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Abstract: The European offshore wind market is continuously expanding. This means that, together
with significant technological developments, new coastal environments should be considered for the
implementation of the wind farms, as is the case of the Black Sea, which is targeted in the present
work. From this perspective, an overview of the wind energy potential in the Romanian exclusive
economic zone (EEZ) in the Black Sea is presented in this work. This is made by analyzing a total of
20 years of wind data (corresponding to the time interval 2000-2019) coming from different sources,
which include ERAS reanalysis data and satellite measurements. Furthermore, a direct comparison
between these datasets was also carried out. Finally, the results of the present work indicate that the
Romanian offshore areas can replicate the success reported by the onshore wind projects, of which
we can mention the Fantanele-Cogealac wind farm with an operating capacity of 600 MW.

Keywords: Romanian nearshore; EEZ; ERA5; water depth; energy resources; offshore wind turbines

1. Introduction

The human evolution and the energy demand go hand in hand. It is estimated
that only during the time interval 1995-2015, the worldwide use of energy has increased
from 8589 million tons of oil equivalent (Mtoe) to 13,147 Mtoe (+53%). A significant
part of this market is covered by fossil fuels (80%), which represent a major problem
from the perspective of the Paris agreement that is aiming to keep global warming below
2.0 °C [1]. Various strategies have been proposed to reduce the carbon emissions, among
them being energy efficiency, fuel switching or renewable energy sources [2—4]. Looking
at the projections promoted by the European Union, we can see that the future should
be green, and it is expected to gradually increase the use of renewable sources to 45% by
2030 and almost 66% by 2050 (reported to gross electricity generation), and these values
exclude the biomass production. For the year 2050, it is expected to gradually attenuate the
importance of the conventional resources (e.g., oil or gas) down to zero [5]. Even the Gulf
Cooperation Council (GCC) countries, which have access to important fossil fuel deposits,
are committed to reduce the dependency on these sources, in the conditions when only
0.6% of their electricity production comes now from renewable resources [6].

The wind energy sector can be characterized as a very successful one, expanding
continuously through new technologies and environments, such as the marine areas.
Compared to the land, it is estimated that over the sea surface the wind conditions are
stronger due to the lower friction, but on the other hand, the CAPEX (capital expenditure)
and OPEX (operational expenditure) costs are considerably higher. The current trend is to
develop large wind turbines (close to 10 MW) in deep-water areas that frequently reach
hub heights of 100 m, and in order to reduce the construction costs, large projects need to
be developed [7-9]. Europe is a representative area for the offshore wind industry, with a
total installed capacity of 25 GW, of which 2.9 GW (11.60%—365 turbines) were installed
during 2020. Among some other key features, we can mention that the average turbine
size is closer to 8.20 MW, two-thirds of the projects developed in 2020 involved even larger
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systems. The sizes of the new wind farms are estimated to be close to 788 MW, which
compared to 2019 indicates an increase of 26%, while the distance to the shore and water
depth are now increased to 52 km and 44 m, respectively [10].

Europe is defined also by multiple water areas, which means that there are wide
opportunities to develop marine renewable projects. In fact, the world’s first operational
offshore wind farm (Vindeby, Denmark [11]) was installed in the European nearshore (in
the Baltic Sea) in 1991. At that time, it was difficult to predict the future of the wind sector,
but looking now at the current trends some ambitious targets are set by the European
Union (EU). These involve the use of new technologies, such as floating platforms, that
can be installed in deeper water areas or to consider some new regions that were never
taken into account before, such as the Black Sea [12,13]. Furthermore, it is estimated that
by the end of the year 2050, the European offshore renewable sector will be defined by an
installed capacity of 300 GW, a significant share being covered by the wind market [14].

A more complete picture of the Black Sea wind energy potential is provided in Onea
and Rusu [15], taking into account some representative locations like Constanta (Romania),
Odessa (Ukraine) or Trabzon (Turkey). Regarding the wind conditions (Ugy), it was found
that the Romanian sites and some sites from Russia (Sevastopol and Kerch) indicate higher
resources than expected during the wintertime maximum average wind speeds of 9 m/s.
As for the wind turbines, the capacity factor may reach a maximum value of 35% (the
highest capacity factor) for this region, which can be obtained if the turbines operate at their
full capacity for at least 10% of the time. A more detailed analysis of the wind conditions
(Usp) in the Romanian coastal areas is carried out in Onea and Rusu [16], by considering
various distances from the shore (up to 80 km) and multiple sites covering the Romanian
nearshore (from north to south). From the analysis of the wind speed, it was found that it
increases from the shoreline to offshore, reaching an average value of about 7.20 m/s at
60-80 km from the shore, with the mention that the sites from the northern and southern
extremities indicate higher values close to the shore. Furthermore, for the sites located
between 0 and 20 km from the shoreline, a water depth below 50 m is characteristic, which
is suitable for the implementation of fixed wind turbines [16]. Although the research topic
is quite similar to the one provided in Onea and Rusu [16], the present work is defined by
some significant advances in relationship with the previous one. First, the dataset and the
number of values per day are different (ERAS in this case with 24 values per day) than the
ERA-Interim, which was previously considered. Furthermore, in the previous work the
performance evaluation of a turbine was made by adjusting the wind data from 10 m to a
height of 80 m, while in this version the wind turbine is evaluated by considering the ERA5
wind speed directly reported to a 100 m hub height. Furthermore, taking also into account
that the offshore sector evolves very fast, in the present work a 9.5 MW wind turbine is
evaluated, compared to the previous work where the maximum rated power was limited
to 5 MW. Also, the grid points defined in this work cover the entire Romanian EEZ (0 to
220 km offshore), compared to Onea and Rusu [16] where the points cover only the 0 to
80 km area.

