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A B S T R A C T   

The expansion of marine renewable power is a major alternative for the reduction of greenhouse gases emissions. 
In Europe, however, the high penetration of offshore wind brings intermittency and power variability into the 
existing power grid. Offshore solar photovoltaic power is another technological alternative under consideration 
in the plans for decarbonization. However, future variations in wind, air temperature or solar radiation due to 
climate change will have a great impact on both renewable energy resources. In this context, this study focusses 
on the offshore energy assessment off the coast of Western Iberia, a European region encompassing Portugal and 
the Northwestern part of Spain. Making use of a vast source of data from 35 simulations of a research project 
called CORDEX, this study investigates the complementarity of offshore wind and solar energy sources with the 
aim of improving the energy supply stability of this region up to 2040. Although the offshore wind energy 
resource has proven to be higher than solar photovoltaic resource at annual scale, both renewable resources 
showed significant spatiotemporal energy variability throughout the western Iberian Peninsula. When both 
renewable resources are combined, the stability of the energy resource increased considerably throughout the 
year. The proposed wind and solar combination scheme is assessed by a performance classification method called 
Delphi, considering stability, resource, risk, and economic factors. The total index classification increases when 
resource stability is improved by considering hybrid offshore wind-photovoltaic solar energy production, espe
cially along the nearshore waters.   

1. Introduction 

European Union decarbonization plans set ambitious targets to 
reduce by at least 40% greenhouse gasses emission by 2030, when 
compared to 1990 levels [1], and to reach long-term climate neutrality 
by 2050 [2]. To achieve these goals, upscaling and fully optimizing the 
renewable power generation is crucial. Europe currently has 573.3 GW 
of renewable power generation capacity, the second largest in the world, 
with solar, hydroelectric, and onshore wind accounting for approxi
mately 93% of the total [3,4]. The EU strategic roadmap estimates that 
10% (100 GW) of European Union electricity consumption by 2050 can 
be potentially supported by offshore renewables [5]. The diversification 
of energy sources by marine renewables thus plays a promising role in 
this roadmap. 

Offshore wind energy is the most mature marine renewable source, 
as it is the only one that has reached an established commercialization 
stage in Europe [4]. In fact, Europe is the birthplace and the leader of the 
offshore wind industry, with 75% of the total global offshore wind 
installation in 2019 [6] and 25 GW of installed capacity in 2020 [7]. 
However, the distribution of offshore wind farms is not homogenous 
along the European Atlantic Arc. The United Kingdom, Germany, and 
Denmark account for more than 70% of offshore wind farms installed in 
Europe [7]. Therefore, this offshore energy resource is clearly more 
developed in northern Europe than in the south, despite the fact that 
some areas such as the western Iberian Peninsula show a high offshore 
wind energy resource potential [8,9], comparable to the resource in the 
North Sea. This underdevelopment in the Iberian Peninsula can be 
explained, among other facts, by its narrow continental shelf and deep 
waters, which preclude the installation of offshore wind turbines over 
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monopiles or jackets fixed in the seabed. However, technical progresses 
in offshore wind structures has already allowed the installation of the 
first floating offshore wind farm in the Iberian Peninsula, more precisely 
in Portugal [7]. 

In the upcoming decades, the technological evolution of floating 
offshore wind turbines is expected to promote and foster new offshore 
wind farms in the western coastal area of Iberia. Numerous studies have 
already quantified the offshore wind energy resource in this area using 
past wind data [9–12]. In addition, the influence of climate change on 
the future development of offshore wind farms in this area was also 
previously investigated using data from the Coordinated Regional 
Downscalling Experiment (CORDEX) project [8,13,14]. This is an 
important point since small changes in wind speed can have a significant 
impact on the wind energy that a wind turbine can generate because it 
depends on the cube of the wind speed. The aforementioned studies 
reported a global decrease in the offshore wind potential for the next 
decades in the western Iberia, with the exception of its northwestern 
areas where null changes or even an increase were projected. In addition 
to the assessment of the offshore wind energy resource, the legal 
framework [15,16] and the economic feasibility of the installation of 
floating wind farms on the western coast of the Iberian Peninsula were 
also analyzed [17], also considering the impact of future climate change 
[18]. 

An associated drawback of offshore wind energy farms is their 
intermittence and variability in energy production throughout the year 
(known as inter-annual variability or seasonality). This is a key factor 
since offshore wind energy storage and integration in the electrical grid 
continues to be a challenge [19], and it becomes particularly critical 
considering that, to reach the decarbonization plans previously 
mentioned, the relevance of renewable energy resources over the Eu
ropean countries energy mix will grow considerably. Hybrid offshore 
energy systems based on the combination of two or more marine 
renewable sources can reduce this inter-annual variability, installation 
and maintenance costs [20]. Offshore hybrid power systems have 
already been proposed and investigated in different combinations [21, 
22]. However, to the best knowledge of the authors of this article, none 
of these prototypes have been commercially deployed yet. The main 
reason is that marine technologies such as wave and tidal converters are 
still relatively far away from technological readiness [4]. Recently, 
different combinations of wind and solar photovoltaic (PV) power in 
offshore platforms have been proposed in the technical literature [e.g: 
22, 23. The main strength of the offshore wind and PV solar mix is that 
both renewable sources are at a high level of technological maturity. 

