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Abstract: This paper aims to evaluate the energy potential of six sites located in the Black Sea, all of
them near the Romanian shore. To conduct this study, a climate scenario was chosen which considers
that the emissions of carbon dioxide will increase until 2040 when they reach a peak, decreasing
afterward. This scenario is also known as RCP 4.5. The wind dynamics is considered for two periods
of time. The first is for the near future with a duration of 30 years from 2021 to 2050, the second
period is for the far-distant future with a span of 30 years from 2071 to 2100. In this study, parameters
such as minimum, maximum, mean wind speed, interpolated at 90 m height were analyzed to
create an overview of the wind quality in these areas, followed by an analysis of the power density
parameters such as seasonal and monthly wind power. In the end, the annual electricity production
and capacity factor were analyzed using five high-power wind turbines, ranging from 6 to 9.5 MW.
For the purpose of this paper, the data on the wind speed at 10 m height in the RCP 4.5 scenario was
obtained from the database provided by the Swedish Meteorology and Hydrology Institute (SMHI).

Keywords: Black Sea; wind turbines; efficiency; RCP4.5; near future; distant future

1. Introduction

Renewable energy is a crucial aspect for the future of human prosperity without
causing damages to the environment. Increasing the supply of renewable energy allows
for the replacement of the energy extracted from carbides (for example fossil fuels) and
the reduction of greenhouse gas emissions. One of the many benefits of renewable energy
is the ability to improve both public health (due to reduced air and water pollution)
and environmental quality. Renewable energy sources are essential for long-term efforts
to attenuate climate change and are expected to play an increasingly important role in
improving the overall energy security of the entire planet [1]. By developing infrastructure
to provide modern energy services with sustainable, reliable, and affordable access, people,
communities, and countries can significantly improve their living standards and economic
status [2]. Studies conducted to outline a global picture of climate changes have indicated
a dependency relationship between future climate dynamics and CO2 emissions.

The demand for renewable energy has started to spread globally [3,4], especially in
Europe, where CO2 emissions are very high [5]. According to statistics from the Global
Carbon Project, emissions of CO2 from the burning of fossil fuels in the European Union
member states peaked in 2017, when they had a value of 3.13 GtCO2, followed by a
continuous decrease, reaching 2.6 GtCO2 in 2020. The capacity of wind energy worldwide,
both on land and water, has increased about 75 times, from 7.5 GW in 1997 to about 565 GW
in 2018 (only 23 GW representing the offshore wind), according to the latest data from
IRENA (International Renewable Energy Agency) [6]. Wind energy production doubled
between 2009 and 2013, and in 2016 wind energy accounted for about 16% of the total
renewable energy [7].
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In the offshore wind market, the aim is to reduce the total cost of energy production to
make this sector as competitive as possible, while increasing the level of safety [8,9]. This
goal involves everyone able to improve the wind farm sector, from developers to design
agencies to contractors.

The evolution of the price [10] from 2010 to 2019 shows a major decrease in the price
of energy produced from renewable resources. The price of offshore wind energy has
decreased from 0.161 $/kWh (in 2010) to 0.115 $/kWh (in 2019). By 2023, a substantial de-
crease is expected, the price of offshore wind energy could reach 0.082 $/kWh. Comparing
these values with the energy price obtained from conventional resources, whose LCOE
(Levelized Cost of Energy) [11] is estimated at 0.14 $

kWh , we can say that renewable sources
have become a pillar to combat global warming, having competitive prices in relation to
conventional resources.

To combat global warming, more and more international agreements require prompt
action to reduce carbon dioxide emissions so that pollution levels can be limited [12].
These agreements aim to dramatically reduce the gap between the production of energy
from conventional sources and energy from renewable sources. In Europe, the European
Union has been the first pillar in terms of renewable energy, through EU legislation, which
desired a much more rational integration of renewable sources. In 2009 the European Union
implemented the Renewable Energy Directive [13], which set targets at a national level for
all EU member states; this step was seen as a novelty and was a model also for non-EU
countries to follow. In addition to the project mentioned above, the EU has addressed a
multitude of related projects. Thanks to these projects, the European Union is today a
leader in renewable energy [14], and in the future, a continuous increase in renewable
sources is expected. This is a competitive advantage for the EU, helping to boost growth
and demand for new jobs.

