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Wind energy is a fundamental pillar of the energy mix in Europe — hence the need for understanding the evo-
lution of the wind energy resource under climate change. For this purpose, near-, mid- and long-term wind speed
projections from 18 global climate models are considered and a multi-model ensemble is constructed with the
ones found to best reproduce past-present conditions. The evolution and temporal variability of wind power is
investigated considering different climate change scenarios through the novel Shared Socioeconomic Pathways
(SSPs). More specifically, two SSPs are considered, each corresponding to its own socio-economic and political
environment and, therefore, its own level of greenhouse emissions: SSP5-8.5 (highest emissions scenario) and
SSP2-4.5 (intermediate emissions scenario). Both scenarios lead to a significant reduction (up to 35%) in wind
power density in northern Continental Europe and the Central Mediterranean, and an increase of similar
magnitude in West Finland. Over the Atlantic Ocean, Ireland and Britain the resource is also projected to
decrease significantly. In other regions, however, the general trend (positive or negative) depends on the SSP
scenario. This is the case, notably, of Central Europe, with considerable growth in SSP2-4.5 but some reduction in
SSP5-8.5. Thus, in the intermediate emissions scenario (SSP2-4.5) both growth and decline in wind power
density are forecast, depending on the region. By contrast, in the highest emissions scenario (SSP5-8.5) the
forecast is a general decrease, of the order of 15% overall, with an annual rate of change of approximately —0.2%
and an increase in seasonal variability. These trends will affect the energy production of wind farms and,
therefore, need to be accounted for in assessing wind power projects in Europe.

1. Introduction devices [4]. Recently, the scope of wind energy has been broadened by

the strong development of offshore wind [5] — a record 3.3 GW of new

The combustion of fossil fuel for energy production has been proven
to be one of the main causes of climate change [1]. The European
Commission’s strategy acknowledges the urgency of reducing the
emission of greenhouse gases (GHG) and calls for a significant increase
in renewable energy capacity. Thanks to its technological and com-
mercial maturity, wind power can really make a difference in advancing
the European Commission’s strategy.

In 2019, 15.4 GW of new wind power capacity was installed in
Europe, which represents a hefty 27% increase on the previous year [2].
At the end of the year, the total wind power capacity installed in Europe
was 205 GW, covering 15% of the energy demand in the European
Union. This means that the ambitious goals set by the European Energy
Commission [3] can only be reached by expanding wind power capacity
and, to a lesser extent, by improving the efficiency of already installed

offshore wind power capacity was installed in 2019 in Europe [2].
Research on new technological solutions for wind energy includes its
combination with other resources such as: wave energy [6], with
offshore devices mounted on monopiles [7] or jacket structures [8];
solar [9]; or the more complex wind—-solar—fossil energy system [10]. As
a result, areas not yet exploited may become suitable for future wind
energy development [11]. Furthermore, in the last years, small islands
which are still overly dependent on fossil fuels and energy imports have
found in both onshore and offshore wind energy a great alternative in
the quest for energy self-sufficiency, both for onshore [12] and offshore
wind [13], e.g., Naxos [14]. The potential of hybrid wave-wind energy
systems [15] has been also investigated for small islands [16]. In Europe,
examples can be found in Tenerife [17], Fuerteventura [18] or the
Aegean Sea [19]. With all these new trends in the wind energy market,
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the assessment of the mid- and long-term evolution of the wind resource
is essential with a view to laying the foundations for future investments
in wind energy.