China has already started promoting offshore photovoltaic explora
tion in its coastal areas. Wu et al. [24] analyzed the potential risks 
associated with the installation of PV panels along the Chinese coast, 
pointing out that PV panels installed at the sea waterline keep in low 
temperature, and thus operate with higher efficiency. This increase in 
efficiency was also corroborated by Golroodbari & vanSark [25] who 
concluded that a PV system at sea performs ~13% better on average 

than a land-based system. Oliveira-Pinto et al. [26] investigated the 
possibility of combining wave and PV solar energy at sea to supply en
ergy to offshore oil and gas platforms. These authors also highlighted the 
increasing focus on the use of floating PV solar energy in ocean loca
tions, as more technological advances are being reached in this field. For 
example, Trapani & Millar [27] proposed the use of a flexible, thin, and 
innovative floating PV. Detailed information on recent technical ad
vances regarding floating PV panels can be found in Gorjian et al. [28]. It 
is important to mention that the first prototype of an offshore floating 
solar farm has been tested in the rough Dutch North Sea [29]. 
Furthermore, the Netherlands considered floating offshore PV as an 
option in its national roadmap on PV potential, defining an offshore 
potential of 45 GW [30]. Following this trend of considering offshore PV 
solar energy resource as a viable option, Golroodbari et al. [22] have 
recently analyzed the integration of a floating PV farm within an 
offshore wind farm in the Dutch North Sea. They concluded that it 
presents technical and economic benefits, such as a higher use rate of the 
cable that transports electricity to the coast. López et al. [31] also 
studied the synergies of combining floating offshore wind and solar PV 
in a region to the north of Spain (Asturias). They took the basic approach 
of filling the free-surface between the wind turbines with floating PV 
panels. These authors concluded that this hybrid system increases both 
the power output per unit area and its quality. In addition, López et al. 
[31] evaluated the offshore PV solar energy resource by mapping the 
average irradiance (Wm− 2). This methodology was followed in other 
areas of the world, such as India [32], with the aim of knowing the 
offshore PV solar energy resource, which is the first step for its 
exploitation. 

The purpose of this study is to analyze the advantages of an offshore 
hybrid farm that combines wind turbines and PV solar panels on the 
western coast of the Iberian Peninsula, since it is expected a rapid 
growth in the number of offshore wind farms projects in this area in the 
upcoming decades. This study was carried out using regional climate 
models from the CORDEX project over the period 2000–2040. The 
selected period covers both the recent past and the effects that climate 
change can have on renewable energy resource in the upcoming decades 
[8,14,18,33]. The proposed hybrid farm is assessed by a performance 
classification method called Delphi, considering stability, resource, risk, 
and economic factors. The water depth, which is one of the major cost 
factors and site selection criteria, is also a relevant input for our study 
case about offshore renewable energy resources off the western coast of 
the Iberian Peninsula (Fig. 1, in meters). 

2. Data and methods 

2.1. Data 

Three different atmospheric variables were used to perform the 
present analysis: wind speed measured at 10 m above sea level, the 
temperature measured at 2 m above sea level, and surface downwelling 

Nomenclature 

CORDEX coordinated regional climate downscalling experiment 
Cv coefficient of variation index 
DC distance to coast 
ECMWF european centre for medium-range weather forecasts 
EWS extreme wind speeds 
EWSO frequency of occurrence of effective wind speed 
GCMs global climate models 
hPa hectopascal 
Mv monthly variability index 
NREL national renewable energy laboratory 

RCP representative concentration pathways 
OP overlap percentage 
PDF Probability density function 
PV Photovoltaic 
PVres Photovoltaic solar power resource 
RCMs regional climate models 
RLO rich level occurrence 
W Watts 
Wann annual average wind speed 
WD water depth 
WPD wind power density 
WRF weather research and forecasting model  
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shortwave radiation. These data were obtained from regional climate 
simulations carried out within the framework of the EURO-CORDEX 
project [34], which is the European branch of the CORDEX initiative. 
Simulations that met the following requisites were selected: daily reso
lution, 0.11◦ of spatial resolution, and simulations with the three vari
ables available both for the historical and future period under the most 
pessimistic greenhouse gases emissions scenario (RCP8.5). This scenario 
assumes that the greenhouse gas emission will lead, in 2100, to a radi
ative forcing of 8.5 Wm-2. A positive radiative forcing means that Earth 
receives more energy from sunlight that it radiates to space. Detailed 
information regarding future climate scenarios can be found in Henne
muth et al. [35]. A total of 35 simulations were selected after filtering all 
the available EURO-CORDEX data that met these requisites. Detailed 
information of each simulation can be found in Table 1. The period 
2000–2040 was selected to analyze the combined wind and PV solar 
energy resources during the recent past and the influence of climate 
change in the near future. 

In order to know the reliability of CORDEX simulations, the EURO- 
CORDEX data was compared and validated with ERA5 [36], the latest 
state-of-the-art reanalysis from the European Centre for Medium-Range 
Weather Forecasts (ECMWF). ERA5 provides data in a regular global 
grid with a horizontal resolution of 0.25◦ from 1979 onwards. The 
validation for the three variables was done for the common period be
tween ERA5 and the historical simulations from the CORDEX project 
(1979–2005). Since ERA5 has a lower resolution, it is necessary to 
interpolate CORDEX data to the same grid points of ERA5. This inter
polation only was done for the validation procedure, and the original 
resolution (0.11◦) was used for the remaining analyses included in this 
study. The use of ERA5 to validate simulations from regional climate 

models was previously done by different studies around the world [37, 
38]. 