Another important aspect is related to the future evolution of the Black Sea wind, in
the context of climate change. From this perspective, in Rusu [17] the wind conditions were
evaluated for the 30-year near future period (2021-2050) considering two RCP (representa-
tive concentration pathway) scenarios, RCP4.5 and RCP8.5. The results indicate an increase
in the extreme wind conditions that may lead to an enhancement of the wind power by
at least 30%, being estimated that the western part of the Black Sea may become a major
source of wind energy [17]. At this point, it can be also highlighted that another preliminary
study related to the implementation of the offshore wind farms in the Romanian coastal
environment was made in [18], and that the present study represents in fact a development
of that previous work.

In this context, the aim of the present work is to assess the Romanian offshore wind
resources considering a standard turbine height (100 m) within the EEZ coastal region
and to identify the performance of a large capacity wind turbine. This can be considered
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an opportune study since there is currently significant interest both from the Romanian
authorities and from the investors to develop offshore wind projects in this coastal environ-
ment. Therefore, an important part of this work is dedicated to the analysis of the wind
conditions from a meteorological point of view by evaluating some specific parameters,
such as the average conditions or the seasonal variability, and to make a direct comparison
with the satellite measurements. Some specific maps have been designed to show the
distribution of the wind resources within the limit of the Romanian EEZ, including also
the expected performances of a wind turbine of 9.5 MW. In the final part, the results of
this study are compared with similar ones, including the accuracy of the ERA5 data and
specifying also some limitations of the present work.

2. Materials and Methods
2.1. Study Area

The Romanian EEZ is defined by an area of 22,486 km?, of which only 4084 km?
represents the territorial sea, which is divided into two parts. The northern part covers
162 kilometers of coastline (Musura Bay and Cape Midia) and includes the Danube Delta
Biosphere Reserve, while the southern part has an extent of only 83 kilometers and is
delimited by the Vama Veche village.

The first sector is more important from an ecological point of view, while the second
is related to economical activities, such as ports, but also significant touristic activities. It
is estimated that almost 4.50% of Romania’s population is located here, which per total
covers a share of 5.30% from the entire Black Sea coastline [19]. Figure 1 presents the target
area that is delimited by the EEZ borders, including the water depth details processed from
GEBCO (general bathymetric chart of the oceans) [20]. The Romanian EEZ is delimited by
the latitude lines 43.4398° N and 45.2128° N, while on the longitude the interval goes from
28.5278° E to 31.4097° E [21].

Depth (m

-500 -100

Latitude (°)

Water depth > 50 m

28 29 30 31 32
Longitude (°)

Figure 1. Representation of the Romanian exclusive economic zone (EEZ) considering the spatial
map and the grid points defined. The horizontal reference lines (denoted from A to J from north to
south) include points distributed along a grid defined by an approximate length of 20 km (along x
and y directions).
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A total of 84 points were defined in a grid (lines from A to J), the distance between
each point being constant, approximately 20 km along the x and y directions. In addition, a
water depth of 50 m was considered as a reference, since this represents the threshold that
separates the fixed offshore wind farms from the floating ones [22,23]. By considering these
points it is possible to obtain a general picture of the energy potential and the performances
of a particular turbine, which can be further extended to a more detailed investigation. As
a limitation of this work, the restricted areas were not taken into account, but from the
information provided by Vaidianu and Ristea [19], we can notice that the entire water strip
located close to the shore (<50 m) is defined by shipping activities, while on the north we
notice some large protected areas. Figure 1 illustrates also the water depth, and we can
notice that the points located close to the shore indicate values in the range 2-24 m. The
values start to increase as we go further into the deeper sea, being expected for each step of
20 km (along x axis) an increase in the water depth by 10 m for each reference line until the
100 km limit, while after that the values jump to a maximum of 1747 m (line —Vama Veche).

