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Abstract

:

At the European level, offshore wind projects are already considered a competitive market. Nevertheless, this is not yet the case of the enclosed sea basins, such as the Black Sea, where no offshore wind farm is operating at this moment. From this perspective, the objective of the present work is to identify the most suitable sites where a wind project can be developed in the Romanian coastal areas. Various parameters, such as wind speed, water depth, distance to shore, and turbine performance, are considered. A picture of the local wind characteristics is first provided considering 20 years of reanalysis data, which cover the time interval from January 1998 to December 2017. The results indicated that the best sites to implement a wind project are located in the northern sector of the Black Sea, close to the Danube Delta. It was also noticed an important variation of the wind speed between onshore and 20 km offshore, for which an increase of about 55% was estimated.






Keywords:


Romanian coastal areas; renewable energy; offshore wind; turbines; reanalysis data












1. Introduction


The energy future represents a permanent point of debate, especially in the EU (European Union) countries, which constantly establish objectives and performance criteria. The current objectives and performance criteria are focused on the interval 2020–2030. In general, the discussions are carried out around the same topics that involve global warming, energy security strategy, or the dependency on fossil fuel energy consumption [1]. One way to support these measures is to identify and use new renewable sources of energy, such as the ones from the marine environment, where it is possible to develop large-scale projects.



One of the most affordable sources of energy seems to be offshore wind, where new technical solutions have already been proposed, such as the emerging floating platforms able to be deployed in deep water areas [2,3,4]. The investments and the technological innovations accounted by this sector are also visible in the price of the energy produced. Thus, it is estimated that, for the first time, the offshore wind power is now cheaper than the nuclear power [5]. At the end of the year 2017, the European market was defined by a total capacity of 15.8 GW, from which almost 3.1 GW were added only in 2017 (including the first floating wind project). Furthermore, 11 other offshore projects are under construction. This will increase the existing market by 2.9 GW, and it is expected that the total installed capacity will be close to 25 GW by 2020. On average, the existing wind farms are deployed in water depth around 27.5 m, while the distance from the shore is about 40 km. Almost 98% of all capacity can be found in the UK, Germany, Denmark, Netherlands, and Belgium [6].



However, at this moment, it seems more economically viable to invest in onshore wind projects, although the offshore projects generate more electricity. If we look at the onshore projects from Germany (for the year 2018), it is estimated that it is necessary to invest between 1500 EUR/kW and 2000 EUR/kW in order to obtain a levelized cost of electricity (LCOE) between 4 and 8.2 €cents/kWh. On the other hand, in the case of the offshore projects, we may expect LCOE values between 7.5 and 13.8 €cents/kWh, which are influenced by the higher investment and installation costs that may reach a maximum value of 4700 EUR/kW. Nevertheless, if we look on medium- to long-term predictions (year 2035), it is expected that the offshore LCOE values will significantly decrease until a minimum value of 5.67 €cents/kWh, which indicates that this sector is expected to have similar or better performances than the onshore wind projects [7].



There is a definite interest to develop wind projects in different coastal areas that are defined by important wind energy resources [8,9,10]. If we discuss Europe, a special attention needs to be given to the enclosed seas. Thus, in a study by Onea et al. [11], a general analysis of the wind resources from the Mediterranean Sea was carried out, including the evaluation of the performances of a wind turbine defined by a 3 MW-rated power. According to these results, the best sites to develop a wind project are located in the west side of the basin (the Levantine Basin), the north (Adriatic Sea), and close to the French coasts. The wind resources from the Mediterranean region were also evaluated in Balog et al. [12], where a hotspot located in the vicinity of the French area was identified. In a study by Satir et al. [13], several wind farm configurations that may operate in the Aegean Sea were proposed. According to these results, to develop such projects will be profitable, and even better results are expected than in the case of Germany, France, or Belgium.