2.2. Methods 

2.2.1. Validation of CORDEX data 
The wind speed, the air temperature and the shortwave downward 

radiation from the EURO-CORDEX simulations were compared with the 
corresponding variables from ERA5. An overlap percentage (OP) be
tween EURO-CORDEX and ERA5 data was used as metric to validate 
EURO-CORDEX data. OP, based on the study carried out by Perkins et al. 
[39], compares the entire data distributions, and was previously used in 
other studies to validate CORDEX simulations [14,40]. This methodol
ogy is based on the calculation of the OP between two series, one from 
the RCM simulation and another from the reference database (ERA5 for 
the present case). OP calculation involves computing the probability 
density functions (PDFs) in defined ranges (bins) for each variable. After 
that, the lowest value for each bin is selected and finally, all the selected 
values for all bins are summed. This procedure is summarized in Eq. (1): 

Fig. 1. Area under scope and bathymetry (in meters). The green line represents 
200 m isobaths. White dots indicate the locations selected to carry out the 
monthly analysis of wind and solar power resources. 

Table 1 
Regional climate simulations from EURO-CORDEX [34] project used in this 
study.  

Model 
Number 

Global Climate Regional Climate Institution 

Model (GCM) Model (RCM) 

1 CNRM-CERFACS-CNRM- 
CM5 

CCLM4-8-17 CLMcom 

2 CNRM-CERFACS-CNRM- 
CM5 

ALADIN63 CNRM 

3 CNRM-CERFACS-CNRM- 
CM5 

HIRHAM5 DMI 

4 CNRM-CERFACS-CNRM- 
CM5 

REMO2015 GERICS 

5 CNRM-CERFACS-CNRM- 
CM5 

WRF381P IPSL 

6 CNRM-CERFACS-CNRM- 
CM5 

RACMO22E KNMI 

7 CNRM-CERFACS-CNRM- 
CM5 

RCA4 SMHI 

8 ICHEC-EC-EARTH HIRHAM5 DMI 
9 ICHEC-EC-EARTH RACMO22E KNMI 
10 ICHEC-EC-EARTH RCA4 SMHI 
11 IPSL-IPSL-CM5A-MR REMO2015 GERICS 
12 IPSL-IPSL-CM5A-MR WRF381P IPSL 
13 IPSL-IPSL-CM5A-MR RACMO22E KNMI 
14 IPSL-IPSL-CM5A-MR RCA4 SMHI 
15 MOHC-HadGEM2-ES CCLM4-8-17 CLMcom 
16 MOHC-HadGEM2-ES COSMO-crCLIM- 

v1-1 
CLMcom- 
ETH 

17 MOHC-HadGEM2-ES ALADIN63 CNRM 
18 MOHC-HadGEM2-ES RegCM4-6 ICTP 
19 MOHC-HadGEM2-ES WRF381P IPSL 
20 MOHC-HadGEM2-ES RACMO22E KNMI 
21 MOHC-HadGEM2-ES RCA4 SMHI 
22 MPI-M-MPI-ESM-LR CCLM4-8-17 CLMcom 
23 MPI-M-MPI-ESM-LR COSMO-crCLIM- 

v1-1 
CLMcom- 
ETH 

24 MPI-M-MPI-ESM-LR ALADIN63 CNRM 
25 MPI-M-MPI-ESM-LR HIRHAM5 DMI 
26 MPI-M-MPI-ESM-LR RegCM4-6 ICTP 
27 MPI-M-MPI-ESM-LR RACMO22E KNMI 
28 MPI-M-MPI-ESM-LR REMO2009 MPI-CSC 
29 MPI-M-MPI-ESM-LR RCA4 SMHI 
30 NCC-NorESM1-M COSMO-crCLIM- 

v1-1 
CLMcom- 
ETH 

31 NCC-NorESM1-M HIRHAM5 DMI 
32 NCC-NorESM1-M REMO2015 GERICS 
33 NCC-NorESM1-M WRF381P IPSL 
34 NCC-NorESM1-M RACMO22E KNMI 
35 NCC-NorESM1-M RCA4 SMHI  
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OP=
∑n

1
minimum(Zm,Z0)*100 (1)  

where n is the number of bins used to calculate the PDFs of each vari
able, and Z0 and Zm are the frequency of values of the RCM ERA5 and 
simulation, respectively, for each bin. Therefore, an OP value of 100 
means a perfectly match between simulation and the reference data. 

2.2.2. Wind and solar photovoltaic energy resource calculation 
Wind energy resource was estimated in terms of wind power density 

(WPD). An important advantage of this metric is that it only considers 
the wind energetic resource available in the atmosphere. Thus, it allows 
the comparison between different areas to select the most wind ener
getic regions. For this reason, WPD is the most common metric to 
characterize the wind energy resource. WPD was calculated following 
Eq. (2): 

WPD=
1
2
ρaW3

H (2)  

where WH is the wind speed at the hub height and ρa is the air density 
(1.225 kgm− 3 at 288.15 K and 1000 hPa). The WPD was calculated at 
120 m, which is the typical hub height of offshore wind farms [41,42], 
by extrapolating the speed data at 10 m of CORDEX. To carry out the 
extrapolation from 10 m to 120 m above sea level, the logarithmic wind 
profile equation was chosen: 

WH =Wns

ln
(

H
z0

)

ln
(

Hns
z0

) (3)  

where Wns is the near-surface wind speed (10 m for the present case); H 
is the selected hub height (120 m); Hns is the original height (10 m for 
EURO-CORDEX winds); and z0 is the roughness length. It was calculated 
empirically using ERA5 dataset since this database provides wind speed 
values at 10 m and 100 m 10 m wind speed from ERA5 were extrapo
lated to 100 m by using an ample range of z0 values, and the z0 value that 
showed the lowest difference with the original ERA5 100 values was 
selected. The selected roughness length was 0.00004. Detailed infor
mation about this methodology can be found in Costoya et al. [38]. 