2.2. Wind Data

Two different datasets are considered in the present work. The first is related to
ERAD [24]. This is a state-of-the-art global atmospheric product delivered by the European
Centre for Medium-Range Weather Forecasts (ECMWEF), which includes multiple climate
variables such as rainfall, land surface temperature or wind data over the ocean environ-
ment [25-27]. This dataset covers the interval from 1979 to the present and incorporates
some new techniques such as the ECMWF Integrated Forecast System model (IFS 41r2).
This update aimed to increase both the temporal output (to 24 values per day), and the
horizontal and vertical resolutions (to 0.25° and 137 vertical levels starting from the surface
to 0.01 hPa). Some other improvements were introduced, this being the case of a new data
assimilation scheme or the update of the parametrization schemes. More details about this
project are provided in Hersbach et al. [24], while some other relevant information related
to the ERA5 wind data can be found in Soares et al. [28], Ulazia et al. [29] or Carreno-
Madinabeitia et al. [30]. Table 1 presents the characteristics of the ERA5 data processed
in the framework of this work, where the following two types of data are considered:
(a) wind speed at 10 m height above the sea level (Uyp); and (b) wind speed at 100 m
height (Uj0p). These values are directly obtained from the ECMWF database, without any
further adjustment. The second wind dataset comes from AVISO (archiving, validation
and interpretation of satellite oceanographic) data, which is a project that combines mul-
tiple altimeter missions. The TOPEX/POSEIDON mission was initiated in 1992, being
designed to measure the wind speed. Over time, some new missions were launched (Jason-
3, Sentinel-3A, Saral, Cryosat-2, Jason-1&2, T/P, Envisat, GFO, ERS-1 & 2 and Geosat), so a
consistent dataset was produced [31]. Most of the satellites were placed on near-polar or
sun-synchronous orbits, being defined by nadir-looking instruments having a footprint of
the beam of 10 km wide. Each mission is defined by a ground track separation that has an
orbit geometry that can go up to 400 km at the equator, each satellite repeating the same
ground track on an interval of 3 to 10 days [32]. In Table 1, more details regarding this
dataset are provided.

Table 1. Characteristics of the datasets processed for assessing the wind conditions in the Romanian coastal area.

ERA5 AVISO
Organization ECMWE Archiving, Validation and Interpretation of
Oceanographic Satellite Data
Type Reanalysis data Satellite measurements
Spatial coverage Global Global
Horizontal resolution 0.25° x 0.25° 1.00° x 1.00°
Reference height (m) 10, 100 10
Time interval 2000-2019 2013-2019

Time resolution

24 data per day 1 value per day (daily mean value)
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2.3. Methods

The offshore wind industry is evolving very fast and at this moment it seems that
there is interest in assessing the wind energy potential at a hub height of 100 m [28,33] and
therefore the ERA5 (U7gg) wind dataset is a suitable candidate.

Going further from this, the annual electricity production (AEP) of a wind turbine,
can be estimated as in Equation (1) [34]:

cut—out
AEP =T f(u)P(u)du 1)
cut—in
where AEP—in MWh; T—number of hours per year (8760 h/year); f(u)—Weibull distribu-
tion; P(u)—power curve of a turbine; and Cut-in/Cut-out—turbine characteristics.
The Weibull probability density function, can be defined as in Equation (2) [35]:

- ()& ()]

where u—the wind speed; k—the shape parameter; and c—the scale parameter (in m/s).
Looking at some previous studies, we find that this method is not the most accurate one,
since it may generate large uncertainties. For example, in the work of Elfarra and Kaya [36],
two sites from the Aegean Sea and Mexico were evaluated, and it is noticed that for the
sites located in the Mediterranean Sea the Weibull distribution overestimated the AEP by
more than 10% while for the other site, the AEP production was underestimated by more
than 6%. Also in the work of Jaramillo and Borja [37], it is mentioned that the AEP may
be underestimated by at least 12%, which is caused mainly by the underestimation of the
wind speeds from the intervals 12 and 20 m/s.

A single type of wind turbine will be considered for evaluation in this work. This is the
Vestas V164-9.5 that is already implemented in various European offshore projects (fixed or
floating). This is one of the largest wind generators available on the market (9.5 MW). Its
performance will be evaluated at a hub height of 100 m. More details about this system
and some of the related projects are provided in Figure 2.

1077 Vestas vissos mw |
|
|

|

I

I Rated power: 9.50 MW |
| Rotor diameter: 164 m I
|

|

|

|

|

|

|

I Projects
| Fixed

| i . =
| Hub height: 105 m | Moray East (UK)

| Cut-in wind: 3.00 m/s

1 I Triton Knoll (UK)
I Rated speed: 14 m/s I )
5 i ol 26 m/s I Blauwwind (Netherlands)

____________________ | Borssele 3&4 (Netherlands)

I Northwester 2 (Belgium)

| Moray Firth (Scotland)

| Vineyard (United States)

: Floating

: Groix & Belle-lle (France)
| I Kincardine (Scotland)

0 5 10 15 20 25

Wind speed (m/s)

Power (MW)

Figure 2. Power curve of the Vestas V164-9.5 turbine, including some technical data (left side) and
planned offshore wind projects (right side) [38,39].
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3. Results
3.1. Comparisons between the Datasets