The present study aims to provide an image of the dynamics of the wind energy
resources near the Romanian Black Sea coast. Moreover, taking into account the perfor-
mance of some wind turbines, the paper aims to present a direct comparison between them
having as benchmarks wind speeds for the near and distant future. Finally, to provide
a contextualized picture, the results of this study are compared with those reported in
similar studies. Although the subject of offshore wind energy in the Black Sea has begun to
spread, according to the desire to exploit it, this paper addresses an issue of novelty. For the
beginning, the analyzed period refers to the future, without analyzing the past. The reason
is that the analysis wants to simulate the possible location of a wind farm, the past climate
being able to provide only a picture of the wind dynamics and the past wind speed helping
to outline an image of the climate change trend in the chosen sites. Moreover, the height
at which the wind speed was analyzed was interpolated at a height of 90 m because the
lowest height of the hub for the chosen turbines is 92 m. In addition, the chosen turbines
are some of the most powerful wind turbines; they are turbines used for the wind farms
that already operate or turbines used in the component of the wind farms that are going to
be commissioned. The purpose for which these wind turbine models were chosen was to
finally determine which type of turbine is more suitable for the areas of interest that will be
further analyzed. Knowing the climate in the Black Sea and the type of turbines that best
fit these areas, such aspects can help in the future to develop new wind farm projects.

2. Materials and Methods
2.1. Target Area and Wind Datasets

For this study, six sites were chosen. They are located on the west side of the Black
Sea. Their exact position is shown in Figure 1. The water depth for all these sites does not
exceed 50 m, but the most popular turbine anchoring technologies are those with monopile
structures or floating structures which are used mainly at such depth. The wind speeds
considered were obtained from the Rossby Centre atmospheric climate model, which is
part of the Swedish Meteorological and Hydrological Institute (SMHI). The version of
the atmospheric model used is RCA4 [15], which is an upgrade of the RCA3 [16] version.



Inventions 2021, 6, 44 3 of 14

It seems that the previous version had two major disadvantages, being difficult to be
configured and in principle, it was a Europe-tuned regional climate model (RCM). Thus,
with a lower compensation error, the new version became more efficient and even easier
to use.
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Figure 1. The bathymetric map of the Black Sea and the locations of the six reference sites considered.

Euro-CORDEX (Coordinated Regional Climate Downscaling Experiment) [15] runs
RCA4 at two different horizontal resolutions: 0.44◦ corresponds to the distance between
the grids of about 50 km, and a resolution of 0.11◦ corresponds to the distance between the
grids of 12.5 km [17]. The RCA4 version makes predictions using RCP 4.5 and 8.5 scenarios
that are employed in Phase 5 of the Climate Model Comparison Project (CMIP5) which
simulates past and future climate results for two intervals of time, past and near future, and
distant future. Scenarios RCP 4.5 and 8.5 [18] show that the climate is strongly influenced
by global warming. Scenarios 4.5 and 8.5 correspond to radiative forces of 4.5 W/m2 and
respectively 8.5 W/m2. Scenario 8.5 is the most pessimistic one as the temperature increase
is expected to be around 4◦ by the end of the 21st century, while radiative forces increase
almost linearly. Scenario 4.5 expects the temperature to increase by 2◦ at most 3◦, and the
radiative forces increase linearly until 2060, then growth slows down until 2100 when it
finally stabilizes.

For this study, the most favorable RCP 4.5 scenario was considered, analyzing data on
wind speed for the near future (2021–2050) and the distant future (2075–2100).

2.2. Proposed Wind Turbines

The crisis caused by Coronavirus poses a threat to the global economy and the living
standards of its citizens. The COVID-19 impact was different from one sector to another.
For the green energy area, however, it seems that this pandemic did not have a major
negative impact; the one from conventional sources is more threatening.