Photovoltaic solar power resource (PVres) can be estimated consid
ering the amount of shortwave downward radiation and a correction 
related to the efficiency of PV cells, which diminishes as their temper
ature increases [43]. Shortwave downward radiation is the variable that 
accounts for the energy received directly by the Earth’s surface from the 
Sun in the form of ultraviolet and visible light. Although the Sun emits 
longwave and shortwave radiation, only the second one has the enough 
energy to produce electricity when hit a solar cell. Thus, PVres was 
calculated following Jerez et al. [44] through the following equations: 

PVres =PR*RSDS (4)  

where RSDS refers to the shortwave downward radiation (Wm− 2) and PR 
is a performance ratio that accounts for the effect that temperature has 
on PV cells efficiency. It can be calculated following: 

PR = 1 + γ(Tcell − TSTC) (5)  

where γ is a fixed value of − 0.005 ◦C− 1 according to Tonui & Tripa
nagnostopoulos [45] who investigated the response of monocrystalline 
silicon solar panels. TSTC is a reference temperature assumed as 25 ◦C, 
whilst Tcell refers to the cell temperature that depends on air tempera
ture, downward shortwave radiation and wind speed. It can be calcu
lated following Chenni et al. [46] as: 

Tcell = c1 + c2*TAS + c3*RSDS + c4*WS (6)  

where TAS is the air temperature, WS refers to the wind speed, and c1, 

c2, c3, and c4 has the following values: 4.3 ◦C, 0.943, 0.028 ◦C m2 W− 1 

and -1.528 ◦C s m− 1, respectively. Detailed information on the meth
odology to calculate photovoltaic power generation can be found in 
Jerez et al., [44]. 

WPD and PVres were calculated at daily scale for each grid point 
using a common grid with the same spatial resolution (0.11◦ × 0.11◦). 
Then, a multi-model approach was considered averaging WPD and PVres 
data from the 35 simulations. Previous studies [47,48] have demon
strated that a multi-model approach reduces the uncertainty of indi
vidual simulations. 

2.2.3. Offshore wind energy classification 
Offshore wind energy resource along the west Iberian Peninsula 

coast was classified considering four criteria: stability of the resource, its 
richness, economical factors, and risk factors. This methodology is based 
on a Delphi approach, which is a decision technique based on the 
opinion of different experts. This approach was firstly implemented by 
Zheng et al. [49], and then, applied by Costoya et al. [38], Costoya et al. 
[50], and Ribeiro et al. [33] to classify the offshore wind energy in 
different coastal areas around the world. In brief, the classification index 
of the offshore wind energy resource for each grid point is based on the 
calculation of eight normalized indices, which are after multiplied by a 
weight determined by the Delphi and then added. 

This study focuses mainly on the analysis of the stability of the 
offshore energy resource and its variability throughout the year. Two 
indices take into account the stability of the resource in this classifica
tion: Cv (coefficient of variation) and Mv (monthly variability index). 
The first one (Cv), is calculated as follows: 

Cv =
σ
X

(7)  

where σ refers to the standard deviation and X to the daily mean wind 
speed value. Standard deviation was calculated as 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

i=1
|Ai − A|

2

√
√
√
√

/

(N − 1) (8)  

where Ai is each value of the wind speed series; A is the mean value of A 
and N is the total number of elements of the series. 

Mv considers the monthly WPD values and was calculated according 
to Eq. (9): 

Mv =
PM1 − PM12

Pyear
(9)  

where PM12 and PM1 are the average WPD calculated in the months with 
the lowest and the highest mean WPD, respectively; whilst Pyear is the 
annual average WPD. 

Three indices were considered to evaluate the richness of the 
offshore wind energy resource. The first one (Wann) is based on the 
classification developed by the NREL [51]. The second one (effective 
wind speed occurrence, EWSO) quantifies the frequency of occurrence of 
wind speeds between the typical cut-in (4 ms− 1) and cut-out velocity 
(25 ms− 1). Finally, the rich level occurrence (RLO) index considers the 
frequency of occurrence of 10 m WPD higher than 200 Wm-2. This 
threshold value of rich occurrence was selected based on previous 
analysis [38,52,53]. 

Regarding economic factors, two crucial aspects were considered in 
this classification: the distance to coast (DC) and the water depth (WD). 
In general, higher water depths or distances to coast involve higher costs 
for wind turbines installation and energy transportation to land. DC and 
WD indices were calculated using the Global Self-consistent, Hierar
chical, High-resolution Geography coastline databases [54] and the 
Earth topography 1 arc minute bathymetry (ETOPO1) [55], 
respectively. 

Finally, the risk of offshore wind turbines associated with extreme 
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wind speeds was taken into account using the EWS index. Its calculation 
is based on the Gumbel curve method considering a return period of 50 
years [56,57]. 

Now, it is necessary to normalize the eight indices in order to 
compare and combine them, since each index has different units and 
magnitudes. To carry out the normalization procedure 10 categories 
were selected for five indices (Table 2) and 5 ranges were chosen for the 
economic factors (Table 3). In addition, Wann index was normalized 
following the seven categories originally used to define this index 
following NREL, [51]. According to the normalization procedure, a 
value of 1 is considered optimal, whilst a value of 0 is the worst. 

Finally, normalized values were multiplied by the weight given to 
each index (Table 4) to obtain a final classification index for each grid 
point (Table 5). These weights were established following a Delphi 
method based on the inputs of ten experts in the field of offshore wind 
energy [49]. 