ERADS5 is used as the main source of data in this work, and therefore it is important
to understand the differences between some alternative data sources, in this case, AVISO.
Figure 3 presents the distribution of the Ujg values (50th and 95th percentiles) as provided
by ERAS. For the 50th percentiles (50th), the wind speed is in the range 4.11-5.97 m/s for
the points located at approximately 40-60 km from the shore, and this gradually expands
to 6.09 m/s close to the extremity of the EEZ zone (in the south). Per total, the points
located in the southern part (from line G down) seem to be a less attractive option since
they are defined by a higher water depth and lower wind resources (e.g., 5.72 m/s—line ).
However, the installation of floating wind turbines can be a viable solution in areas with
depths that do not allow the installation of fixed turbines. As for the 95th percentiles, the
maximum values are close to 11.50 m/s, corresponding mainly to the offshore sites. In
contrast, the points located close to the shore indicate a maximum value of 9.93 m/s (Sacalin
Peninsula—point C1). This clearly shows that the wind energy potential in the target area
increases as we go from onshore to offshore, the most promising sites for developing a
wind project being located along the C-line.

Figure 4 presents a direct comparison between the AVISO and ERA5 data (Uj(), where
the results are expressed in percentages. The relative differences between ERA5 and AVISO
are quantified as in Equation (3):

E = (Xgras — Xaviso)/ XEras 3)

The daily average values of ERA5 Ujy were computed in order to be compared with
the daily mean values provided by AVISO. Excepting some points located close to the shore
(lines F, G and H), all the values are positive which means that the ERA5 data indicate
higher values than AVISO. A well-known issue related to the satellite measurements
concerns the accuracy of the measurements on the land-sea interface, in this case being
noticed as the NaN (not a number) values along the A-line. The NaN indicator is used to
show that there are no valid data reported by the AVISO dataset. For the 50th percentiles
(Figure 4a), the points located in the central and southern parts (close to the shore) show
a better agreement, while the maximum differences of 36% occur in the center of the
target area. These differences are better quantified in Table 2, where besides the 50th and
95th percentiles, the 25th and 75th percentiles are also computed, where for example DO
indicates a point located along the line D at 0.00 distance from the coast, while D80 is used
to identify a similar point located at 80 km from the shore. For the 95th percentile, the best
agreement corresponds to the nearshore points (1.57% and 4.26%), compared to some other
points located at 80 or 120 km from the shore, where the differences reach 28.40%.

Table 2. Percentile comparisons between AVISO and ERAS5 wind speeds at 10 m height above the sea level. The wind data

are processed for the 7-year time interval 2013-2019, and a positive value indicates that the ERA5 wind speed is higher than

that provided by AVISO.
Percentile ERAS5 (U+9)-AVISO (U1p)
Diff.erf):nces Top 5—Best Agreement Top 5—Lowest Agreement
(in %) Value (Reference Point) Value (Reference Point)
25th —0.31 3.95 —4.39 —-5.44 —8.04 38.10 36.40 35.90 35.60 35.50
(DO) (E0) (10) (GO) (FO) (DS0)  (E100)  (F100)  (G100)  (F120)
50th —0.94 2.07 —3.65 —3.90 4.87 37.50 36.50 35.80 35.20 35.00
(G0) (10) (HO) (FO) (DO) (DSO)  (E100)  (F100)  (G120)  (ES0)
75th —-0.87 —2.68 3.85 —4.17 4.57 33.50 33.10 32.90 32.50 32.30
(DO) (HO) (10) (FO) (DO) (DS0)  (E100)  (F120)  (ES0)  (G120)
95th —-1.57 1.77 —2.84 3.92 —4.26 28.40 28.10 27.90 27.80 27.70
(GO) (DO) (HO) (10) (FO) (E80)  (D100)  (DS0)  (D120)  (HS0)
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Figure 3. Percentiles distribution corresponding to the ERA5 (Uj) reanalysis data for the 20-year time
interval 2000-2019. The results are indicated in terms of: (a) 50th percentile; and (b) 95th percentile.
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-2000 -500 -100

31.80 28.90° 24.80 24.70 27.30
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31.40 2840 2360 2410 27.20

31.30) 34.60 30.80 27.50 22.80 2310 2570

30.80  34.30 30.80 2730 2290 21.60 24.70

RQ26.50, 22.70 21.40 23.70
Water depth > 50 m \——-‘

27.30. 26.20° 22.50 21.90 24.30

26.60 2450 2190 21.20 24.70

27700 26.90 27.50 26.80, 24.30 20.90 20.60 23,00

27.60  26.70 26.80 27.00 2450 21.50 19.70 21.60

J 24,00 20.60 19.70 21.20

Figure 4. Comparisons between the AVISO (U) measurements and the ERA5 (Uy) reanalysis data
for the 7-year time interval 2013-2019. The results are indicated in terms of: (a) 50th percentiles;
(b) and 95th percentiles. A positive value indicates that the ERA5 wind speed is higher than that

provided by the AVISO data.