The Black Sea coastal environment seems to represent a point of attraction for the onshore wind farms, taking into account the large number of projects developed in this area. For example, in the case of Romania, almost 78% of the existing wind turbines are concentrated in the Dobrogea Plateau, which is located near the Black Sea. These values also include one of the largest onshore wind farms from Europe, namely, the 600 MW Fantanele-Cogealac project [14]. A total installed capacity of 946 MW was reported for the coastal regions of Turkey (at the end of 2013), while almost 5% of this capacity is located close to the Black Sea coast [15]. A possible explanation or this small percentage is related to the fact that almost 14.3% of the total wind energy is linked to the Black Sea, compared to 43.9% estimated for the Marmara Sea [16].



At this point, it must also be highlighted that most of the existing studies focused on the Black Sea are describing the wind conditions from a meteorological or a climatological point of view [17,18,19,20]. An offshore wind atlas was designed for this area based on 37 years of reanalysis data processed for the height of 50 m above the sea level [21]. Although a complete image of the wind power is provided for this area, it is important to mention that most of the offshore wind turbines operate at a hub height of minimum 80 m [22]. The performances of some state-of-the-art wind turbines were recently discussed for several reference sites distributed along the entire Black Sea coastline [23,24,25]. Thus, the rated capacity of the selected wind turbines varies from 3 MW to 9.5 MW, covering the existing operational systems and the new generation turbines expected to be implemented in the near future. During the winter time (December-January-February), the best performances are encountered, with more promising results being noticed close to the Crimea Peninsula and in the north-west region. Another important finding is that, compared to some other European sites where wind projects operate (or are planned to be implemented), the best wind resources from the Black Sea do not indicate higher values. Some other studies suggest that significant wind resources can be found in the Azov Sea [26]. A study by Rusu [27] presents a complete description of the wind resources in the western part of this basin, based on the analysis of the data corresponding to the 30-year time interval from 1987 to 2016, by considering wind fields (at 80 m height) from the US National Centers for Environmental Prediction. For the sites located in this area, close to the shore, the average wind power is estimated to be between 107 W/m2 and 555 W/m2, with more important resources being noticed close to the Danube Delta and Odessa region. However, in that work, the expected performances of some wind turbines were not taken into account.



Finally, by summarizing the existing literature review focused on the Black Sea coastal areas (either nearshore or offshore), we may notice that the studies focused on the electricity production expected from the wind resources are quite limited, which seems to represent a gap. Therefore, the aim of the present work is to identify the performances of some offshore wind turbines that may operate close to the Romanian coastal areas. From this perspective, the following research questions will guide the present work: (a) What are the differences between the onshore and the offshore wind resources; (b) how the wind varies from north to south; (c) what is the best site to develop a wind project; (d) what type of European offshore wind project will be more suitable for the Romanian coastal areas.




2. Materials and Methods


2.1. Target Area


The Black Sea wind climate is influenced by the action of the continental, marine tropical, and polar air masses. The impact of the polar air masses (coming from north and northeast) is more visible during the winter season, when low temperatures and frequent storms may occur in this region. Also, it is estimated that the joint evolution of the North Atlantic Oscillation and El Nino-Southern Oscillation systems influence the storm occurrences over the Mediterranean area, and one of the effects is the increase of the wind conditions in the Black Sea during the winter time. In general, it is considered that the western part of the Black Sea is defined by more important wind resources, with average wind speed values of 8 m/s during the winter [28].



The Romanian Exclusive Economic Zone (EEZ) is defined by an area of 22,486 km2 and by a territorial sea of 4084 km2, which is associated to 5.3% of the entire Black Sea coastline. It is estimated that almost 4.5% of the Romanian population lives in this coastal region, which can be divided in two sectors: (a) The northern part-the Danube Delta Biosphere Reserve and the sector between Musura Bay and Cape Midia (162 km); (b) the southern part between Cape Midia and Vama Veche, mainly known for its touristic and economical activities [29]. More details about the target area considered are presented in Figure 1, where several reference sites are also defined for assessment.