The final classification included seven categories according to Zheng 
et al. [49] (Table 5). 

3. Results 

3.1. Capability of CORDEX simulations to reproduce wind and solar PV 
data 

The reliability of the EURO-CORDEX simulations to represent the 
three atmospheric variables used to calculate offshore wind and solar 
power resources was evaluated by comparing the data from each RCM 
simulation (Table 1) with the corresponding one from ERA5 reanalysis. 

The multi-model OP (Eq. (1)) was calculated for each atmospheric 
variable and for each grid point of the area under scope (Fig. 2). In 
general, values greater than 80% were obtained in the entire area for the 
three variables. Regarding wind comparison, only small spots with 
slightly lower values, close to 75%, were observed in coastal areas 
(Fig. 2c). These OP values are similar to those obtained in previous 
analysis that also used the metric OP to validate CORDEX simulations by 
means of ERA reanalysis [8,38] or using in-situ data from buoys at sea 
[14,40]. 

All RCMs simulations were considered in the multi-model ensemble 
because the WPD and PVres OP averaged for all grid points and for each 
numerical simulation is not lower than those of the multi-model mean 
minus 2 standard deviations, for both metrics in any simulation (see 
Appendix, Table A.1Table A1). 

3.2. Wind and solar power resource 

Offshore wind and solar power resource in the western Iberia were 
calculated through Eq. (2) and Eq. (4), respectively. Annual mean WPD 
greater than 200 Wm-2, which is often considered a threshold value of 
rich occurrence [40,53], was observed in most of the region, except for 
some coastal areas in the northernmost part (Fig. 3a). The highest 

offshore WPD values were detected in the northwestern corner of the 
region, being clearly lower in the southern. The same WPD spatial 
pattern was obtained in previous studies in the western Iberia that used 
CORDEX simulations [8] and simulations carried out with WRF model 
[9,12]. However, annual mean PVres shows a different pattern since the 
highest values are observed in the south (~200Wm-2) (Fig. 3b), whilst 
the lowest values are detected in the north. The annual PVres are in good 
agreement with what was detected by López et al. [31], who observed 
values around 150 Wm-2 in the northeastern area analyzed in this study. 
It should be highlighted that offshore wind energy resource shows 
higher values than offshore solar power resource. For this reason, the 
present analysis is focused on the analysis of WPD but considering PVres 
as a complement to improve the quality of the offshore renewable 
resource. 

Both offshore wind and solar power resource show a heterogeneous 
spatial pattern (Fig. 3). The WPD and PVres temporal variability were 
analyzed in terms of monthly means (Fig. 4) calculated for three grid 
points located at different latitudes (depicted in Fig. 1). As expected, 
PVres (Fig. 4, red line) shows a similar pattern in the three locations, with 
a maximum in summer and lower values during winter. However, WPD 
(Fig. 4, blue line) presents a different monthly pattern depending on the 
location. At the southernmost location, the annual peak was observed in 
July (Fig. 4c, blue line), whilst in the northernmost grid point the 
highest WPD occurs during winter and the lowest in June (Fig. 4a, blue 
line). Combining both resources (Fig. 4, green line) it can be seen that 
the power resource becomes more stable throughout the year at north 
and middle locations compared to the WPD resource alone, since the 
difference between the maximum and minimum is reduced. Also note
worthy is the pattern in the middle grid point (Fig. 4b), where the 
combined resource is totally stable during the first 8 months of the year. 

The seasonal behavior of WPD (Fig. 5) and WPD combined with PVres 
(Fig. 6) allows a better understanding of their spatial and temporal 
variability in the western Iberia. The highest WPD values (~1200 Wm-2) 
are detected during winter (Fig. 5a), especially in the northwestern 
corner of Iberia. In fact, this area showed the highest WPD in all seasons. 
Similar WPD values, although slightly lower, were observed in spring 

Table 2 
Normalized criterion used for stability indices (Cv and Mv), richness indices 
(RLO and EWSO) and risk index (EWS).  

Normalized Cv Mv RLO EWSO EWS 

value (%) (%) (ms− 1) 

0/9 >1.9 >2.5 <10 <10 >27 
1/9 1.7–1.9 2.25–2.5 10–20 10–20 25.5–27.0 
2/9 1.5–1.7 2.0–2.25 20–30 20–30 24.0–25.5 
3/9 1.3–1.5 1.75–2.0 30–40 30–40 22.5–24.0 
4/9 1.1–1.3 1.5–1.75 40–50 40–50 21.0–22.5 
5/9 0.9–1.1 1.25–1.5 50–60 50–60 19.5–21.0 
6/9 0.7–0.9 1.0–1.25 60–70 60–70 18.0–19.5 
7/9 0.5–0.7 0.75–1.0 70–80 70–80 16.5–18.0 
8/9 0.3–0.5 0.5–0.75 80–90 80–90 15.0–16.5 
9/9 <0.3 <0.5 >90 >90 <15.0  

Table 3 
Normalized criterion used for cost factors: WD (water depth) and DC (distance to 
coast).  

Normalized value WD DC 

(m) (◦) 

0 >500 >4 
0.25 100–500 3–4 
0.5 50–100 2–3 
0.75 25–50 0.5–2 
1 0–25 <0.5  

Table 4 
Weight coefficient for the wind energy classification.   

Wann EWSO RLO Cv Mv EWS WD DC 

Weight 0.22 0.22 0.1 0.1 0.05 0.14 0.07 0.1  

Table 5 
Classification categories of offshore wind energy resource.  