3.2. Assessment of the Wind Energy Potential

Figure 5 provides the first representation of the wind energy distribution over the
Romanian coastal area, including also the land. The results clearly show that the wind
speed increases from the land (~5.00 m/s) to the shoreline, and further to the offshore
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regions. Near the shoreline the values can go up to 6.00 m/s, while from the marine areas
the northern part indicates higher values, reaching a maximum of 7.48 m/s outside the
Romanian national waters (in the Ukrainian area). Regarding the wind direction, several
patterns are noticed. For the wind fields over the land, the dominant direction is from
the land to the sea (oriented to the southeast), while near the shoreline the wind usually
follows the local coastline. As we go further offshore, the wind field starts to curve, being
oriented to the southwest direction.

[m/s]
45.5
45 8
445 17
[}
=]
=
S a4 16
43.5 5
43 | 4

28 28.5 29 29.5 30 30.5 31 31.5 32
Longitude (°)

Figure 5. Average wind speed computed based on the ERA5 (U(g) dataset for the Romanian coastal area over the time
interval 20002019 (full-time distribution). The wind direction is represented by arrows, while the point defined by the
highest wind speed is indicated with a white circle. The Romanian EEZ is indicated by the magenta line.

A similar analysis is presented in Figure 6, considering this time the seasonal distribu-
tion (spring—summer-autumn-winter) of the parameter Uyqo. Regardless of the season, we
notice that the wind conditions increase as we go from land to sea. The maximum values
are located outside the Romanian coastal waters, excepting the wintertime when a maxi-
mum value of 8.76 m/s occurs in the center of the target area. This suggests that during the
most energetic season (December—January-February), a wind project located in this area
will obtain the best performances. More than this, the point indicated is located outside the
restricted areas where the harbor activities usually take place [19], so this location may be
considered a suitable candidate for a wind project. The summer season indicates lower
resources, reaching a maximum value of 6.41 m/s, while the spring and autumn seasons
are about the same level, reaching values of 7.44 and 7.57 m/s, respectively.

Regarding the wind directions, the patterns corresponding to the summer and au-
tumn seasons are similar to the prevailing wind direction corresponding to the total time
(Figure 5). In the case of spring, the dominant pattern is from sea to land (from east to
west), being noticed close to the Danube Delta a tendency to shift in the northern sector.
During the winter, the wind is moving to blow from the northwest and small changes in the
orientation of the wind vectors are observed. The wind direction represents an important
aspect of the design of a wind farm, considering that the energy produced is significantly
affected by the wake effect. It is estimated that for the offshore projects, these losses are in
the range 10.00-25.00% [40,41].

As mentioned above, wind turbines are designed to operate within a specific range of
wind speeds, known as the cut-in and cut-out values. The turbine considered in this study
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Latitude (°)

S

Latitude (°)

28 28.5

has wind speed limits in the range of 3.00-25.00 m/s. That is why the percentages of Ugo
that were inside the functional range of the wind turbine were computed for each season,
and the results are illustrated in Figure 7. It must be noticed that along the Romanian coast,
percentages higher than 80% are observed in all seasons. As expected, percentages above
90% are found in the winter season.

29.5 30 30.5 31 31.5 3228 28.5 29 29.5 30 30.5 31 31.5 32

Longitude (°) Longitude (°)

Figure 6. The seasonal averaged wind speed as indicated by the ERA5 (Ujqg) dataset for the Romanian coastal area

over the time interval 2000-2019. Data corresponding to the following seasons are presented: (a) winter—December—

January—February; (b) spring—March—April-May; (c) summer—June-July-August; and (d) autumn—September-October—

November. The results include the wind direction vectors and the locations of the maximum wind speed, while the

Romanian EEZ is indicated by the magenta line.

An important role in choosing a location for exploiting wind energy is the variability
of the wind speed over the years. The IAV (interannual variability) index is often used in
climatologic analyses to quantify the year-to-year variability of a given parameter. This can
be expressed as in Equation (4) [26,42]:

() CECE () -5 o

j=1 k=1 =1\ k=1 j=1k=1

where JAV—inter-annual variability (%); x denotes the time series of the wind speed over a
period of m years with n records each; x—mean value of the time series of a parameter over
a period of years; c—standard deviation; the indices j and k refer to the year and record,
respectively; and overbar denotes an average.

Thus, the year-to-year variability of Uy from the ERA5 database over the 20-year
time interval 2000-2019 was quantified here and the results are illustrated in Figure 8. It
can be observed that IAV increases as we move away from the shore. At this point, it has
to be noticed that if for the coefficient of the variation in the wind speed there might be
expected higher values on land than offshore, this inter-annual variability index shows
very often higher values offshore, as can be noticed in the Figure 8 results which are also
consistent with those presented in [42].
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Latitude (°)

Latitude (°)

28 285 29 295 30 30.5 31 315 3228 285 29 29.5 30 30.5 31 31.5 32
Longitude (°) Longitude (°)

Figure 7. Seasonal percentages of the wind speed (Ujgp) in the range between the cut-in and cut-off values (standard
functional range 3-25 m/s): (a) winter—December-January-February; (b) spring—March-April-May; (c) summer—June—
July—-August; and (d) autumn—September-October-November. The locations of the maximum values are marked by white
circles, while the Romanian EEZ is indicated by the magenta line.
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Figure 8. Interannual variability (IAV) of Ujoy from ERA5, where the Romanian EEZ is indicated by
the magenta line.

