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Abstract: The objective of this present work is to provide a more comprehensive picture of the wind
conditions corresponding to some important European marine energy sites by considering both
historical (1979–2020) and climatological data (2021–2100). As a first step, the wind energy profile
of each site is assessed using some statistical methods (e.g., Weibull parameters) and some relevant
indicators for the wind sector, such as the downtime period (<3 m/s). Since the offshore industry
evolves very quickly, another objective of this work was to assess the performances of some large-scale
wind turbines defined via capacity productions in the range of 15–25 MW. In terms of the capacity
factor, the estimated values frequently exceed 60%, reaching a maximum of 76% in some cases, in
line with the expected outputs of the new wind generators. In the final part of this work, several
aspects are discussed, among them being the accuracy of the RCPs datasets or the current trends
involving the wind sector. The offshore wind sector represents an important pillar of the European
green market, which means that the future generation of wind turbines will play an important role in
the consolidation of this sector and, eventually, in the expansion to new coastal areas.

Keywords: Europe; coastal areas; wind energy; ERA5; RCP scenarios; offshore turbines

1. Introduction

When discussing the energy sector, we note that the production of electricity is re-
sponsible for most greenhouse gas emissions. Nevertheless, a green energy future can
be obtained from renewable sources [1], the philosophy promoted on the European level
through the European Green Deal. This programmatic document aims to efficiently use
all the available sources to obtain a 55% attenuation of greenhouse emissions by 2030
(compared to 1990) and finally to cut all the emissions by 2050 [2]. Various programs are
developed under the Green Deal umbrella, this being the case of REPowerEU aiming to
contribute to a smooth transition to a green future [3].

Taking into account that Europe has a large sea space, special attention is given to the
use of marine renewable energy that can be provided from various sources, such as waves,
wind, tides, or marine biofuels [4]. Offshore wind is a mature sector; it is expected that this
will become the number one source of electricity in Europe by 2042. According to the Green
Deal targets, the offshore wind market can grow to a capacity of 380 GW by 2050, most of
the projects (85%) being located in the Northern European Seas, where more significant
wind resources are available. These plans can be achieved by taking into account that,
at this moment, the electricity provided via offshore wind is cheaper than the one from
gas-fired or nuclear power plants. The capacity factor of the new projects goes up to 50%,
while the next-generation wind turbines will reach capacities of 20–25 MW and hub heights
up to 200 m [5–7]. By looking at the global offshore market (for the first half of 2021), we
can notice that Europe is still a leader, with more important projects being located in the
UK (10.4 GW) and Germany (7.7 GW). For the first time, China is in second place with an
installed capacity of 7.9 GW, with offshore projects of 5.4 GW under construction. In total,
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the projects implemented in the marine areas vary from 0.2 to 1.4 GW, being based on wind
turbines that reach a rated capacity of 9.5 MW [8].

A suitable way to identify future changes in offshore wind conditions can be made
using the datasets based on the Representative Concentration Pathway (RCP) scenarios [9].
The most common ones are RCP2.6, RCP4.5, RCP6, and RCP8.5, being related to the
expected increase in the radiative forcing by the end of 2100, with values in the range of
2.6–8.5 W/m2. Moreover, in the case of RCP4.5 (weak warming), it is supposed that the
peak in the CO2 emissions will be reached near 2040, while according to RCP8.5 (strong
warming), the emissions will continue to grow the entire 21st century and afterward [10].
The occurrence of the RCP wind data attracted the attention of many scientists, especially
those focused on European regions. For example, in the work of Davy et al. [11], special
attention was given to the Black Sea, with the wind conditions being evaluated for the
interval of 2021–2090. According to these results, the north-western part of this region
presents the best wind resources, a good fit noticed between the seasonal fluctuations and
the energy demand. Also, it was indicated that the wind resources from this basin will be
less affected by future climate changes compared to other areas in Europe. These results
are confirmed also by the work of Islek and Yuksel [12], which indicates more energetic
resources for RCP4.5 (compared to RCP 8.5), i.e., expected wind power in the range of
(9–319) W/m2 (south-east and north-west of the basin).