Class Categorization value Resource potential 

1 x ≤ 0.4 Poor 
2 0.4 ≤ x ≤ 0.5 Marginal 
3 0.5 ≤ x ≤ 0.6 Fair 
4 0.6 ≤ x ≤ 0.7 Good 
5 0.7 ≤ x ≤ 0.8 Excellent 
6 0.8 ≤ x ≤ 0.9 Outstanding 
7 x > 0.9 Superb  
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(Fig. 5b). During summer (Fig. 5c), although the highest WPD values are 
found in the northwestern corner of Iberia, high WPD values around 
Cape Roca and Cape St. Vincent should be noted. Finally, autumn 
(Fig. 5d) is the season with the lowest WPD. Salvaçao and Soares [9] 
investigated offshore seasonal WPD over the period 2008–2013 for 
Iberia using a WRF model simulation and detected a similar pattern, for 
all seasons, to the one shown in Fig. 5. Costoya et al. [8] found a similar 
offshore WPD pattern, although the highest summer WPD values were 
found in the central and southern areas of western Iberia. These rela
tively small differences can be explained by the different set of simula
tions and time period under study (2085–2100 in Costoya et al. [8]). 

The combination of WPD and PVres results not only in higher power 
resource, as expected, but also a more spatially homogenous seasonal 
pattern (Fig. 6). This fact is especially visible in summer (Fig. 6c) when 
the entire western area of the Iberian Peninsula showed similar values 
around ~1000 Wm-2. In addition, the differences between the north and 
south areas are reduced during autumn (Fig. 6d). The reduction between 
maximum and minimum values observed in Fig. 4 in these two seasons is 
mainly related to the fact that the summer and autumn WPD values 
(Fig. 5) are the lowest throughout the year, while PVres is the highest 
during these seasons (Fig. 4). This reduction in the amplitude of offshore 
energy potential when WPD and PVres are considered together was also 
detected by López et al. [31] for the north of the Iberian Peninsula. 

Fig. 2. Overlap percentage (OP, %) between ERA5 dataset and the multi-model ensemble of CORDEX simulations for the three variables used in the present analysis: 
(a) shortwave downward radiation, (b) temperature at 2 m, (c) wind speed at 10 m. 

Fig. 3. (a) Annual mean WPD (Wm− 2) and (b) annual mean PVres (Wm− 2) 
calculated using the multi-model CORDEX ensemble over the 
period 2000–2040. 

Fig. 4. Monthly series obtained by means of the CORDEX ensemble over the 
period 2000–2040 of WPD (blue line), PVres (red line) and its sum (green line) 
for three different grid points (Fig. 1, white dots) located at the (a) north, (b) 
middle and (c) south of the area under scope. 
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3.3. Offshore energy resource classification 

Offshore energy classification was carried out considering stability, 
resource, risk, and economic factors. As a first step, classification was 
done by considering only WPD (Fig. 7). After the normalization process, 
values around 0.7 were obtained in most of the study area (Fig. 7a). 
Following Table 5, these values were translated into different classes. 
Most western Iberia was classified in Category 5, which is considered as 
excellent (Fig. 7b). However, it can be seen a fringe along the shoreline 
that was classified in Category 4 (good) or 3 (fair), especially in the 
northern and southern coastal areas. Similar values were observed by 
Ribeiro et al. [33], who classified offshore wind energy based on a 
multi-model ensemble with 7 RCMs from EURO-CORDEX project. These 
authors analyzed each of the eight indices separately and found the 
lowest values for the indices related to the depth (economic factor) and 
stability of the offshore wind energy resource. It is expected that the 
problems associated with the narrow continental shelf in western Iberia 
will be solved by implementing floating offshore wind farms, as dis
cussed previously. However, a possible solution to improve the stability 
of the offshore renewable resource is to combine WPD with other 
renewable energy sources, particularly solar PV as shown in the present 
study. 

The indices regarding the stability of the offshore wind energy 
resource (WPD only) throughout the year are shown in Fig. 8. In 
accordance with the analysis performed by Ribeiro et al. [33] low values 
were found for Cv index (Fig. 8a). This fact confirms that one of the main 
drawbacks of offshore wind energy exploitation in western Iberia is its 
inter-annual variability/seasonality, which is a relevant factor for an 
efficient supply of the produced energy to the grid. Low Cv values were 

partially compensated by Mv index that clearly showed higher values in 
the whole area (Fig. 8b). Stability indices recalculated considering 
together wind and solar offshore energy resources (Fig. 9) show sub
stantially higher values. Cv index (Fig. 9a) increases from low values 
(0.35–0.55) (Fig. 8a) to medium or even high values (~0.8), especially 
in the coastal areas close to the shoreline and in the southernmost part. 
Regarding Mv index (Fig. 9b), higher values close one was found 
combining both resources. 

Fig. 5. Seasonal mean of the WPD multi-model ensemble (Wm− 2) for (a) winter 
(JDF), (b) spring (MAM), (c) summer (JJA) and (d) autumn (SON) over the 
period 2000–2040. 

Fig. 6. Seasonal mean of WPD + PVres (Wm− 2) multi-model ensemble for (a) 
winter (JDF), (b) spring (MAM), (c) summer (JJA) and (d) autumn (SON) over 
the period 2000–2040. 