The capacity factor is frequently used to assess the performances of a wind turbine,
this is defined as in Equation (5) [43]:

cf = % 5)

where Cf—capacity factor (%); P.—expected power to be generated by a turbine (MW);
and P;—rated power of a turbine (9.50 MW from Figure 2).
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Figure 9 presents such an analysis considering the performances of the Vestas V164-
9.5 wind turbine for the full-time distribution. Although the wind speed increases as we
go further from the shore, this is not the case for the Cf indicator that for example indicates
values of 28.50% for the point C40 (40.00 km from the shore), compared to values of 27.00%
for the eastern boundary of EEZ. For this turbine a maximum value of 29.12% is observed
near the point C80, being followed by C100 and D100/D120 with values close to 29.00%.
From the points located close to the shoreline, better performances are expected for the
Danube Delta (e.g., 24.62%), while from the southern part, the point I0 (Vama Veche) looks
more promising with 21.22%. The points located near the interface that separates the
shallow and deep waters (50 m) can be considered a promising candidate for a wind project
since (a) they are defined by a higher Cf ~28.00%; (b) they are located close to the shore
and in a lower water depth, which is in the line with the current European trends; and (c) it
is possible to develop either fixed or floating projects.

45.5

-2000 -500 -100

2

Latitude (°)

28.85 28.52) 2848 28.28 28.03 28.02

2849 2816 28.09 27.92 2762 2754

2817 27.92) 27.78 21.55 27.26 27.41

g 254882765 2821 28.07 2805 27.92 27.74 760 2728 26.89 26.72

43.5 L\ .
NIN27.35, 27.09 26.69 26.53

————— Water depth >50 m \-——'

28 29 30 31 32
Longitude (°)

Figure 9. Capacity factor (%) of the Vestas V164-9.5 turbine for the total time, corresponding to the
grid points located inside the Romanian EEZ. The results are evaluated at a hub height of 100 m, for
the time interval 2000-2019, by processing the ERAS5 (Uygg) data.

The annual energy production (GWh) is illustrated in Figure 10, these values corre-
spond to a single wind turbine, Vestas V164-9.5, which may operate in a particular point of
the grid. The top values are in the range 23.00-24.00 GWh, while a significant drop occurs
near the shoreline to a minimum of 16.32 GWh (approximately a 35.00% difference), these
values corresponding to the point HO. From the shallow—deep water interface, we can
highlight the points C40 (23.73 GWh) and E60 (23.57 GWh), while from the offshore the C
points located at the extremity of the EEZ indicate better results (e.g., C80—24.23 GWh).

The IAV index is also used to assess the energy production of the turbine for this target
area and the parameter analyzed over the 20 years is now AEP. In Figure 11 is provided
such an analysis, by considering the ERA5 wind data. The IAV increases from the onshore
to offshore areas, reaching a maximum value of 7.55% in the southeastern part of the target
area. These values also increase from north to south, reaching a minimum of 5.56% close to
the site A20, while near the shoreline the values go from 5.72% (A0) to 6.72% (I0). From
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all the sites, the J line indicates higher values (7.45 to 7.53%), a possible explanation being
related to the distance from the shore (>120.00 km) or the water depth (>1200.00 m).

45.5 P 1

-2000 -500 -100

o
e 445
o™ 23.89 2391 2385 2353 23.55
T
=
b
= 2370 2353 2333 23.31
-
2338 2323 2299 2292
2311 2293 2269 2256
21-21]23.01 7 23.47 ) 23.36 11 23.34 2297 2270 22.38 2224’
43.5

J 22.76, 22.54 2221 22.08

\___l

28 29 30 31 32
Longitude (°)

Water depth > 50 m

Figure 10. Vestas V164-9.5—annual energy production (in GWh) computed for the total time interval
considering the ERA5 (Ujgg) reanalysis data.
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Figure 11. Inter-annual variability (IAV) in the annual energy production for the Vestas V164-9.5
wind turbine. The results are computed for the total time interval considering the ERA5 (U;q)
reanalysis data.
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4. Discussion

A preliminary step in the development of a renewable project consists in the analysis
of the environmental conditions, the reanalysis data being capable to provide a more
complete picture of the wind conditions [44—46]. Compared to the general wind patterns
in the Black Sea, the Romanian coastal region is defined by more consistent wind energy
resources, at which we can add a lower water depth that is related to the continental
shelf [47]. Furthermore, the structure of the local seabed in the upper layers is mostly made
by sand and clay deposits [48], an aspect that needs to be considered in the selection of the
right type of wind turbine foundation [49].