The reference sites considered in this work are located onshore (along the coastline), being distributed along the entire Romanian coastal area. In the northern sector, the selected sites were Sulina, Saint George, Jurilovca, and Vadul, and also included the Fântânele-Cogealac Wind Farm, located approximately 17 km from the Black Sea shoreline. The southern sector includes the remaining sites: Navodari, Constanta, Costinesti, Mangalia, and Vama Veche. In order to assess the variation of the wind resources from the shore to offshore, several distances from the coast were considered for investigation (20 km, 40 km, 60 km, 80 km) for each onshore site (excluding Fântânele-Cogealac site). Figure 2 illustrates the associated water depths of these sites according to the data presented on the Geoplaner website (https://www.geoplaner.com/), for which an average value of 41.8 m is noticed. The following depth intervals are noticed: 20 km offshore–30.6 m and 51 m; 40 km–25.5 m and 58.5 m; 60 km–21 m and 77.2 m; 80 km–55.9 m and 88.9 m. Compared to the year 2018, the European offshore wind industry was defined by an average water depth of 27.1 m and a distance from the shore of 33 km, which decreased from 41 km, as it was in 2017. It must be noticed that the farthest projects from the shore (103 km) are the Hornsea One (UK) and EnBW Hohe See (Germany), while the project Kincardine Pilot (Scotland-floating project) is associated to a 77 m water depth and a 15 km distance to the shore [6]. Considering this, it seems that a floating project will be more suitable for the Romanian environment, taking into account that even the sites located at 20 km or 40 km offshore are defined by relatively high water depths.




2.2. Wind Dataset


The present work involves the wind fields provided by the ERA-Interim database, which is a project maintained by the European Centre for Medium-Range Weather Forecasts (ECMWF). This reanalysis project covers various meteorological parameters reported on a global scale from 1979 to the present [30,31]. Nevertheless, in this work, only the 20-year time interval from January 1998 to December 2017 was processed for the Romanian sector. The wind speed is evaluated at 10 m height (above the sea or the ground level), being defined by a spatial resolution of 0.125° × 0.125° and a temporal resolution of 6 h (four values per day, 00-06-12-18 UTC, respectively). At this point, it is important to mention that from the comparison carried out with some in-situ wind measurements performed in the northwestern part of this basin (including Romania), it seems that the local wind speeds lower than 7 m/s are overestimated by the ERA-Interim dataset, while those higher than this threshold are underestimated [32]. To assess the wind conditions at a 10 m height (U10) might be suitable from a meteorological point of view [33], but for a renewable project, it is more appropriate to assess these resources at a height of 80 m [22,34], since this height represents the minimum level at which an offshore wind generator usually operates. In order to make this adjustment, the following Equation can be considered [35]:


U80=U10⋅ln(z80z0)/ln(z10z0)



(1)




where U80 is the wind speed at 80 m height of (z80); U10 represents the initial wind conditions at 10 m (z10), while z0—is the roughness factor (calm sea surface—0.0002 m; open agricultural area—0.03 m) [36].



Besides the wind speed, another way to assess the wind energy potential of a particular site is by considering the wind power density (WPD—in W/m2). This can be expressed as [35]:


WPD=12ρairU803



(2)




where, ρair—is air density and U80—wind speed at 80 m height.




2.3. Wind Turbines


For the present work, three different wind turbines will be considered for the wind energy assessment, as shown in Table 1 and Figure 3. The system GE Energy 2.5xl is designed to operate only on land. Therefore, this generator will be used to assess the performances of the onshore sites. The SWT-2.3-93 and Areva M5000-116 turbines are frequently used in the existing offshore wind farms, and as a consequence, their performances will be considered for the marine sites. Some turbines are defined by a broader range of hub heights at which they can operate, and in order to simplify the present work, the highest hub height is considered (the underlined values). The Areva M5000-116 turbine has the highest rated power (5 MW), but it is designed to operate at a hub height of 90 m, compared to the other two turbines that do not exceed 2.5 MW, but are associated to a hub height of 100 m. Nevertheless, the Areva M5000-116 wind turbine is defined by the lowest rated speed value, which, when combined with the rated power, will definitely lead to a higher power production.