Fig. 7. Wind energy classification of the offshore wind energy resource by 
means of the multi-model ensemble of EURO-CORDEX simulations over the 
period 2000–2040. (a) WPD index classification and (b) WPD class 
classification. 
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The impact of PV solar energy resource on the stability indices in the 
global class classification can be investigated considering the eight 
factors but taking into account Cv and Mv indices after combining WPD 

and PVres resources (Fig. 10). Fig. 10 is the same as Fig. 7 but considering 
the values of Fig. 9 for stability indices. In general, the main difference is 
that the Category 5 (excellent) area is higher (Fig. 10b). To better 
visualize the differences between the classification index and the class 
classification before and after considering WPD in combination with 
PVres for the stability indices (Cv and Mv), they were subtracted in 
Fig. 11. Thus, Fig. 11a represents the difference between Figs. 10a and 
7a, while Fig. 11b is the result of subtracting Figs. 7b to 10b. It can be 
seen that the combination of WPD and PVres resources improves the 
classification in the entire area, but mainly along the coastal fringe with 
an increase of ~5%. This is a very important fact since the closest area to 
land is where future offshore wind farms are planned to be installed. An 
increase of one class is observed in some areas, mainly in the southern 
area of Portugal and also in the northern area of the Iberian Peninsula 
(Fig. 11b). 

4. Discussion 

Renewable energy technologies previously developed inland such as 
wind and solar photovoltaic can be adapted for offshore application, 
where there are larger areas for renewable energy farms with higher and 
more stable power density. Offshore wind farms on the western coast of 
the Iberian Peninsula are a promising alternative to increase the future 
supply of renewable energy by reducing the dependence on imported 
energy from outside Europe. Technical advances have led to the com
mercial exploitation of the first floating offshore wind farm in this area 
[7]. However, other drawbacks intrinsic to wind energy persist. One of 
them is its inter-annual variability, which may hinder the further 
development of this marine renewable energy in future planning pro
cesses. The present study has shown that the combination of offshore 
wind and solar photovoltaic energy clearly improves the stability of the 
energy resource throughout the year (Figs. 4 and 6). Thus, when the 
offshore wind energy resource was classified according to different 
factors (richness, economic cost, stability, and risk) an increase in the 
final classification index was observed (Fig. 11), especially in waters 
near the coast, caused by the improvement in stability indices (Fig. 9). 
This improvement offset the projected WPD decrease in western Iberia 
throughout the 21st century [8,13,14]. 

The analysis of the positive effects of combining offshore wind and 
solar PV energy was carried out over the period 2000–2040 because this 
approach considers the impact of climate change over both renewable 
resources but also because it is expected that offshore wind farms and 
especially offshore PV solar panels will reach the necessary degree of 
maturity in the upcoming decades. This is a relevant fact because it is 
difficult to predict how this technology will evolve in the next years to 

Fig. 8. Stability indices, (a) Cv and (b) Mv, calculated considering only WPD 
over the period 2000–2040. 

Fig. 9. Stability indices, (a) Cv and (b) Mv, calculated combining WPD and 
PVres offshore resources over the period 2000–2040. 

Fig. 10. Offshore energy resource classification combining WPD and PVres by 
means of the multi-model ensemble of EURO-CORDEX simulations over the 
period 2000–2040. (a) WPD + PVres index classification and (b) WPD + PVres 
class classification. 

Fig. 11. Changes in offshore renewable energy classification: (a) total index 
and (b) class increase after considering stability indices (Cv and Mv) from 
combining WPD + PVres. 
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deal with the marine environment, which could involve, for example, 
higher maintenance costs or some type of protection for the PV solar 
panels. This fact can suppose that offshore PV solar presents higher 
values of Levelized Cost of Energy than onshore PV solar, although the 
efficiency of the first one is higher ([25]). Apart from economic un
certainties, it is important to have in mind that other restrictions derived 
from the protection of different interests such as biodiversity protection, 
fishing, or navigation [16,58] condition the possible areas where an 
offshore hybrid farm can be deployed. Due to these economic and legal 
uncertainties, whose analysis are out of the scope of the present study, 
this manuscript is focused on the available wind and solar resource and 
the classification index only considers economic factors that will remain 
inalterable in the upcoming decades, such as water depth or distance to 
the coast. In addition, it is important to note that both wind turbines and 
PV panels will likely become more efficient in the upcoming decades, 
and it is not feasible to realistically anticipate these future improve
ments. For these reasons, the present study is focused on the resource 
(WPD and PVres) and not on the expected power output. Power resource 
was calculated in terms of WPD for wind energy and PVres for PV solar 
energy, both in the same units (Wm− 2). Both metrics are independent of 
the available technology since WPD and PVres represent the maximum 
amount of energy that can be drawn from each renewable source per 
area unit, and do not depend on a specific wind turbine or a PV panel 
technology or model. However, the calculation of WPD was carried out 
assuming an offshore floating turbine with 120 m of approximate hub 
height, which is commercially available in 2021 [41]. A different 
assumption of turbine hub height would result in different wind resource 
assessment values per square meter. Also, the PVres were calculated 
assuming a PV power performance ratio varying linearly on a typical 
constant of − 0.005 ◦C− 1, based on monocrystalline silicon solar panels 
[45]. These assumed values are typical, i.e., not from a specific wind 
turbine or PV model. Using WPD and PVres metrics fits the purpose of 
this study, which is to analyze the advantages of combining both 
renewable resources in terms of the resource richness and stability, 
which is intrinsic to each location and not directly dependent on the 
technology used to generate power (although the effective generated 
power is obviously dependent on the type of technology used). 