The North Sea wind dynamics were assessed in Rusu [10] for the near and distant
future (2021–2060 and 2061–2100). The RCP data indicate more significant wind resources
near the north-western part of this region (UK coasts), with an expected increase in the
higher wind speeds that exceed 30 m/s. In Susini et al. [13], the North and Irish Seas
were considered for assessment, along with the wind climate evaluation included in the
performances of several offshore wind turbines. For example, by the end of the 21st century,
all the wind projects taken into account will reduce their electricity performances by 2%.
It is expected that in the case of a large wind turbine (8 MW Vestas), this decrease will be
close to 3%. For example, the performance of the Humber Gateway project will be reduced
by 2%, followed by Burbo Bank at 1.7%, while smaller values (<1%) are associated with
the Nordsee One and Dan Tysk projects. In Martinez and Iglesias [14], the entire European
region was considered for analysis, where, regardless of the climate scenario considered,
higher wind resources are expected near Finland (+30% in the west). In contrast, the wind
energy potential will decrease (down to 35%) in areas like the Central Mediterranean,
northern Europe, or the upper European Atlantic Ocean (Ireland, Iceland, and Britain).
These changes are expected to become more visible in the time frame of 2056–2065, reaching
peak values by the end of the 21st century (2091–2100).

In this context, the objective of this present work is to analyze the past and future
wind dynamics in the vicinity of some representative European marine renewable sites
using historical and regional climate wind data. In addition, the performances of some
large offshore wind turbines rated between 15 and 25 MW are considered for assessment
since future projects will be built based on these types of generators.

Compared to some previous works, this present work covers the following gaps:

(a) Identify the future wind energy changes from different European offshore marine
sites where different projects are currently operating or planned to be developed;

(b) Describe the future wind changes using some relevant indexes for the wind sector
(for example, downtime period);

(c) Identify the expected performances of some large-capacity wind turbines that are
expected to be implemented/developed in the near future.

2. Materials and Methods

As shown in Figure 1, a total of 15 reference sites (denoted from P1 to P15) are
considered in this present work. Table 1 summarizes the main geographical features of
these sites, from which we can notice that all of them are currently used (or taken into
account) for the implementation of some offshore wind projects, except sites P1 and P15.
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According to some previous studies, the sites located in the northern part of Europe facing
the North Atlantic Ocean or the Norwegian Sea (e.g., P2 or P11) are defined by important
wind and wave resources, which make them suitable for the development of combined
wind–wave projects [15]. It can be also noticed that sites P4 and P8 are located in coastal
areas with more energetic wind conditions (according to Figure 1), compared to sites P13,
P14, and P15, which demonstrated average values. Group sites P5, P6, and P7 are used to
assess the local resources from the Baltic Sea, taking into account that this is considered an
important area for the development of offshore wind farms. For example, two major wind
projects will be built near the Aland archipelago (close to the reference site P6), defined by
a joint capacity of 8 GW. Furthermore, when completed, the Noatun project (Syd and Nord)
will become the largest offshore project in the world (5 GW) [16]. Another representative
project is related to the site P14 (WindFloat1 project), where the first semi-submersible wind
turbine was installed [17]. This project is no longer operational, but some key aspects were
highlighted, such as the fact that such a platform can withstand wave heights of up to 17 m.

Figure 1. Location of the reference sites, including the joint distribution of the wind and wave
resources (figure adjusted by the authors according to the info provided in [18]).
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Table 1. The main features of the offshore wind farms and maritime sites located in the vicinity of the
reference sites selected. Data processed from [19,20].

ID Project Status Latitude
(◦)

Longitude
(◦)

Distance to
Shore (km)

Water Depth
(m)

P1 Bindal (NOR) - 65.17 10.71 20 83
P2 Havsul 1 (NOR) ** 62.82 5.49 40 102
P3 Utsira Nord (DEN) *** 59.27 3.62 95 237
P4 Jutland (DEN) *** 55.56 6.92 78 30
P5 Suurhiekka (FIN) *** 65.28 24.36 26 17
P6 Eystrasalt (SWE) *** 61.85 18.97 77 36
P7 Bornholm (DEN) * 54.97 14.82 7 13
P8 Borselle 1 and 2 (NL) * 51.68 2.788 49 18
P9 Beatrice (UK) * 58.25 −2.50 37 56

P10 Sectoral marine plan—N3 (SCT) *** 58.89 −7.02 61 175
P11 AMETS (IRL) ** 54.30 −10.30 14 111
P12 Emerald (UK) *** 51.35 −8.00 46 91
P13 Saint-Nazaire (FRA) ** 47.15 −4.00 80 111
P14 WindFloat1 (POR) * 41.68 −8.94 5 45
P15 Lisbon (POR) - 38.81 −9.65 35 92

Status: * Operational; ** Under construction/authorized; *** Concept/Early planning.

In terms of geographical features, site P3 (Utsira Nord) is associated with the highest
distance to the shore (95 km) and a water depth of 237 m, followed by P13 (Saint-Nazaire)
with 80 km distance to the shore and 111 m depth. Sites P7 and P14 are the closest ones to
the shore, associated with a minimum distance of 5 km and a water depth of 13 m.