The Annual Electricity Production (AEP) of a particular wind turbine can be estimated as [41]:


AEP=T×∫cut−incut−outf(u)P(u)du



(3)




where AEP is expressed in MWh, T—represents the average number of hours per year (8760 h/year), f(u)—is the Weibull probability density function, P(u)—the power curve of a turbine, cut-in/cut-out—the turbine characteristics.



The Weibull probability density function, can be expressed as follows [42]:


f(u)=(kc)(uc)k−1exp[−(uc)k]



(4)




where u—is the wind speed; k—the shape parameter; c—is the scale parameter (in m/s).



One way to estimate the reliability of a particular system (wind turbine or Wave Energy Converter) is to evaluate the capacity factor (Cf), which is defined as [24]:


Cf=PturbinePrated⋅100



(5)




where Pturbine—represents the electric power expected to be generated by each system and Prated—the rated power of each generator.





3. Results


3.1. Analysis of the Wind Resources


Figure 4 provides a first analysis of the offshore wind conditions in the Romanian coastal environment. From the analysis of the parameter U80 (Figure 4a), we may notice that, from the onshore sites, the best wind resources correspond to Sulina (6.6 m/s) and Vama Veche (6.4 m/s), which are closely followed by Jurilovca with 6.3 m/s. As we go to the offshore areas, we may notice smaller variations between the sites considered, with the values encountered being in the ranges: (6.4–6.9) m/s (20 km offshore); (6.6–7.3) m/s (40 km); (6.8–7.2) m/s (60 km) and (7–7.3) m/s (80 km).



Nevertheless, we can notice that the site Saint George (40 km) seems to represent the best location for a wind project, taking into account that it indicates a similar value of the parameter U80 with the one indicated by the Jurilovca site (80 km). A similar analysis is illustrated in Figure 4b, where this time, the WPD parameter is considered. More important differences are noticed as we go from onshore to offshore (20 km), especially in the case of the sites located in the central area. In Figure 4c, the variation of the parameter WPD relative to the onshore sites is presented, and the estimation is made from the onshore sites (associated with zero values) to offshore. WPD was considered for this analysis since it illustrates clearer the wind power variations.



For the sites Sulina and Vama Veche, the values of the WPD variation oscillate in the ranges (9.33–22.63)% and (9.74–26.96)%, with these values being significantly smaller compared to other sites. A maximum value of 66.07% is expected for the Navodari site. This value gradually increases from 55.85%, as it is reported near the shore (20 km). The sites Constanta and Costinesti also show maximum variations that exceed 60% (at 80 km), compared to 49.93% corresponding to Mangalia. In the case of Saint George, the sites located between 40 km and 80 km offshore constantly indicate values around 44%.



The above observation suggests that in this area, an offshore farm is not more efficient than one closer to shore. Going from north to south (Figure 4d), the WPD variations were associated to the maximum values indicated per each depth column (0 km, 20 km, etc.). The onshore sites present more important values, with an expected decrease of the wind resources of 139.2% in the case of Navodari site, while a minimum of 4.79% is related to the Vama Veche site. Considering the Saint George site as a reference, from the offshore sites located between 20 km and 60 km, it can be expected a decrease of the wind resources in the range (6.9–32.52)%. For the sites located at 80 km, the WPD variations do not exceed 10%, with noticed minimum values of 0.29% and 0.41% compared to Jurilovca site, while a 4.03% and 5.58% may be expected in the other sites from this sector.



The Weibull probability distribution is presented in Figure 5 for some reference sites, from which it can be noticed that Navodari presents a particular distribution defined by λ = 5.51 and k = 2.17. The rest of the sites have wind conditions in the range (15–20) m/s that will significantly increase the power output of an offshore wind turbine. Another important aspect is that none of the sites indicate wind conditions higher than 25 m/s, which represents the cut-out threshold for most of the existing offshore wind generators.