For the post-covid economic recovery, however, the wind renewable energy industry
is an opportunity for the whole world, and especially for Europe which maintains its
leading position in this field. Thus, it will be an opportunity to create new jobs, not only
in the field of design, manufacture, and maintenance but also in the field of research and
innovation of green energy. Even for Romania, the development of technological solutions
of this kind would represent an economic advantage. There are no wind farms in the
Black Sea so far, but studies have been conducted on its potential using wind turbines with
capacities between 2–4.5 MW. However, according to their technological development,
these types of turbines are used for wind farms that are already in operation. For those
that will be put into operation soon, turbines of powers exceeding 6 MW reaching even
15 MW were chosen. As this paper focuses on the energetic potential of the Black Sea for
the near and distant future, turbines of higher power have also been considered.
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The chosen turbines have rated powers between 6–9.5 MW, and the height of the
tower is between 92–100 m. These turbines are already used in other offshore wind farms
operating in Europe. To standardize future calculations, the height for all five turbines was
approximately 90 m, providing a better comparative criterion of performance. Their power
curves are shown in Figure 2.
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Figure 2. Power curves of the selected wind turbines.

The power curve of a turbine specifically describes how much power can be generated
at a certain wind speed. To draw this curve, wind speed and turbine power are required. A
quadratic equation was used to obtain the power curve (Equation (1)) [19], the necessary
parameters being shown in Table 1, more precisely, cut-in speed, cut-out speed, and rated
speed, all related to the hub height of 90 m.

Pwg(U) =


q(U)

Pr
0

Ucin< U < Urat
Urat< U < Ucou

U ≤ Ucin and U ≥ Ucou

q(U) = Pr
U2−U2

cin
U2

rat−U2
cin

(1)

where Ucin (in m/s) is the cut-in wind speed, U (in m/s) is the wind speed at the height of
90 m, Urat (in m/s) is the rated wind speed, Ucou (in m/s) is the cut-out wind speed, and
Pr is the rated power in MW.

Table 1. Characteristics of the five wind turbines evaluated.

Wind Turbine Type Rated Power
(MW)

Cut-in Speed
(m/s)

Cut-out Speed
(m/s)

Rated Wind Speed
(m/s)

Hub Height
(m)

Siemens
Gamesa-167-8.0 MW 8 3 25 12 92

MHI Vestas-164-9.5 MW 9.5 3.5 25 14 105
GE Haliade-150-6 MW 6 3 25 12 100

Mingyang
MySE-155-7.0 MW 7 3 25 11.3 100

Senvion-152-6.15 MW 6.15 3.5 25 11.5 95

2.3. Methods

The wind profile power law is used to measure the wind at a specific height and is
given by the formula [20]:

U(z) = Uzref

(
z

zref

)α

(2)
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where U(z) represents the wind speed (Table 2) in m/s at height z = 90 m (the hub height),
Uzref is the reference wind speed in m/s, at height zref= 10 m (the reference height), and α

is the power law exponent (known also as Hellman exponent) [21,22]. The value of this
coefficient is estimated to be 1/7 (approximately 0.143) [23] and evaluates the wind profile
under normal weather conditions, but this ratio can cause computation errors especially in
the field of offshore wind; therefore, for open water, it is recommended to use the value of
0.11 [24] which helps to analyze the wind profile under extreme weather conditions.

Table 2. Wind classes.

Wind Class The Potential of the
Wind Resource

Average Wind Speed at
90 m Height α = 0.143

(m/s)

Average Wind Speed at
90 m Height α = 0.11

(m/s)

1 Poor U(z) ≤ 6.0 U(z) ≤ 5.6
2 Marginal U(z) ≤ 7.0 U(z) ≤ 6.5
3 Fair U(z) ≤ 7.7 U(z) ≤ 7.1
4 Good U(z) ≤ 8.2 U(z) ≤ 7.6
5 Excellent U(z) ≤ 8.8 U(z) ≤ 8.1
6 Outstanding U(z) ≤ 9.6 U(z) ≤ 8.9
7 Superb U(z) > 9.6 U(z) > 8.9

Since the data obtained from the database are at the height of 10 m, it will be necessary
to interpolate these values to attain the wind speed at a hub height of 90 m (representing
the parameter z from the equation below), which was adopted for all five wind turbines. To
obtain this data, the logarithmical wind profile expression will be used, which describes the
vertical distribution of the wind speed. This parameter can be expressed by the following
equation [25]:

U = Uz

ln
(

z
z0

)
ln
(

zr
z0

) (3)

Uz (in m/s) represents the reference wind speed, at the height of 10 m (zr in m), which
was obtained from the database, the sea surface roughness length z0 is a corrective measure
that has the value of 0.0002 m which was adopted following the Reference [26].