2.1. Wind Datasets

The ERA5 wind data [21] are considered to assess the historical evolution of the wind
conditions, processed for a 42-year time interval (January 1979–December 2020). For this
present work, it was considered useful to process wind fields at 100 m heights (denoted
as U100) available in the ERA5 project, this being the hub height at which most offshore
wind farms currently operate [22]. Taking into account the time interval covered, only four
values per day were extracted from the existing grid (0.25◦ × 0.25◦), these being related to a
time resolution of 6 h (00:00, 06:00, 12:00, 18:00 UTC, respectively). In the case of the climate
scenarios, two distinct intervals were considered for evaluation, which were associated
with the following: (a) near future (2021–2060) and (b) distant future (2061–2100). The
climatological data (denoted with RCPs) are those produced by the Rossby Centre of the
Swedish Meteorological and Hydrological Institute (SMHI), computed using a regional
model (version RCA4) with a spatial resolution of 0.11◦ and a time resolution similar to
the ERA5 data processed for this work [23]. Based on the RCP pathways [24] proposed by
the Intergovernmental Panel on Climate Change (IPCC), the following set of data were
considered for analysis: (a) RCP 2.6; (b) RCP 4.5; (c) RCP 8.5. These cover the main radiative
forcing expected by the end of the 21st century, from which RCP 8.5 can be considered
the worst scenario. At this point, it is important to mention that the RCP wind data are
associated with a reference height of 10 m (U10). In order to adjust the wind speed to a hub
height of 100 m, the following relation can be used [4]:

U100 = U10 · ln
(

z100

z0

)
/ ln

(
z10

z0

)
(1)

where U10 and U100—wind speed at 10 m and 100 m height, z10 and z100—initial and
adjusted height (100 m), and Z0—sea surface roughness (≈0.0002 m).

2.2. Wind Turbines Performances

Besides the assessment of the wind conditions, another objective of this present work
is to estimate the performances of some offshore wind turbines that are expected to be
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implemented in future projects. In this work, a total of four generators (denoted from T1 to
T4) were taken into account; their technical features are presented in Table 2. At this point,
it is important to mention that, at this moment, these systems were developed only on a
theoretical level. Nevertheless, we consider that future offshore systems will be assembled
around these features. The turbine capacities range from 15 to 25 MW, this being related
to hub heights of 150 and 210 m, respectively. We emphasize that these values cannot be
considered exaggerated, taking into account the fast evolution of the offshore sector. For
example, in 2000, the first 4 MW system was installed, followed by an 8 MW turbine in
2012 and a 10 MW turbine in 2020. This evolution was translated into a reduction in the
number of turbines per GW from 500 (in 2001) to 100 (in 2020) [25]. Turbines T2 and T3
present relatively similar features, the main differences being related to the rated wind
speed and the hub height. As for turbine T4 (which is the largest one), this is a two-bladed
wind concept that was upscaled from a 13.2 MW version [26].

Table 2. Key parameters of the offshore wind turbines considered.

Parameter
Wind Generator

T1 T2 T3 T4

Power rating (MW) 15 20 20 25
Cut-in wind speed (m/s) 3 3 3 * 4
Rated wind speed (m/s) 10.59 10.7 11.4 11.3

Cut-out wind speed (m/s) 25 25 25 * 24
Hub height (m) 150 160.2 168 210

Rotor radius (m) 120 135 126 172.75
Rotor orientation Upwind - Upwind Downwind

Reference [27] [28] [29] [26]
* assumed value.

The expected power output of a wind turbine can be estimated as follows [30]:

Pturbine =

cut−out∫
cut−in

f (u)P(u)du (2)

where f (u)—Weibull density function, P(u)—wind turbine power curve, and cut-in/cut-
out—operability limits (see Table 2). The power curve of each turbine is presented in
Figure 2, while the Annual Electricity Production (or AEP) can be obtained by multiplying
the power output by the average number of hours per year (8760 in this case).

Figure 2. Power curves of the offshore wind generators rated between 15 and 25 MW (according to
the information provided in Table 2).
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The overall performance of a particular generator can be estimated using the capacity
factor index (or Cf ), defined as the ratio between the average power output and the rated
power of a particular wind turbine, and can be expressed as [30]

C f =
Paverage

Pnominal
× 100 (3)

where Cf is provided in percentage; Paverage—power output produced over a particular time
interval (in MW); Pnominal—rated power output of a particular turbine (indicated in Table 2
and Figure 2).