The results presented in this work are built around the ERA5 data, and from the
analysis of the wind resources (Uygp) we notice that the wind speed increases from onshore
to offshore, regardless of the time interval considered. These results are encouraging, taking
also into account that near the Romanian coastline (on land) some important wind projects
already operate successfully. The most representative example is the Fantanele-Cogealac
wind farm (17.00 km from the Black Sea coast) that has an operational capacity of 600 MW.
More than this, if we look at the wind farms of Romania, more than 78.00% of the projects
are operating in the Dobrogea Plateau, which is next to the sea [50]. According to the IEC
classification [51], the wind turbines from classes II and III are more suitable for this region,
with better performances being expected during the wintertime when an average wind
speed of 9.00 m/s is usually expected.

In relationship with some other works [15,16,52], this represents one of the first studies
that evaluates the Romanian offshore wind energy potential using the new ERA5 data,
which is defined by 24 values per day, and furthermore the evaluation is linked to a hub
height of 100.00 m.

In the work of Cornett [53], several parameters are used to describe the temporal
variability in the marine resources. One of them is the coefficient of variation (COV), which
is defined as in Equation (6):

=T
cov (ulo) _ U(ulo(t)) _ 10 10 ©

pu(Uo(t)) Ui
where ¢ is standard deviation; y denotes the mean and the overbar is related to the time-
averaging. A zero value of COV indicates that there is no variability, COV (Ujp) = 1 denotes
that the standard deviation is equal to the mean value, while COV (Up) = 2 indicates that
the standard deviation is twice the mean.
The seasonal variability (SV) is another indicator, which is defined as in Equation (7):

_ o, — Uiog,

SV
U0,

@)

where Uy, and Uyg,, represent the mean wind speed being related to the most and least
energetic seasons. In this case, winter (December—January—February) and summer (June-
July—-August) represent the two extreme seasons, the first being the most energetic. In
the case of Uyo,,,, this was approximated as Uy, ~ $(Ug,, + Uiy, ), similar to the one
mentioned by Cornett [53].

Table 3 shows the distribution of the COV values, considering the ERA5 wind dataset.
In this case, the values increase from the nearshore points (0.46) to the offshore (0.50), being
observed some values of 0.51 in the southern part. The SV indicator is presented in Table 4,
where we can notice smaller differences. The values go from 0.30 to 0.41, much higher ones
being found in the offshore area, especially for the sites located in the southern part.
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Table 3. Distribution of the COV values indicated for the ERA5 data (Ujgg), considering the time
interval 2000-2019.

Line Distance to Shore (km)

0 20 40 60 80 100 120 140 160 180 200 220
A 0.47
B 047 048 049
C 048 049 049 050 050 0.50
D 047 049 049 050 050 050 050 050 0.50
E 047 049 050 050 050 050 050 050 050 050 050
F 046 048 050 050 050 050 050 050 050 050 050 050
G 046 048 050 051 050 050 050 050 050 050 050 050
H 046 049 050 051 051 051 051 050 050 050 050 050
1 047 050 051 051 051 051 051 051 050 050 050 050
] 050 050 050 050

Table 4. Distribution of the SV values indicated for the ERA5 data (Ujqp), considering the time
interval 2000-2019.

Line Distance to Shore (km)

0 20 40 60 80 100 120 140 160 180 200 220
A 030 0.32
B 032 033 034
C 0.34 0.35 0.35 0.36 0.36 0.35
D 033 034 035 036 037 037 037 036 036
E 034 035 037 038 038 038 038 037 037 036 036
F 0.33 0.35 0.37 0.38 0.39 0.39 0.39 0.38 0.38 0.38 0.37 0.36
G 034 036 038 039 039 039 039 039 039 038 038 037
H 035 037 038 040 040 040 040 040 039 039 038 038
I 0.36 0.38 0.39 0.40 0.41 0.40 0.40 0.40 0.40 0.39 0.39 0.38
] 039 039 039 039

Although the ERA5 data are frequently used to assess the renewable resources, due to
the lower resolution of the global model it is possible that for some seas surrounded by
complex orography (as for example is the Black Sea) underestimation of the wind speeds
to occur. Consequently, such underestimations can propagate as regards the wind energy
potential. The long-term variability in the resources estimated using COV and SV shows
that ERAS5 data indicate more stable conditions compared to the satellite measurements.

However, it has to be highlighted at this point that ERA5 Ujy winds were verified by
Belmonte and Stoffelen [54], showing rather large model errors near the coast. The model
wind data do not appear very reliable in coastal areas, particularly for enclosed seas. This
is probably due to the large diurnal cycle and the occurrence of low-level jets (LL]), which
are both not well captured by ERA5 [55]. On the other hand, the AVISO dataset is not a
perfect daily mean, like the average of the 24 values for ERA5. In fact, altimeter winds over
a day are determined by the local solar times of the contributing altimeter sample.