After obtaining the wind speed at the desired height, we will move on to the analysis
of some energetic parameters. One of them is the wind power density which helps to
evaluate the energetic capacity of the wind. It is noted with Pw (in W/m2) and its value
can be obtained using the Equation (4) [27,28]:

Pw =
1
2
ρair(U )3 (4)

where ρair is the air density and has the value of 1.225 kg/m3, U (in m/s) is the wind speed
at the height of 90 m.

Knowing the mean wind speed, the Annual Electricity Production (AEP-MWh) can
be roughly calculated. This parameter allows developers and operators to quantify the
expected energy production of a specific wind turbine. The Annual Electricity Production
can be expressed as [29]:

AEP = T×
∫ cut−out

cut−in
f(U)P(U)dU (5)

where T = 8760 h/year is the annual operating time of the turbine. Cut-in corresponds to
the wind value at which the wind turbine starts to operate; the turbine continues to rotate
until attains maximum efficiency at cut-out wind speed [30]. Those two parameters are
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measured in m/s. P(U) is the power curve of a specific wind turbine. f(U) is the Weibull
distribution function and has the formula [31–33]:

f(U) =

(
k
c

)(
U
c

)k−1
exp

[
−
(

U
c

)k
]

(6)

where k represents the shape parameter (known also as the Weibull slope), and it is a
dimensionless parameter, c is the dimensionless scale parameter, U is the wind speed
(in m/s).

Another parameter that helps to evaluate the performance of the wind turbine is
represented by the Capacity factor noted as cf, which is expressed in percentages. It is
expressed as the ratio between the total power in a certain period P and the maximum
rated power RP. It has the following mathematical expression [34]:

cf =
P

RP
(7)

The last parameters to be analyzed are the seasonal (SV) and monthly (MV) variability
of the wind. These parameters help to get an image of the wind intensity over one year.
They are defined as follows [35]:

SV =
PSmax − PSmin

Pavg
; MV =

PMmax − PMmin

Pavg
(8)

where PSmax , PMmax are the maximum values from all seasons respectively months; PSmin ,
PMmin are the minimum values from all seasons respectively months; and Pavg is the
average value of the entire dataset. All these parameters are measured in W/m2. For
the seasonal variability, the distribution of the season was adopted as follows: winter
(December, January, February), spring (March, April, May), summer (June, July, August),
and autumn (September, October, November).

3. Results

In order to obtain the wind speed related to the 7 wind classes, Equation (2) was
used, in which the Hellmann exponent with the value 0.143 was considered, obtaining
the wind speed interpolated at a height of 90 m. It can be seen from Figure 3 that the
most predominant classes are C1 and C7, both in fairly similar percentages. From the
literature, it has been established that wind classes are not indicated for the wind industry.
From class 2, there are certain restrictions on the use of wind turbines, for example, class
3 requires a certain height of the pillar. Thus, based on the results, one can say that the
wind quality in the chosen sites is relatively good for the offshore industry. Up to 65%, the
wind intensity is sufficient for the use of wind turbines, even if they will not have a 100%
capacity because the speeds at which the chosen turbines have these results must exceed
11.5 m/s. To achieve a successful project, at least wind class 3 is recommended.