The Weibull function can be defined as [31]:

f (u) =
(

k
c

)(u
c

)k−1
exp

[
−
(u

c

)k
]

(4)

where k and c—shape and scale parameters, and u—wind speed. As shown in Table 2,
each turbine is defined by a particular hub height, and consequently, the AEP production
will be individually adjusted for each wind generator. The initial wind speed (U100) will
be translated to the different levels using an approach similar to the one provided in
Equation (1), namely

Uturbine = U100 · ln
(

zturbine
z0

)
/ ln

(
z100

z0

)
(5)

where U100 and Uturbine—wind speed at 100 m and at particular hub height, z100 and
zturbine—initial and adjusted height (150, 160.2, 168, and 210 m).

From the Weibull distribution, two relevant wind indicators can be derived, namely
(a) Vmp—most probable wind speed and (b) VmaxE—wind speed carrying maximum energy.
The second one is more relevant for the performance of a particular turbine, preferably
using a wind generator with a rated wind speed located close to the value indicated by this
indicator. They can be defined as [32]

Vmp = c
(

1 − 1
k

)1/k
(6)

VmaxE = c
(

1 +
2
k

)1/k
(7)

where c and k—Weibull parameters.

3. Results

The Weibull distributions of the ERA5 data are presented in Figure 3 for all the locations
considered. As noticed, sites P15, P14, and P5 are defined by lower wind conditions that,
in the case of the scale index, do not exceed 8.82 m/s. From this perspective, better
performances of a wind turbine can be expected from sites P10 and P11 (Ireland and UK),
where a maximum value of 11.7 m/s is associated with the U100 parameter. A significant
percentage of the distribution is located above the 3 m/s (cut-in threshold), with values
higher than 20 m/s also visible.

In Figure 4, the evolution of the Vmp and VmaxE indicators is highlighted, considering
only the ERA5 data. In the case of the Vmp index (Figure 4a), the values start from 4.29 m/s
and reach a maximum of 8.38 m/s, being expected in only three sites (P4, P10, and P11) in
the category of 8–10 m/s.
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Figure 3. Weibull distribution of the ERA5 wind data (January 1979–December 2020). The wind
resources are reported at 100 m height above the sea level, including the values of the key indicators
(the scale and shape factors).

Figure 4. Spatial distribution of the ERA5 wind data (U100) presented in terms of bubble maps:
(a) Vmp index; (b) VmaxE index.

VmaxE is a useful indicator in the selection of a particular wind turbine, being directly
related to the rated wind speed of a particular generator. In Figure 4b, the spatial distribu-
tion of this indicator is presented, from which we can notice lower values for sites P5, P14,
and P15. In the case of the ERA5 data, a minimum of 11.40 m/s is noticed. This value is
relatively close to the rated wind speed of the wind turbines from Table 2, suggesting that,
even for these sites, a wind turbine will perform better.

In Figure 5, the evolution of the Vmp index is presented, considering only the RCP
datasets this time. Sites P10 and P11 are gaining attention, being the only ones that exceed
10 m/s; in the case of RCP8.5 distant future, this pattern is valid only for site P10. The wind
conditions increase for most sites, a significant percentage associated with the interval of
8–10 m/s compared to sites P5, P6, P7, and P14, which do not exceed 8 m/s. The differences
expected between the RCP2.6 (near and distant) values are very small, and more significant
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variations are expected in the case of RCP8.5, where a maximum difference of 0.3 m/s may
be expected.

Figure 5. RCPs—spatial distribution of the Vmp indicator (average values in m/s) presented in terms
of bubble maps: (a–c) near future wind; (d–f) distant future wind.

In Figure 6 and Table 3, a complete picture of the VmaxE indicator is provided. For the
RCP data, the minimum oscillates in the range of (12.1–12.4) m/s, a higher value being
associated with RCP4.5 near future. For this parameter, better performances are expected
in the case of the sites P10 and P11, at which we can add site P2. This scenario is valid for
the near future data. In the case of the distant future, some sites disappear from the interval
of 17–19 m/s, as expected for the following: P2—RCP 2.6; P2 and P11—RCP4.5; P11—RCP
8.5. In the near future, sites P14 and P15 are expected to show higher classes (13–15 m/s).
For the distant future, the same sites are indicated as becoming more energetic than P5,
except the RCP8.5 scenario where P14 is the only one that does not exceed 13 m/s.

Most offshore wind turbines are defined by a cut-in value of around 3 m/s [33], this
being the case for the generators considered in Table 2. The downtime period (in %) can be
associated with the time interval during which a particular wind turbine will not produce
electricity (U100 < cut-in value) since this will not be viable from an economical point of
view. Such analysis is provided in Figure 7, considering only the RCPs datasets.