Wind power is especially sensitive to variations in wind patterns —
indeed, it is proportional to the cube of wind speed, and therefore small
fluctuations in wind speeds are greatly amplified in wind power. With
atmospheric flow patterns predicted to change due to increased GHG
emissions [20], it is crucial to take into account the impact of climate
change on the future development of wind energy. The first works
addressing the evolution of wind under climate change in Europe are
based on climate change scenarios A2 and B2 of cumulative GHG
emissions [21], developed by the Intergovernmental Panel on Climate
Change (IPCC) in the IPCC Third Assessment Report (TAR) [22].The first
thorough assessments of wind speed and wind energy in Europe were
presented for Northern Europe [23] and Eastern Mediterranean [24],
focusing on the long-term (2071-2100) evolution. More recently, a
number of models were applied to investigate the impact of climate
change in the European wind energy resource [25] and the effects in
wind power production [26]. Regional works addressing future changes
in wind energy can be found for the UK [27] and Ireland (using the RCA3
[28] and the COSMO-CLM [29] climate models). Generally speaking,
wind speeds are predicted to increase weakly in Northern Europe and
decrease slightly in Southern Europe and the Central Mediterranean.
However, wind speeds appear to be very sensitive to the choice of global
climate model (GCM) and initial conditions. The evolution of the wind
power density [30] and the energy output of a benchmark turbine [31]
over Europe under climate change are studied using an ensemble of
GCMs available through the 5th phase of the Coupled Model Inter-
comparison Project (CMIP5), which uses the Representative Concen-
tration Pathways (RCPs) [32]. By using different ensemble techniques,
both show similar results for the Baltic countries, although the models
disagree strongly regarding the wind energy evolution in Central
Europe.

Recently, an extensive ensemble of GCMs and Earth System Models
(ESMs) has been made available by the 6th phase of the Coupled Model
Intercomparison Project (CMIP6) [33]. The Scenario Model Intercom-
parison Project (ScenarioMIP) [34] occupies a prominent position
among the activities covered in this phase and provides climate pro-
jections based on new alternative scenarios of future GHG emissions and
land use [35]. These updated scenarios are produced with integrated
assessment models (IAMs) and driven by the updated pathways of so-
cietal development, the Shared Socioeconomic Pathways (SSPs) [36].

So far the evolution of the wind energy resource has not been studied
using the SSPs. Moreover, the intra-annual variability (seasonality) of
the wind energy resource is seldom studied in previous works, possibly
due to the limited frequency of the data — typically, monthly averaged
values are used. However, some regions present significant intra-annual
variability. This is the case, notably, of the Atlantic European shores,
which are subject to strong winds from extratropical cyclones [37].
While the economic viability of a wind farm depends to a great extent on
the mean values of wind speed, the intra-annual variability plays an
important role in balancing supply-demand in the electricity grid, ulti-
mately affecting the profitability of the farm [38].

In this work, the most recent climate change projections based on the
SSPs case scenarios are employed to assess the near-, mid- and long-term
trends of wind energy in Europe. The repercussions of the latest climate
projections on wind power density, derived from the near-surface wind
speed data from the GCMs involved in the CMIP6 activities, are studied
by comparison with past-present data. Furthermore, daily data on wind
speed are used to assess the effects of climate change on the evolution of
the intra-annual variability, of interest given the seasonality of the Eu-
ropean wind resource.
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Table 1
GCMs considered in this work.
Model Centre Resolution References
(lat x lon)
AWI-CM-1- Alfred Wegener Institute (Germany) 0.9375° x [40]
1-MR 0.9375°
BCC-CSM2- Beijing Climate Center (China) 1.12° x [41]
MR 1.125°
FGOALS-f3- Chinese Academy of Sciences 1° x 1.25° [42]
L (China)
CanESM5 Canadian Centre for Climate 1.775° x [43]
Modelling and Analysis (Canada) 2.1825°
ACCESS- Commonwealth Scientific and 1.25° x [44]
CM2 Industrial Research Organisation 1.875°
(Australia)
MPI-ESM1- Max Planck Institute for 0.93° x [45]
2-HR Meteorology (Germany) 0.9375°
MPI-ESM1- Max Planck Institute for 1.85° x [46,47]
2-LR Meteorology (Germany) 1.875°
EC-Earth3 EC-EARTH-CONSORTIUM (Europe) 0.7° x [48]
0.7031°
INM-CM4-8 Institute for Numerical Mathematics 1.5° x 2° [49,50]
(Russia)
INM-CM5-0 Institute for Numerical Mathematics 1.5° x 2° [51,52]
(Russia)
IPSL-CM6A- Institut Pierre Simon Laplace 1.2676° x [53]
LR (France) 2.5°
MIROC6 JAMSTEC (Japan Agency for 1.4° x [54]
Marine-Earth Science and 1.4063°
Technology) (Japan)
MRI-ESM2- Meteorological Research Institute 1.12° x [55]
0 (Japan) 1.125°
CESM2- National Center for Atmospheric 0.9424° x [56]
WACCM Research (USA) 1.25°
NorESM2- NorESM Climate modeling 0.9424° x [57]
MM Consortium (Norway) 1.25°
KACE-1-0-G  National Institute of Meteorological 1.25° x [58]
Sciences/Korea Meteorological 1.875°
Administration (Republic of Korea)
GFDL-CM4 NOAA-GFDL (USA) 1° x 1.25° [59]
GFDL-ESM4 NOAA-GFDL (USA) 1° x 1.25° [60]