For a better analysis of the wind quality in all six sites, the average, minimum and
maximum wind speeds have been illustrated (Figure 4a,b). Moreover, these speeds were
grouped by months, as shown in Figure 4c,d. All these values were obtained at a height of
90 m using the logarithmic wind profile expression. From this figure, it can be seen that
the values of the average wind speed for all six sites are located somewhere near wind
class 4. The highest value of this speed can be represented by site O1, both for the near
future and the distant future. It is also observed that there are large oscillations between
wind speeds, being moments in which values close to 0 m/s are recorded, suggesting that
the turbines could not work at that time. There are also records of high wind speeds, such
as the one in the distant future of site O3, where a wind speed of over 40 m/s is reached.
However, it seems that the most constant speed is maintained at site O1 which has the
highest value of the average wind speed and where the maximum speed exceeds by at least
27 m/s. The Black Sea is located in a temperate zone, which is characterized by two extreme
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seasons, summer and winter, between which climate change takes place generating two
intermediate seasons, spring and autumn. Winter is characterized as cold with minimum
temperatures in the northwest, winds are stronger in a predominant direction from north-
northeast to west, and summers are warmer with relatively uniform temperatures. Thus, it
becomes obvious why the highest average wind speeds are recorded in December, January,
February, and the adjacent months. This phenomenon is representative for both the near
and distant future. The lowest values will be recorded in the summer months (June, July,
August). For all these records, site N3 has the lowest values.
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Figure 5a,b and Figure 6a,b indicates the annual electricity production of a specific
turbine (expressed in MWh) and its capacity factor (expressed as a percentage). AEP is
an optimization parameter that is related to a certain type of turbine and the location
area. Through this parameter, one can choose the best turbine from a functional point
of view according to the meteorological conditions of a particular area. In the current
study, five wind turbines were chosen of power between 6 and 9.5 MW, the best turbine in
terms of power being the MHI Vestas-164-9.5 MW turbine. Analyzing the two Figures, we
can see that the best results are the Siemens Gamesa-167-8.0 MW turbine whose annual
productivity is around 30,000 MWh and whose capacity factor is about 43%. The turbine
with the lowest value is also the one with the lowest power. These results are valid for both
the near and distant future.

Although the MHI Vestas-164-9.5 MW turbine features the highest power, it seems
that it is not indicated to operate in the chosen area of the Black Sea basin, as it has the
lowest capacity factor (approximately 33%) which results in low AEP values. This aspect
can be argued by the fact that the characteristics of the turbine, more precisely the speed at
which the rated power is reached, has the highest values. This turbine requires a speed of
14 m/s to achieve the best performance. For the analyzed sites, it has already resulted that
the predominant wind speeds for the six sites are close to the value of 7 m/s, while those
with an intensity of over 14 m/s occur rarely (in a proportion of 8%).
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Figure 7 shows the evolution of the seasonal (SV) and monthly (MV) variations
as defined in Equation (8). The results presented in this figure show that the monthly
variations present higher values than the seasonal ones. All these values are reported to
the height of 90 m. For the seasonal values, we can mention that all sites exhibit values
below 0.4, the highest value corresponding to site N1 for the near future and the distant
future to site O3. In this case, the lowest value seems to define the sites N3, both in near
and distant future. For the monthly variations, almost all of the sites have the same value,
with a small difference. The only site with a lower value is identified for site N3.
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4. Discussion

In this paper, several reference sites have been selected to identify some suitable
projects that could be implemented in this area since in the Black Sea there are still no
operational projects for wind farms. They are all located near the West coast of the Black
Sea at a maximum distance of 100 km from the shore, and where the water depth is of
maximum 50 m.

Given the position and climate of the Black Sea, climate changes such as increases and
decreases in temperature will be noticeable, this aspect having implications on atmospheric
parameters, such as changes in the wind speed. Wind resources are directly related to
wind speed and their productivity will be influenced by the climate. To understand how
these climate changes influence the operation of wind turbines, this study will focus on
the dynamics of the wind energy resources, which will then be compared with other
relevant studies in the field. For this study, data on wind speed were obtained using the
Euro-CORDEX database, considering two periods, the near future (from 2021–2050) and
the distant future (from 2075–2100). Each reference site is related to 5 possible types of
turbines (Table 1). To identify relevant trends, studies of mean and maximum wind speed,
as well as their seasonal variations were conducted. Moreover, an evaluation of the wind
performance is presented.
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Analyzing the data obtained for the mean wind speed in the present study, it can be
seen that the speeds are close; there are no significant variations between the speeds in the
near and distant future. In a study by Daniel Ganea et al. [36] on the same field, the wind
and waves in the Black Sea were analyzed, the sea being divided into 5 zones. Zone A,
which is also the area of interest of the current study, has a value of the mean wind speed
of about 6.9 m/s, this value is close to that obtained in this paper, which is about 6.7 m/s
at the height of 10 m (Figure 4 shows the wind speed which is interpolated at a height
of 90 m). In another study focused on the same field [37] but with data provided for the
past wind, a value of 6.5 m/s of the mean wind speed was obtained. From the two papers
and the present study, it is observed that the values obtained are close. The tendency to
intensify the wind speed in the future is also highlighted.