In terms of the RCP data, there are very small differences between the near and distant
future; for RCP8.5, the distant future data tend to present higher values for most of the
sites. Sites P5, P7, and P14 present, in general, higher values that, in the case of RCP2.6, can
go from 8.13 to 10.35%. For the same RCP, sites P4, P9, P10, and P11 are associated with
better performances, indicating downtime values below 4%. A similar spatial distribution
is observed in the case of RCP4.5 and RCP8.5, expecting more visible changes in the case of
Portuguese sites, which, for example, can go from 9.59% (RCP4.5) to 10.58% (RCP8.5) in
the case of site P14 (distant future).
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Another objective of this present work is related to the performance assessment of some
offshore wind generators defined by a high capacity power (e.g., 20 MW) that are expected
to be included in future marine wind farms. Figure 8 provides a first evaluation by taking
into account the wind turbines included in Table 2 and considering only the RCP datasets.
From this point of view, we may expect an increase in the turbine performance regardless
of the RCP considered. For example, in the case of turbine 1 (Figure 8a), the values go
from 51.86% (P7) to a maximum of 76.55% (P10—RCP2.6 near future), expecting significant
values (>70%) for sites P3–P4, P9, and P11–P12, respectively. A similar pattern is noticed
for the other turbines; turbine 3 will perform better in the case of site P7 (48.44%—RCP8.5
near future) and site P14 (53%—RCP2.6 distant future).

Figure 6. RCPs—spatial distribution of the VmaxE indicator (average values in m/s) presented in
terms of bubble maps: (a–c) near future wind; (d–f) distant future wind.

Table 3. VmaxE parameter—descending sorting of the sites (from maximum to minimum).

Dataset Sites

RCP2.6 near P2 P10 P11 P3 P1 P12 P9 P4 P8 P13 P6 P15 P5 P14 P7
RCP2.6 distant P10 P11 P2 P3 P12 P1 P9 P4 P8 P13 P6 P15 P14 P5 P7

RCP4.5 near P10 P11 P2 P3 P1 P12 P9 P4 P8 P13 P6 P15 P14 P5 P7
RCP4.5 distant P10 P2 P11 P3 P12 P1 P9 P4 P8 P13 P6 P15 P14 P5 P7

RCP8.5 near P10 P11 P2 P3 P12 P1 P9 P4 P8 P13 P6 P15 P14 P5 P7
RCP8.5 near P10 P2 P11 P3 P1 P12 P9 P4 P8 P13 P6 P15 P5 P14 P7
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Figure 7. Distribution of the downtime periods (U100 < 3 m/s) specific to a wind turbine: (a) RCP2.6;
(b) RCP4.5; (c) RCP8.5.

Figure 8. The capacity factor values based on the RCP wind datasets: (a) turbine 1; (b) turbine 2;
(c) turbine 3; (d) turbine 4.
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The expected AEP production of turbine 1 (15 MW) is provided in Figure 9 for all
the RCP datasets. At this point, we can mention the upper area, where the RCPs indicate,
in general, values in the range of (90–100) GWh. Moreover, in some cases, site P10 can
be found in the class of 100–110 GWh (e.g., RCP2.6). Site P7 can be associated with the
most important values close to the following: 67.04/68.14 GWh—RCP2.6 (near/distant);
68.51/66.70 GWh—RCP4.5; 67.11/67.41 GWh—RCP8.5. In the case of P15 (Portugal south),
we can expect a maximum of 86.38 GWh for RCP2.6 (distant future).

Figure 9. RCPs—theoretical AEP (in GWh) computed for turbine 1: (a–c) near future wind;
(d–f) distant future wind.

A similar analysis is performed in Figures 10 and 11 for turbines T2 and T3 defined
by a rated capacity of 20 MW. Although they share a similar nominal power, they are
different in terms of the rated wind speed, with turbine T2 reaching better performances at
a rated wind speed of 10.7 m/s compared to a value of 11.4 m/s indicated for turbine T3.
Nevertheless, turbine T3 operates at a higher hub height (168 m), which means that it has
an advantage from this point of view.

In the case of RCPs, more significant outputs are expected from group sites P9, P10,
and P11 (up to 133.60 GWh). In some cases, sites P4 and P12 (RCP4.5 near, RCP8.5 near,
RCP2.6 distant) are also visible. For turbine T3 (Figure 11), sites P10 and P11 present values
in the range of (110–120) GWh for the ERA5 data. This class is dominant in the case of
RCP datasets. In total, lower values are expected from T3 than T2, with a maximum value
reaching 129.20 GWh in the case of RCP2.6 near future.
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Figure 10. RCPs—theoretical AEP (in GWh) computed for turbine 2: (a–c) near future wind;
(d–f) distant future wind.