The present paper proceeds as follows. First, historical near-surface
wind speed data from the 18 GCMs considered in this work are
compared with reanalysis data to select the GCMs that better represent
past-present wind speeds. On this basis, data from the selected GCMs are
assembled in a multi-model ensemble and future trends of mean wind
power density and intra-annual variability over Europe are assessed.

2. Materials and methods

The data used in this work derive from the GCMs framed in the
CMIP6 activities. Future climate projections within the ScenarioMIP
activity are used and compared with data from CMIP historical simu-
lations to assess changes in the wind energy resource. In this study, daily
mean near-surface wind speed data over Europe are used — more spe-
cifically, the ranges of latitude and longitude considered are (26°N,
72°N) and (26°W, 40°E), respectively. Following standard practice in
this type of study, near-surface (10 m height) wind data are used as the
reference. Wind speeds at different heights may be determined by means
of the Hellman exponent and wind gradient equation [39].

Two different climate change scenarios are considered in the pro-
jections of wind speed: SSP5-8.5 and SSP2-4.5 [34]. SSP5-8.5 represents
an extreme scenario in which no policies are applied regarding the
emission of GHGs, i.e. with intensive fossil-fuel consumption resulting in
a forcing pathway of 8.5 Wm ™2 in 2100. On the contrary, SSP2-4.5 is an
intermediate scenario, in which current climate change trends continue
without substantial deviations, leading to a forcing pathway of 4.5
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Table 2
Number of points in the grid statistically similar to their ERA-5 counterparts
(percentage of total number of points).

Model Number of grid points statistically similar
EC-Earth3 67%
GFDL-CM4 67%
NorESM2-MM 66%
CESM2-WACCM 64%
GFDL-ESM4 62%
IPSL-CM6A-LR 58%
FGOALS-f3-L 56%
ACCESS-CM2 52%
MPI-ESM1-2-HR 50%
CanESM5 50%
AWI-CM-1-1-MR 50%
BCC-CSM2-MR 47%
MIROC6 45%
MPI-ESM1-2-LR 44%
INM-CM4-8 44%
MRI-ESM2-0 43%
INM-CM5-0 43%
KACE-1-0-G 39%
wm ™2 by 2100.

In this study, the 18 GCMs involved in the CMIP6 activities that
provide future projections of daily averaged near-surface wind speed
data in both case scenarios, SSP2-4.5 and SSP5-8.5, are considered
(Table 1).

2.1. Validation of the data

The data are compared and validated using the up-to-date ERA-5
reanalysis database from the European Centre for Medium-Range
Weather Forecasts (ECMWF) [61]. The ERA-5 database is chosen for
two reasons: (i) it is the most recognised database in reanalysis products,
widely used as a reference in other analyses [62], and (ii) the ERA
products have been the official validation datasets for the CMIP down-
scaling initiatives [63]. Besides, they have been widely used for vali-
dation by previous works [64]. Near-surface wind speed historical data
(2005-2014) of the GCMs listed in Table 1 are compared to the ERA-5
near-surface wind speed data in the same period.