3.2. Assessment of the Wind Turbine Performances


Figure 6 illustrates the downtime values computed for the wind turbines, considering only those values located below the cut-in limit of each system. For the onshore sites, only the GE Energy 2.5xl turbine was considered (Figure 6a), while for the offshore locations (Figure 6b,c), the SWT-2.3-93 and Areva M5000-116 generators were evaluated. Regarding the onshore sites, the highest inactivity period is noticed close to Navodari (30.16%), being followed by Constanta (25.1%) and Costinesti/Vadul with 24.3%.



On the other hand, this wind turbine will perform better close to Sulina (16.29%), and also near Vama Veche (17.17%) and Jurilovca (17.59%). As for the marine sites, we may notice small differences between the two offshore sites, although they have the same cut-in limit (4 m/s), but different operating hub heights. In the case of SWT-2.3-93, better performances are expected offshore because, in general, the downtime values do not exceed 20%. For the Saint George location, the most appropriate site for a project development is close to the shore, in particular, at a distance of 40 km, where a minimum value of 18.52% is expected. In general, the differences between the sites are relatively small (<3%), and it is expected that a project operating close to Sulina at 20 km will have the same downtime window as the site located at 80 km offshore. A similar pattern is replicated by the Areva M5000-116 turbine, which indicates values in the range 18.86% (Jurilovca-80 km) and 22.96% (Navodari-20 km).



According to the previous results, two sites stand out in terms of the wind energy, namely Sulina (onshore) and the Saint George (40 km offshore). Taking this into account, in Figure 7, it is presented the distribution of the AEP index associated to the four main seasons: Winter (December-January-February), spring (March-April-May), summer (June-July-August), and autumn (September-October-November). For the GE Energy 2.5xl and SWT-2.3-93 systems, the expected electricity output is in the range (827–1934) MWh, with an estimated average output of 1380 MWh. Regarding the Areva M5000-116, better performances are expected during the winter time when a maximum of 4710 MWh may occur, followed by Spring with 3003 MWh. This system generates, on average, around 3340 MWh per season, while lower performances are expected during the summer.



Figure 8 illustrates the variation of the AEP production, this time, considering the monthly fluctuations (in %) associated to the annual output, where the results are grouped in two main intervals: October–March (six months) and April–September. The differences between the sites considered and the wind turbines are quite small, although it should be noted that the SWT-2.3-93 generator seems to present slightly higher variations. Nevertheless, during March and September, the other two turbines indicate higher variations.



During the interval from December to February, the variations are in the range (38.32–46.53)%, the percentage decreasing until 18.97% and 21.8% for March and November, respectively. From this group, during October we expect a minimum of 11% for the Areva M5000-116. As for the interval April–September, a maximum variation of 42.5% is expected for July, compared to only 7.6% indicated in September.



The distribution of the capacity factor computed for all the sites considered is presented in Figure 9. By looking at these values, it can be noticed that the turbines selected do not exceed 30%, while for the marine sites, SWT-2.3-93 has better performances.



The capacity factors computed for the onshore areas present values in the range (11.54–25.18)%, with the Navodari site being considered the less attractive solution for a wind project. For the SWT-2.3-93 system, the Mangalia site (20 km) with 28.65% exceeds the values for all the sites located at this distance from the shore, as well as also for most of the marine sites located at 40 km and 60 km. The sites located at 80 km offshore indicate for this system values around 29%, except Navodari, where a value of 27.7% is indicated.



Areva M5000-116 is defined by the highest rated power, and also reports a higher capacity factor. For the 20 km limit, we expect a maximum of 32.14% close to Mangalia, while for the 40 km limit, the sites located in the north (Sulina and Saint George) are more interesting. Going to 60 km offshore, we expect lower values for the sites located in the middle of this area (Vadul, Navodari and Constanta), while at the distance of 80 km, the results are more homogenous, indicating a maximum value of 33.34% close to Jurilovca.





4. Discussion


At this moment, several aspects need to be discussed, and one of them is related to the accuracy of the ERA-Interim model to estimate the wind conditions over the land-water interface. By looking at the results presented in Figure 10, we can notice that there is a clear distinction between the two areas, with those corresponding to the offshore area indicating higher values. The wind speed interval between 4.4 m/s and 5 m/s seems to represent the transition between the land and water areas, with expected values close to 6.5 m/s in the offshore regions. The reanalysis models seem to be suitable for the Black Sea environment, and this aspect is also reflected in one of the reports related to the ACCWA project (http://193.231.148.42/accwa/assets/pdf/raport_stiintific_ACCWA2017en.pdf), which is focused on climatological studies.