Figure 11. RCPs—theoretical AEP (in GWh) computed for turbine 3: (a–c) near future wind;
(d–f) distant future wind.
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A similar analysis is provided in Figure 12 for turbine T4, which, with a rated ca-
pacity of 25 MW, can be considered one of the largest generators that can be physically
implemented in the near future. As observed, the AEP performances are directly related
to the capacity production that expected a maximum output of 158.7 GWh in the case of
scenario RCP2.6. In the case of the RCP scenarios, site P14 is indicated as being more impor-
tant, with maximum values of the following: 112.50 GWh (P14)/103.6 GWh (P7)—RCP2.6;
114.5 GWh/101.10 GWh—RCP 4.5; 113.30 GWh/101.90 GWh.

Figure 12. RCPs—theoretical AEP (in GWh) computed for turbine 4: (a–c) near future wind;
(d–f) distant future wind.

4. Discussion

The evolution of the European offshore wind sector is directly related to the available
maritime area. By also taking into account the Economic Exclusive Zones, we notice that
the United Kingdom (UK) and Norway are located in the first places with impressive areas
of 114,000 and 88,000 km2 that are suitable for wind energy production. Other relevant
areas are related to Denmark/the Netherlands (≈60,000 km2) and Finland (≈60,000 km2),
while on the opposite side, we can find some island environments, such as Cyprus, which
does not exceed 2000 km2. As for the unrestricted offshore wind potential, values can go
up to 5000 TWh in the case of the United Kingdom and gradually decrease to 2500 TWh in
the case of Denmark. Compared to other countries, including Finland, France, Germany,
Norway, and Sweden, they present more consistent resources that range between 1500 and
3000 TWh [34].

At the end of 2022, the European wind sector was estimated to have an installed
capacity of 255 GW, from which 30 GW were located offshore. In the case of EU-27 countries,
the offshore wind capacity was estimated to be around 16 GW [35]. By the end of 2022, the
UK was the leader for the most grid-connected wind turbines (13,918 MW), followed by
Germany (8055 MW), the Netherlands (2829 MW), and Denmark (2308 MW). In addition,
there is interest in developing projects in some other European countries, such as Italy
(30 MW), Finland (71 MW), Ireland (25 MW), and Spain (5 MW), respectively [35]. The
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investments related to an offshore wind project are significantly higher than in the case
of an onshore one. By looking at the current evolution of the offshore market, there is a
tendency to develop projects in deep water areas that involve floating platforms. Significant
progress is expected from the UK, Norway, Portugal, China, and Japan, all of which have
important markets for floating offshore wind projects. Another possibility to reduce the cost
is to consider remote islands (e.g., Bornholm Island, Denmark), where it will be possible
to develop onshore projects that will benefit from offshore wind resources. In some other
cases, it will be possible to develop power-to-X projects, where a part of the electricity
obtained offshore can be used to produce hydrogen as an energy vector [36].

The offshore turbines are gradually increasing their capacity. It was estimated that
between 2014 and 2020, the rated power increased more than double, while at this moment,
an average capacity of 8 MW is demonstrated. In 2020, the most installed offshore wind
turbine was SG 8.0–167 DD (8 to 8.4 MW), followed by the 164–9.5 MW model, which
was included in projects, including Moray East, Kincardine, and Triton Knoll. In terms
of the water depth, the average value was around 36 m. From the bottom-fixed projects,
the Moray East (UK) farm is associated with a 45 m depth. For the floating projects, the
water depth can go up to 100 m (or more), this being the case of the Windfloat Atlantic
project (Portugal). As for the distance from the shore, the average value is located close
to 44 km, with projects at 90 km (e.g., EnBW Albatros, Germany). The offshore European
wind market is divided among several major wind turbine manufacturers, such as Siemens
Gamesa (68% of the total), Vestas (23.9%), Senvion (4.4%), and Bard (1.5%), respectively [37].

When a wind farm reaches the end of its operational lifetime (15–25 years), it will be
necessary to remove the wind turbines via a decommissioning process. If the old capacity is
replaced by modern wind generators that increase the existing capacity, this means that the
existing project was repowered. In the case of a dismantled wind turbine, a significant part
of the materials (~90%) can be recovered, this being the case of towers, generators, cables,
or gearboxes, respectively. In order to tackle this aspect, the International Electrotechnical
Commission elaborated the TC88 guidance that is designed to be an industry standard [38].
Almost 85% of the mass of a turbine is metallic and, therefore, can be recycled. The main
problem is represented by the wind blades made from composite fibers. It is estimated that
a single megawatt can lead to 15 tons of waste. Nevertheless, some promising solutions
are proposed at this moment, but, more importantly, a new generation of recyclable wind
blades that is environmentally friendly will be developed [39].

From a techno-economical point of view, the sites from the north (Baltic Sea) are more
interesting since they are defined by lower water depths and moderate wave conditions,
being more suitable for the development of fixed wind farm projects. In the case of the
Portuguese sites (from the south), due to the higher water depth and the harsh marine
conditions, floating wind platforms are recommended, which, in total, will require a much
higher initial investment than a fixed project [40].

