonos.

The annual mean values of WED are summarized in Table VII for all the stations. At
Athos, WED values were found to be decreasing significantly from 2001 till 2006 and then
increased slightly towards 2010. At Lesvos, the maximum WED of 1462kWh/m” was obtained
in 2002 while a minimum of 868 kWh/m? in 2007, as given in Table VII. At Mykonos the
WED values varied between a minimum of 853 kWh/m? and a maximum of 2340 kWh/m? cor-
responding to years 2009 and 2001, respectively. At this site, a significant and continuous
decrease in WED values was noticed right from 2001 till 2009. At Santotini buoys site, the
maximum WED was found during year 2000 and a minimum of 502 kWh/m? in 2010, as seen
from Table VII. At this site also a decreasing trend was observed in the values of WED from
2000 till 2010, though slight. The seasonal trend of WED was almost the same as that of WPD,
as can be seen from a comparison between the two parts of Figure 8.

Well, it is true for all the locations, no matter offshore or onshore. Usually, for any wind
farm installation, it is recommended to conduct wind measurements at the site of interest for
one complete year and then estimate the uncertainty with historical data from nearby site. In
the present work this has not been done, due to unavailability of site dependent data, but, as a
rule of thumb, an uncertainty of = 5% could be considered, while designing the actual wind
farm.

V1. CONCLUSIONS

The present study utilized 3 hourly measurements of wind speed and wind direction from 7
buoys stations in the Aegean Sea to assess the wind power potential using Weibull shape and
scale parameters. Following are the main finding of the present work:

* The maximum wind speed of 7.45 m/s at 10 m above water surface level was found at Mykonos
and the minimum of 5.08 m/s and 5.31 m/s at Athos and Petrokaravo, respectively, while at all
remaining locations the wind speed was more than 5.88 m/s.
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* The shape parameter values were around 1.5 = (0.25 at all the locations. The scale parameter
value was more than 5.89 m/s for all the stations except at Athos where it was 4.78 m/s.

* At Mykonos, the most probable wind speed was found to be 4.97 m/s, while at Athos it was only
1.27. This simply means that Mykonos receives higher wind speed for most of the times while
Athos the least.

* The maximum energy carrying wind speed, V ,.x g, Was highest at Mykonos (12.06 m/s) and the
minimum at Petrokaravo (9.22 m/s). This implies that a wind speed of 10.37 m/s at Athos pro-
duced the maximum energy and so on.

* The mean wind speed was extrapolated to 90 m in steps of 20 m using the measured wind speed
at 3 and 10 m, the local wind shear exponent oo =0.123, and Eq. (1). The mean wind speed at
Athos was 31% higher at 90 m (6.65 m/s) than that at 10 m (5.08 m/s). The increase in mean
wind speed values was almost 31% in all the cases.

* The Weibull shape parameter values were almost the same at 10m and 90 m. The maximum
value of k of 1.99 was at EIM3A station, while minimum at Athos. The scale parameter values
at 10 and 90 m above water surface level followed almost similar trends as in case of mean wind
speed.

» At Athos, a close agreement between the Weibull distribution function and the measured wind
speed was obtained with R%?=0.90. At EIM3A, Lesvos, Mykonos, Petrokaravo, Santorini, and
Skyros the R? values were 0.94, 0.79, 0.70, 0.92, 0.93, and 0.94, respectively. This exercise
proved that the Weibull distribution can be used to represent the wind speed distribution with
sufficient accuracy at these locations.

» At Athos, the wind speed was above cut-in-speed of 4 m/s for 53.31% of the times during the
data collection period and the predominantly blown from NS (>45%). At EIM3A, the
remained above cut-in-speed for more than 73.61% of the times and came from WN directions
for 50% of the times. At Lesvos, Mykonos, and Petrokaravo, the wind remained above cut-in-
speed for more than 67.5%, 78.68%, and 61.01% of the times and was found to be blowing pre-
dominantly from NE, N-NS-NE, and NW, respectively. At remaining two stations the wind
speed remained above cut-in-speed for more than 72.86% and 64.68% of the times. The wind
direction was mostly found to be from N. Moreover, the percentage of times the wind speed was
above cut-in-speed in all stations was found in proportion to the magnitude of the scale parame-
ter value and the most probable wind speed as well and this linear relation was remarkably
strong (R? =0.832 and 0.897, respectively).
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