The smooth transition between land-nearshore-offshore is reflected much better in Figure 11, which is designed considering the entire dataset. From the analsysis of the onshore sites (0 km), we can notice that the profile changes as we go from north to south, with the group sites Vadul, Navodari, Constanta, and Costinesti being defined by a lower occurrence of the wind conditions that exceed 9 m/s. Since all the sites are located in the same area, the wind direction is similar for all of them follows the northeast-southwest axes. The 10% threshold seems to define the local wind roses, and smaller variations along this limit can also be noticed.



By looking at the previous results, it was noticed that significant variations occur between the references sites. A possible expalantion for this situation may result from a meteorological/climatological analysis that involves the monthly (MV), seasonal (SV), and annual (AV) variations. The following Equations were used to assess the MV, SV, and AV indexes [17]:


MV=PMmax−PMminPaverage, SV=PSmax−PSminPaverage, AV=PAmax−PAminPaverage



(6)




where PMmax—the most energetic month; PMmin—the least energetic month; Paverage—the average value of the entire dataset; similar for the season and annual variations.



According to the results presented in Figure 12, the seasonal and monthly variability indexes present similar values, while in the case of the annual index, lower values are noticed. From the onshore sites, a much higher seasonal variability is observed in the middle of this target area, more precisely, close to Navodari site, where a minimum value of 0.33 occurs. As we go offshore, the values gradually increase, reaching a maximum of 0.43–0.46 in the vicinity of the sites located aproximately 80 km from shoreline. A lower value of 0.41 may be expected in the case of the seasonal index, especially in the case of the sites located in the southern part. By looking at the annual variability, we may notice that the sites located in the north (Sulina and Saint George) present lower fluctuations. Usually, these sites are indicated as more energetic, and this may represent a possible explanation. Maximum values of 0.15 and 0.16 are accounted by the sites Mangalia and Vama Veche, regardless of the reference point taken into account.



An analysis of the parameter U80 in the nine onshore sites (P1–P9) located along the Romanian shoreline is presented in Figure 13, considering the wind conditions at the Cogealac site, where a major wind farm operates (600 MW), as a reference. According to these results, computed only for the data located between the cut-in and cut-out values of the GE Energy 2.5xl system, the onshore sites selected indicate better wind conditions than the ones estimated at the Cogealac site (5.8 m/s).



In the top three sites, we can notice Sulina (7.5 m/s), Vama Veche (7.3 m/s), and Jurilovca (7.2 m/s), compared to 5.9 m/s corresponding to Navodari or 6.2 m/s indicated for the sites Constanta and Costinesti.



Since, at this moment, there are no offshore wind farms operating in the Romanian nearshore, another objective will be to establish what type of project would be suitable for this environment. By comparing the average wind speed (U80) estimated for some European marine wind projects with the resources reported near the site Saint George (20 km offshore), it is possible to identify the top nine projects presenting relatively similar values. The initial screening of the results was made by considering a total number of 171 projects (operational or still under construction) developed in the coastal waters of France, Netherland, and Denmark [43]. Figure 14a illustrates these differences, from which we notice that the Saint George site presents similar values with the ones from ENOVA (Germany) and much higher than the sites Fecamp (France) and Irene (Netherland).



For the remaining sites, Saint George shows smaller values, with expected differences of 0.33 m/s and 1.17 m/s corresponding to the projects Levenmouth (United Kingdom) and EolMed (France). More details about the sites selected are provided in Figure 14b, considering the project capacity and the latitudes of the sites. In terms of latitude, only the projects EolMed and Gulf Lion are located at a similar latitude as Saint George, while the other sites are located between 52.6° and 56.2° N. The project capacity may be more relevant, from which we notice that the values estimated are quite low, being associated with pilot projects or testing sites located in the range 4.5–24.6 MW. More consistent projects are Teeside with 62.1 MW and Westermeerwind with 144 MW, and also the case of Parc Fecamp project that indicates a maximum of 498 MW and which seems to be characterized by lower wind resources than Saint George.