As the land-sea effects near the Romanian coast are substantial, the diurnal cycle
will determine the mean daily wind. Hence, this AVISO product appears not suitable to
verify the simulated gridded products. An altimeter does not measure the wind ata 10 m
height, but rather the ocean roughness, which may be related to the 10 m stress-equivalent
wind [56]. Furthermore, the altimeter speeds are sensitive to the mean squared slope (MSS)
of the ocean, and hence sensitive to the sea state which may be quite detrimental for coastal
validation. Some other limitations of the ERAS5 data for the energy assessments in the
coastal area are further presented in Belmonte and Stoffelen [54], and Kalverla [55].

Most of the reanalysis datasets are providing data at the standard height of 10 m,
which is suitable for meteorological applications, but to translate these values to a hub
height, an adjustment is required (e.g., logarithmic law, power law, etc). One element of
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innovation that defines the ERA5 data is that it directly provides wind data at a 100 m
height, considering that this is a reference height for the offshore industry [28,57].

In the work of Onea et al. [18], a similar analysis was carried out for the Romanian
EEZ, considering this time for evaluation an MHI Vestas V174 9.5 MW turbine. For the
present work, we considered to use the V164-9.5 MW system since all the information
needed to assemble the power curve is available in the public domain (e.g., rated wind
speed), which is not the case for the other system [58]. The present turbine is defined by a
lower capacity factor compared to the V174 9.5, which may reach a maximum of 35.00%
in the upper part of the EEZ, which is up to 6.00% compared to the one presented in this
study. The main explanation for this is related to the fact that the V174 9.5 wind turbine
has a lower rated speed, which makes it more competitive. These values are relatively
close to the capacity factor (36%) estimated for Romania and Bulgaria, exceeding those
corresponding to countries such as Italy (25-30%), Greece (29%) or Spain (31%), but far
under regions like the UK (53%) or Denmark (44%), where significant offshore projects
already operate [59].

5. Conclusions

In the present work, an assessment of the wind energy potential was carried out in
the Romanian EEZ, considering multiple datasets that cover a total of 20 years (2000-2019).
Special attention was given to the ERAS5 data since these are frequently used for renewable
applications. The results clearly show an increase in the wind conditions as going from the
land to the sea, which means that an offshore project could become a reality in this coastal
environment in the near future.

During the more energetic seasons, the average wind speed can frequently reach
8-9 m/s, values that are related to the IEC classes II and III. Taking also into account the
fact that in the southern part of the Romanian nearshore some important seaports are
located (for example Constanta harbor), this means that the logistic support required to
develop a wind project will be more accessible. On the other hand, higher wind resources
are characteristic in the northern part of the target area, where the capacity factor of the
wind turbine considered for evaluation (V164-9.5 MW) frequently indicates a value of
about 30%.

From this perspective, it can be concluded that the Romanian offshore wind sector
represents a viable alternative to the Romanian coal power plants that during recent years
gradually reduced their production capacity. The present work also opens some new
research ideas that need to be tackled soon, such as the assessment of the wind energy
potential by considering restricted areas, and to identify suitable wind farm layouts and
consider the fluctuations in the wind direction.

Per total, the Romanian coastal area can be considered a viable candidate for the
development of an offshore wind project having good wind energy potential, a large
continental shelf, and also Romania is a part of the European Union that aims to significantly
expand the offshore wind sector. It can be also highlighted that various projects are
targeting the development of offshore wind farms very soon in this particular coastal
environment, and for them the present study should be of great interest. The western
part of the Black Sea has important wind resources that need to be accurately quantified
to establish the expected performances of the offshore wind turbines. The first step is to
understand the limitations of the global reanalysis dataset and of the satellite measurements,
by making a direct comparison with in situ measurements. Regarding the Romanian EEZ,
it is expected that in future works we will also include some restricted areas (e.g., shipping
routes, protected areas), in order to identify the most suitable areas capable to support
a marine project. Finally, it is important to mention also that at this moment the ERA5
wind data are capable to provide a general perspective of the wind conditions over a long
time interval, being processed on a global scale. Nevertheless, there are now some other
wind datasets available with a higher resolution, which include meso- and micro-scaling
that can be used to evaluate the wind resources in the coastal environment. This is the
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case of the Global Wind Atlas [60] that is defined by a grid spacing of 3 km. For regional
simulations, the ERA5 boundary conditions are used to force the mesoscale model, but
at this moment the data available cover only the 10-year time interval 2008-2017. The
present work is ongoing and this type of data represents a valuable tool for the assessment
of the sites located near the coastline or onshore, where the topographic details become
more important in wind modelling. At this point it has to be also highlighted that aspects
of space and time sampling are relevant for observations, while they provide the only
absolute source of wind information. Model winds are affected by simulation artefacts,
such as varying observation input over time, diffusion of land-sea effects, diurnal cycle,
convection, etc. Extensive inter-calibrated and documented satellite records of winds are
publicly available in the EU Copernicus Marine Environment Monitoring Service, but
not considered in the present work. From this perspective, an important objective of the
future work is to complete the study related to the assessment of the offshore wind energy
potential in the Romanian exclusive economic zone with an extended analysis of these
scatterometer winds.
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