In this present work, two wind datasets were considered to assess the historical (ERA5
data) and the future wind tendencies (RCPs data). In the first approach, the ERA5 data were
used to provide a reference frame, regarding the expected wind dynamics corresponding to
the sites considered. At this point, we have to mention that the aim of this present work is
not to carry out an evaluation of the accuracy of these datasets, taking into account that we
did not quantify the differences between the ERA5 and climate models in order to assess
the expected uncertainty. This aspect was already tackled in some other works, so the
novelty will not be very high. More information about such analyses can be found in the
following: Davy et al. [11], Jung and Schindler [41], Moemken et al. [42], Rusu [10], and
Soares et al. [43].

The Vmp and VmaxE indicators are frequently used to assess the wind energy profile
from a particular area, this being the case of the coastal waters from China [44], onshore
areas from India [45], and other complex areas [46]. Nevertheless, these indicators are
obtained from a Weibull distribution, which is one of the simplest distribution functions,
mostly not accurate enough to represent the characteristics of the wind regime [47,48].
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The combination of the ERA5 and RCP scenarios is frequently used to identify the
dynamic of the wind resources. According to Gualtieri [49], the ERA5 wind dataset is
suitable for the evaluation of various offshore sites, defined by higher values of the hub
heights (e.g., 100 m). In Rusu [10], the wind conditions from the North Sea were taken into
account using ERA5 and RCP data, while a similar approach was considered in Srinivas
et al. [50], with the Indian offshore region as a target this time. Alvarez and Lorenzo [51]
focused on the Mediterranean Sea; by considering the RCP 4.5 and RCP 8.5 scenarios
limited to the year 2060, the results obtained were compared with the data from ERA-
Interim (the predecessor of ERA5). In Ruiz et al. [52], the same datasets (ERA5, RCP4.5, and
8.5) were used to assess the expected dynamics of the wind resources from the nearshore of
the Iberian Peninsula, including the performance of a 9.5 MW wind turbine operating at a
100 m hub height.

The occurrence of the RCP datasets attracted the attention of many researchers, es-
pecially those focused on the renewable sector. For example, in the work of Cai and
Breon [53], the expected future changes in the onshore and offshore wind energy profile
were estimated using the ERA5 data and RCP data (RCP 4.5 and RCP 8.5), which go up to
2050. According to this analysis, the French sites will have smaller variations than those
from Germany, which is in line with the present results (P8 compared to P13). In terms
of the ERA5 wind resources, we need to mention that this dataset was locally validated
against in situ measurements from the North and Irish Seas, concluding that they represent
a reliable source of data [13]. This can be considered relevant for this present work, taking
into account that some analyzed sites are located in this region (P3, P4, P8, and P9). In
the work of Carvalho et al. [54], the future European wind profile was investigated by
considering the CMIP (Coupled Model Intercomparison Project) projections. According
to these results, we expect a decrease in wind energy near the end of this century for the
northern part of Norway (down to 20%) in the case of 4.5 and 8.5 scenarios and an increase
in the intra-annual variability near the Iberian Peninsula. This aspect becomes important
for the performance of a wind turbine since wind power is associated with the cube of the
wind speed, and any change will lead to an increase in the wind power [55].

At this point, we have to highlight that although the RCP dataset are frequently
considered by scientists, a new climatological approach, called the Shared Socioeconomic
Pathways (SSPs), has been recently developed [14,56]. Nevertheless, the spatial reso-
lution of the current models can be considered to be quite low (e.g., 2.0◦ × 2.5◦, model
GISS-E2-1-G), and the release on public space of some high-resolution data will be expected
in the near future [57,58]. From this perspective, this remains one of the most used methods
to assess the wind energy potential and the expected electricity output of a particular wind
generator, as observed in the works of Manwell et al. [59], Akhtar et al. [60], and Salvacao
and Soares [61].

The offshore wind market is defined by numerous elements of innovations, including
the development of some large wind turbines and the transition from fixed to floating
structures. At this moment, almost 90% of the global offshore capacity can be found in the
North Sea or in the coastal area of the Atlantic Ocean. This started from a total capacity of
0.1 GW (in 2000) and reached 23 GW in 2018, expecting milestones of 228 and 1000 GW
for the years 2030 and 2050, respectively. The turbine output capacity increased from
1.6 MW (year 2000) to 10 MW (present), expecting turbines of 15–20 MW by the year
2030 [62]. In this present work, some large wind turbines were considered for evaluation
(e.g., 25 MW), and their selection was considered realistic, taking into account that there
are plans to develop such systems in the near future, and future wind data that go up to
2100 are considered.