Regarding the water depth and the distance from the shore (Figure 14c), we notice that the Saint George site stands out with higher values, being exceeded only by the projects ForthWind and Gulf Lion that exceed, however, a water depth of 72 m. Most of the projects are grouped in the water depth ranging from 2 m to 18 m, while regarding the distance from the shore, we can mention the interval 0−1.8 km. The project Gulf Lion is located at distance of 13 km, while the site EolMed is at 15 km.




5. Conclusions


In the present work, an assessment of the offshore wind resources characterizing the Romanian coastal sector was carried out. The performances of some state-of-the-art wind generators were also taken into account. By processing the ERA-Interim wind data covering the 20-year time interval from January 1998 to December 2017, it was possible to identify the most promising sites in terms of the wind potential. Furthermore, the evolution of some relevant wind parameters was quantified in a concise way. Since, at this moment, the in-situ measurements are quite limited in this area, the use of the reanalysis data seems to represent one of the best solutions to provide a more complete picture of the local wind characteristics. Another limitation can be considered the fact that only four data per day are available, and thus, it is impossible to highlight some events, such as the diurnal/nocturnal fluctuations of the wind.



Regarding the original research questions, the outcomes of the present work indicate that:




	(a)

	
The offshore wind resources appear to be more consistent than onshore, with expected maximum variations of the wind energy of about 55.85% between the shoreline and the 20 km interval;




	(b)

	
More important wind resources are noticed in the northern region close to the Danube Delta. On the other hand, more significant variations are expected in the central part of the target area, especially in the case of the onshore sites, where a maximum decrease of 139.2% was noticed (close to Navodari). As we go offshore, the wind conditions are more homogenous, with an expected maximum fluctuation of 10% at 80 km offshore;




	(c)

	
With regards the onshore sites, the best site to develop a wind project is Sulina (0 km), while for the offshore sites, the area in the vicinity of Saint George seems to present a good potential. The Mangalia site, located at 20 km from the shore, is also included in this category;




	(d)

	
From the comparison with some other European sites, it seems that, at this moment, for the Romanian area, it will be more suitable to develop a pilot project or testing areas, involving only a limited number of turbines.









Besides these aspects, another issue seems to be related to the high water depth corresponding to the Romanian sites. This issue can be easily overcome taking into account that the new generation of offshore wind turbines, also including the floating platforms, is designed especially for such environments. More than this, since the Black Sea is an enclosed basin, the extreme wave conditions are less severe than in the coastal areas facing the ocean environment, and for this reason, the survivability of the wind turbines will be less affected. Overall, the present work indicates that the Romanian coastal environment could successfully support an offshore wind farm using the expertise accumulated by the local onshore industry, where major projects are already operating.
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Nomenclature




	AEP
	Annual Energy Production



	ECMWF
	European Centre for Medium-Range Weather Forecasts



	EEZ
	Exclusive Economic Zones



	EU
	European Union



	f(u)
	Weibull probability density function



	LCOE
	levelized cost of electricity



	P(u)
	power curve of a turbine



	T
	average hours per year (8760 h/year)