Therefore, it is important to mention that the present manuscript 
represents the first step in the development of offshore hybrid systems 
based on wind and PV solar resource on the western Iberian Peninsula. 
The current study showed that the combination of offshore wind and PV 
solar energy improved the stability of the resource along the year. This 
fact is especially relevant since the Iberian Peninsula remains largely an 
energy island due to a low level of interconnection with the European 
electricity market [59]. It should not be forgotten that the final aim of 
improving the stability of the energy supply is to maintain the 
supply-demand balance. At this point, it is interesting to mention that 
the combination of wind and solar energy can help maintain this bal
ance, since the highest WPD was found during winter, while the highest 
PVres occurred during summer (Fig. 4), coinciding with the months of 
the two annual peaks of the energy demand in the Spanish mainland 
(Fig. A.1, appendix). However, the latter phases of development of this 
hybrid system must be done at lower spatial scales considering, for 
example, legal restrictions derived from other sea uses. Moreover, an 
analysis of the variability of both renewable resources at a lower tem
poral resolution (hourly or daily) may be also addressed in future 
research since it is an important factor when planning a power gener
ation system based on weather-dependent marine renewable energies. 
In this way, future analysis based on energy output can adapt the 
amount of wind turbines or PV solar panels to fit on the best way the 
supply-demand balance at daily and even hourly scales. Other param
eters such as the hub height, which was assumed to be 120 m in the 
present analysis, also can help to modulate the wind energy output to 
cover the peaks demand since higher wind turbines are already being 
installed [41]. 

5. Concluding remarks 

This study investigated the advantages of a hybrid wind-PV solar 
offshore energy system in the western Iberian Peninsula in the context of 
climate change over the period 2000–2040. The classification of the 
combined energy resource was carried out using a Delphi method 
applied to eight indices that relate to four categories: stability of the 
resource, richness of the offshore resource, economic factors, and risk 
factors. These indices were calculated using a multi-model ensemble 
composed by 35 simulations from the EURO-CORDEX project. To our 
knowledge, the analysis here presented involves the highest number of 
simulations in an offshore energy resource analysis performed using 
EURO-CORDEX data. 

The main findings of this study can be summarized as follows:  

- The reliability of each EURO-CORDEX simulation to represent wind 
speed, air temperature and shortwave downward radiation was 
proved by comparing with data from ERA5 dataset.  

- Offshore wind energy resource is greater than the PV solar one in the 
western Iberian Peninsula. Both renewable sources showed high 
spatial and temporal variability throughout the year.  

- The combination of solar photovoltaic and wind energy resources in 
a hybrid offshore wind-PV solar farm, significantly improves the 
total renewable energy resource and reduces the spatial and tem
poral variability of both individual energy resources, which is of 
crucial importance for a more efficient and optimized use of energy 
derived from renewable sources.  

- During summer, the entire area has an offshore wind-PV solar 
resource greater than 800 kW m− 2. During winter, the northern re
gion has a greater resource than the south, with values between 900 
and 1000 kW m− 2.  

- Offshore wind energy resource is rated as excellent in most of the 
region, except in the coastal areas closest to shore where it is rated as 
good or fair. When the stability of the resource is improved by 
combining PV solar and wind energy, the total index classification 
increases, especially along the coastal fringe closest to land where it 
the lowest rating is of “good”.  

- Some areas located north and south of the Iberian Peninsula 
improved their final classification by one level after considering the 
hybrid offshore wind-PV solar energy production system concept. 

Technical advances in offshore marine energy have already allowed 
the installation of floating offshore wind farms, and other advances are 
currently under testing such as the use of floating PV solar farms. In this 
sense, rapid growth in the installation of offshore wind farms is expected 
in the west of the Iberian Peninsula in the next decades. 

The present analysis showed significant advantages in combining 
these two renewable sources, with PV solar energy showing an inter
esting ability to solve one of the main drawbacks of wind energy - its lack 
of stability to supply the energy network throughout the year due to its 
high inter-annual (seasonal) variability. These aspects are paramount in 
the decision making and planning processes of renewable energy pro
duction systems that will be developed in the upcoming decades in 
western Iberia. This analysis is a first step in the development of offshore 
wind and PV solar systems. Future research should analyze the legal 
constraints for the installation of offshore platforms and the balance 
between supply and demand should be studied at a lower temporal 
resolution (hourly or daily) in later phases of the planning process. 
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APPENDIX  

Table A.1 
Overlap percentage (OP, in %) between CORDEX simulations and ERA5 dataset 
for PVres (second column) and WPD (third column). Last row represents the 
multi-model mean of the OP and its standard deviation.  

Model Number Pvres OP WPD OP 

1 89.93 91.81 
2 86.37 86.19 
3 87.16 88.01 
4 83.16 89.24 
5 79.42 86.09 
6 87.86 87.75 
7 91.58 87.38 
8 87.95 89.48 
9 86.25 89.01 
10 91.61 88.53 
11 80.75 92.31 
12 80.69 83.11 
13 85.20 91.10 
14 90.31 90.26 
15 89.01 90.44 
16 81.87 89.60 
17 87.08 89.59 
18 86.34 88.49 
19 79.90 88.57 
20 88.04 93.06 
21 90.49 93.28 
22 87.64 90.10 
23 79.72 89.40 
24 83.55 87.32 
25 85.15 88.38 
26 87.26 82.86 
27 85.50 88.35 
28 80.36 90.21 
29 91.85 87.46 
30 81.82 92.35 
31 86.94 91.36 
32 84.86 93.28 
33 79.43 90.75 
34 87.41 91.11 
35 92.38 91.99 

Total mean 85.85 ± 3.92 89.38 ± 2.50   
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Fig. A.1. Monthly energy demand in mainland Spain (TWh) averaged over the period 2011–2020. Data was provided by the Spanish Electricity System (htt 
ps://www.ree.es/en). 
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