Several key indexes were evaluated in this work, with the VmaxE indicator among
them. As mentioned, a generator will perform much better if the nominal wind speed is
close to this value. From the comparison with the ERA5 data, an increase in these values
for the RCP scenarios can be expected, with more significant outputs for the reference
locations P3, P10, and P11 (up to 17.5 m/s) noticed. For the RCP scenarios, the values
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start from 12.10 m/s, compared to the ERA5 data where the values are in the range of
[11.40–16.4] m/s. By comparing these values with the rated wind speed of the selected
wind turbines (from Table 2), we can notice that all of them may represent a suitable choice,
regardless of the site taken into account. As the wind turbines increase their capacity, there
is a tendency to lower the rated wind speed values, as observed from the comparison with
some other turbines rated below 3 and 6.2 MW, defined by nominal wind speeds in the
range of 12.5–16 m/s [30]. The combination of the RCP data and the large wind turbines is
reflected in the evolution of the capacity factor, being frequently expected values above
60%, with maximum peaks of 77% in the case of the sites from the UK. In general, the
capacity factor of the operating offshore wind farms is in the range of [40–50]%, with better
performances expected from the UK projects. For example, in 2020, the Hywind Scotland
(floating project) was indicated as the most performant one with a value of 57.1%. For the
other UK farms, the performances from 2022 are close to the following: 30.80%—Barrow,
45.30%—Dudgeon; Thanet—31.70% or 25%—Triton Knoll [63,64].

At this point, we can mention that there are no wind turbines of 20 to 25 MW available
for commercial use. Nevertheless, at this moment, offshore wind turbines in the range of
14–16 MW are being developed, the MySE 16.0–242 model being one of the largest, with a
swept area of 46,000 m2 [65]. The V236–15.0 MW system [66] represents another important
generator developed by the Vestas company for offshore areas; it is expected to obtain a
capacity factor that will exceed 60%. Consequently, there is room for development in the
case of the offshore wind sector, i.e., it is possible to design large systems that may involve
floating platforms [67].

5. Conclusions

Based on past evidence, it is clear that human evolution is a driving factor for global
warming, significantly accelerating this process since 1950. This started with the introduc-
tion of the steam engine (in 1712), while in the next decades, a direct correlation was made
between the growth rate and the CO2 concentrations that are behind global warming. With-
out proper environmental solutions, the future does not look bright, taking into account
only that the expected population growth rate is estimated at 37 million/year during 2019
and 2100 compared to only 28.4 million/year associated with the past interval from 1800 to
2011 (up to 30%) [68,69]. Several scenarios indicate that global warming between 1.5 and
5◦ C will lead to multiple climate hazards and chain reactions in the long run (up to 2100),
which may result in the following: (a) an increase in the extreme events—in duration and
intensity; (b) extinction of 3 to 14% of species; (c) risks on energy and food industry; and
(d) violent intrastate conflicts [70].

The European offshore wind market is evolving very fast. This market is expected
to expand to the Mediterranean and the Black Seas or to consolidate its position in the
northern part of the continent. In general, the perspective regarding the near future is not
very optimistic, considering the aspects related to climate change, energy poverty, and
global population increase. Nevertheless, if we further discuss the offshore wind sector, we
can see that there are areas that can benefit from future changes, such as Portugal or Ireland.
In this present work, a more comprehensive picture of the European wind resources was
provided for the interval of 1979–2100, with the results structured on historical (ERA5 data),
near, and distant future intervals (corresponding to the climate scenarios RCPs 2.6, 4.5, and
8.5). According to these results, an increase in the future wind conditions for most sites was
noticed, except those from the Baltic Sea, where a future wind decrease is expected. Better
wind resources close to the sites from Ireland and the UK that are facing the North Atlantic
coasts are noticed; this area also presents relevant wave conditions for the development of
marine energy farms or hybrid wind–wave projects [71,72].

In terms of the wind turbines, the planned offshore wind projects include much larger
generators compared to the operational ones. Consequently, this aspect was also discussed
in this present work using the power curves of systems that can go up to 25 MW. The
expected performance was indicated in terms of annual electricity production and capacity
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factor, respectively. Since there is a strong correlation between the turbine performance and
the local wind resources, for the RCP scenarios, a significant increase in the values that can
easily exceed 60% was noticed. As for the AEP production, the RCP projections indicate an
increase of 11.8–12.6% depending on the turbine taken into account.

Finally, we must mention that the offshore wind market is continuously evolving,
expecting significant changes by 2030 when many of the currently operating wind projects
will be decommissioned or eventually repowered by new-generation generators that can
easily exceed a nominal capacity of 20 MW.
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