	U10
	wind speed reported at 10 m above sea level



	U80
	wind speed associated to 80 m height above sea level



	z0
	roughness of the sea surface



	z10; z80
	reference heights
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Figure 1. The Romanian coastal area and the onshore reference sites considered for assessment (map from Google Earth, 2019). 
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Figure 2. Variation of the water depth for each site considering various distances from the shore (0 km, 20 km, 40 km, 60 km, and 80 km). 
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Figure 3. Power curves of the GE Energy 2.5xl, SWT-2.3-93 and Areva M5000-116 wind turbines considered for evaluation. 
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Figure 4. The spatial distribution of the wind parameters, considering the ERA-Interim data for the time interval from January 1998 to December 2017. The results are indicated for: (a) U80 parameter-average values; (b) WPD parameter-average values; (c) WPD variations-onshore to offshore; (d) WPD variations-north to south, considering the maximum value (per each column) as a reference. 
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Figure 5. Weibull PDF distributions indicated for some reference sites, considering ERA-Interim data reported for the time interval from January 1998 to December 2017. 
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Figure 6. Downtime period of the wind turbines (%), considering the wind values located below the cut-in speed of: (a) GE Energy 2.5xl; (b) SWT-2.3-93; (c) Areva M5000-116. 
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Figure 7. Seasonal distribution of the capacity factor (average values), corresponding to the sites Sulina onshore (0 km) and Saint George (40 km from the shore). 
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Figure 8. Monthly AEP variations considering as a reference the total time average values, indicated for Sulina onshore (0 km) and Saint George (40 km from the shore). 
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Figure 9. Capacity factor corresponding to: (a) GE Energy 2.5xl; (b) SWT-2.3-93; (c) Areva M5000-116. 
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Figure 10. The spatial distribution of the average U10 (m/s) over the Romanian coastal area. Results computed for the 20-year time interval from January 1998 to December 2017. 
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Figure 11. Wind roses (U80 parameter) reported for the full-time distribution, considering the ERA-Interim dataset processed for the 20-year time interval from January 1998 to December 2017. 
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Figure 12. The variability of U10 from the ERA-Interim database computed in each site: (a) Monthly variability; (b) seasonal variability; (c) annual variability. 
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Figure 13. Direct comparison of the U80 parameter (average values) between the conditions corresponding to Fantanele-Cogealac farm site and the nine onshore sites defined along the Romanian coastal environment. Results available for the 20-year time interval from January 1998 to December 2017, considering only the data between the cut-in and cut-out values of the GE Energy 2.5xl system. 






Figure 13. Direct comparison of the U80 parameter (average values) between the conditions corresponding to Fantanele-Cogealac farm site and the nine onshore sites defined along the Romanian coastal environment. Results available for the 20-year time interval from January 1998 to December 2017, considering only the data between the cut-in and cut-out values of the GE Energy 2.5xl system.



[image: Jmse 07 00142 g013]







[image: Jmse 07 00142 g014 550]





Figure 14. Direct comparison between the wind conditions reported close to the Saint George area (20 km offshore) and some European wind projects. The projects under construction are marked with the asterisk symbol (*). Results indicated for: (a) U80 differences considering Saint George as a reference; (b) associated project capacities and latitudes; (c) associated distance to shore and water depth. Results available for the 20-year time interval from January 1998 to December 2017. 
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Table 1. Main specifications of the wind turbines considered for evaluation.
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	Turbine
	Rated Power

(MW)
	Cut-in Speed

(m/s)
	Rated Speed

(m/s)
	Cut-out Speed

(m/s)
	Hub Height

(m)
	Reference





	GE Energy 2.5xl
	2.5
	3.5
	13.5
	25
	75–100
	[37]



	SWT-2.3-93
	2.3
	4
	13.5
	25
	80–101
	[38,39]



	Areva M5000-116
	5
	4
	12.5
	25
	90
	[40]
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a) GE Energy 2.5xI (onshore) b) SWT-2.3-93 (offshore)
suina [ 25.18 2582 | 2743 | 2824 | 29.07
Saint George | 19.71 27 | 2973 | 2948 | 29.08
Jurtovea | 22.46 2341 | 2562 | 2799 | 2976
Vadul 9 2285 | 2445 | 2664 | 2858
Navodari | 11.54 2253 | 2391 2 27.7
Constanta | 14.15 2325 | 2461 | 2657 | 2865
Costinesti | 14.25 2433 | 2582 | 275 | 29.46
Mangalia | 17.98 2865 | 2589 | 27.46 | 29.44
Vama Veche | 23.73 2437 | 2566 | 271 | 287
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Mangaia | 32.14 | 2012 | 30.84 | 3296
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