From the analysis of the data on the productivity of the 5 turbines, both for the near
and distant future, values of AEP between 22,000–32,000 MWh were obtained. Reference is
made to similar studies focused on the potential of the Black Sea, such as that of Ganea
et al. [38] which analyzes the performance of two wind turbines with powers of 3 MW (for
the Vestas V90-3 turbine) and 5 MW (for the Areva M5000-116 turbine) for the near future.
In that paper, 12 reference sites are studied, site O1 being the one of interest. The AEP
value for the Areva turbine was identified as approximately 15,000 MWh, and that of the
Vestas turbine approximately 8800 MWh. The capacity factor for both models is about 34%.
Given the low power of the turbines, the results obtained were also lower in the reference
work; the results of this paper are interpolated at a height of 90 m while those from the
reference study are interpolated at 80 m height, so the present results have an addition of
no more than 2%.

In the paper, it can be noticed that for the highest power turbine, the annual energy
production is quite low in terms of its power. This is due to the speeds at which the rated
power is reached. In the case of the Vestas V164-9.MW turbine, as well as the 2 turbines
in the mentioned study, the rated speeds are higher than 12.5 m/s, this aspect directly
affecting the turbine productivity. Another work considered was the one in reference [39]
which made a study on the efficiency of the wind speed in the Black Sea using data from the
past. This study focused on several models of turbines, one of them being the Vestas V164-
9.5 MW turbine which is also studied in this paper and whose historical data indicated
a productivity of approximately 20,000 MWh and a capacity factor of no more than 25%.
With these data, an image of the wind was outlined which for the past showed an average
speed below those obtained in this paper.

We can conclude that wind energy resources feature a slight decrease in the climate
change scenario for the distant future. Wind speeds are in close connection with the turbine
performance. We can also say that for our area of interest, more advanced wind turbine
technologies are not necessary, turbines such as those from Siemens Gamesa being quite
sufficient. From previous studies on the potential of the North Sea [40], it becomes apparent
that the capabilities of the Black Sea in terms of wind intensity do not reach that level.
The North Sea is considered to have the highest potential for renewable wind energy in
Europe, having the highest number of wind farms. However, the Black Sea, which is not
fully exploited yet, could also become a source of renewable resources.

5. Conclusions

This paper aimed to analyze the dynamics of the wind along the west coast of the
Black Sea, and for this, six sites located near Romania were considered. Wind speed data
were obtained from the Euro-CORDEX database considering the RCP4.5 scenario, in which
the radiative forces are approximated to 4.5 W/m2. Two periods of time were considered
for this study, the near future (from 2021 to 2050) and the distant future (from 2075 to 2100).

The study outlines relevant trends in wind dynamics, resulting from the analysis of
mean, maximum and minimum values of the wind, but also its seasonal and monthly
variations. Moreover, five possible types of turbines that could be mounted in these
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locations were studied, all with high-power, over 6 MW. For these, parameters such as the
Annual energy production but also the Capacity factor were analyzed.

From the comparative analysis made for the 2 periods, it was observed that the wind
speeds are close, the wind resources for the distant future suffering a slight decrease
compared to those in the near future. It was also observed that wind speeds are grouped
into two major classes, the most predominant classes being C1 and C7, basically the two
extreme classes. Taking into account the seasonal and monthly variation of the wind, the
image of a temperate region has been outlined in which there are two opposite seasons,
winter and summer, the main cause being the increase or decrease of temperature during
these periods. However, there are also two transitional seasons in which the months close
to those of the mentioned seasons acquire some of their characteristics. It can be concluded
that these locations have positive wind dynamics.

Although the onshore wind turbine industry is often used in Romania, there is still no
wind farm on the water, although the superior qualities of wind on the water have been
demonstrated. In this idea, the parameters regarding the performance of wind turbines
were analyzed. The obtained results showed that in these sites there are remarkable wind
resources. It was also noted that advanced technologies of wind turbines are not indicated
for these locations, as in the case of high-power turbines such as Vestas V164-9.5 MW,
because they require high wind speeds to reach the rated power. The Black Sea is a suitable
area for the development of projects with wind farms and could serve as a rich source of
renewable energy bringing about an economic advantage for Romania.
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