In the following, the wind speed projections obtained with each GCM
are compared to the historical data computed with the same GCM. It is
therefore of interest for the scope of this paper to evaluate distributional
differences of the GCMs rather than the mean differences (biases) to
determine reanalysis uncertainties. To assess distributional differences,
the two-sample Kolmogorov-Smirnov test is employed (K-S test), which
examines the null hypothesis of two different sample data belonging to
the same distribution against the alternative that they are not [65].

First, since the GCMs employed in this work have different native
resolutions (Table 1), all the GMCs are remapped into a regular grid,
which is chosen to be 1.5°x1.5° using a first-order conservative
remapping, maintaining the flux integrals [66]. Since daily data on at-
mospheric sciences are largely seasonal-dependent, the K-S test is
applied to the time series centred to have zero mean, obtained by sub-
tracting the seasonal mean (bias) in each time step. Eliminating the bias
of the time series before applying the K-S test has been proved to detect
distributional differences in higher-order moments, and it is a common
practice in downscaling approaches [67]. The two-sample K-S test is
applied to the unbiased time-series data of the GCMs listed in Table 1
against the unbiased time series ERA-5 data covering the same period at
a significance level of 5%. The number of points in the grid which are
statistically similar to their ERA-5 counterparts is shown in Table 2 as a
percentage of the total number of points.
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Fig. 1. Normalised bias of the historical data of the multi-model ensemble
relative to the ERA-5 time series.

2.2. Methods

In order to assess the evolution of the wind energy resource using the
CMIP6 projections of daily wind speed, a multi-model ensemble (MME)
of the GCMs that represent the most statistically accurate historical data
is constructed [68]. It has been shown that, by using the MME approach,
individual uncertainties are eliminated, therefore producing more reli-
able results than single-model approaches [69]. In this work, GCMs with
higher percentages of statistically similar grid points to the ERA-5
dataset are selected for the multi-model ensemble. More specifically,
the GCMs with more than 62% of statistically similar grid points are
chosen, namely: EC-Earth3, GFDL-CM4, NorESM2-MM, CESM2-
WACCM and GFDL-ESM4 (Table 2). These GCMs are integrated into an
MME following an un-weighted approach [70].

Three periods are considered for the projections: the near-term
future (2021-2030), mid-term future (2056-2065) and long-term
future (2091-2100). Time periods of ten years were selected as a
compromise between temporal resolution and the need to avoid
spurious influences from hyperannual variation cycles. The MME is
computed for the three periods under the two climate change scenarios
considered and the results are compared against the historical MME data
counterpart (2005-2014), which is referred to hereinafter as the Base-
line. The comparison is made by subtracting the Baseline value from the
projected value and expressing the result as a percentage of the Baseline
value.

First, the mean difference (bias) of the historical MME and the ERA-5
in the same period is studied. Since the variability of the time series
depends to a great extent on the latitude, the bias is normalised against
the standard deviation of the sample [67] (Fig. 1). Overall, the MME
approach shows good agreement with the ERA-5 time series, especially
over large water bodies. Near-surface winds are influenced by
orographic features, which cannot be fully captured by either model due
to their coarse spatial resolution. Consequently, some discrepancies are
to be expected, in particular over large mountain ranges, such as the
Alps, Pyrenees or the Apennines.

Second, the wind power density (P) is calculated as

1
P = EPU3, ®
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Fig. 2. Evolution of mean wind power density in Europe. Historical values (Baseline) of mean wind power density (Wm™ <, uppermost panel) and change (%) relative
to the historical values in the near-, mid- and long-term future for climate change scenarios SSP2-4.5 (left) and SSP5-8.5 (right).
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row, respectively.
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Fig. 6. Monthly mean wind power density in the Baseline period (Wm~2).

where U is the wind speed and p is the air density, taken to be 1.225
kgm’g. Given the cubic relationship between P and U in Eq. (1), small
fluctuations in the wind speed are greatly amplified in the wind power
density.

3. Results and discussion

With the wind speed data and methods presented in Section 2, the
multi-model ensemble data of daily-averaged near-surface wind power
density are computed using Eq. (1). Values of the mean wind power
density and temporal variability are calculated and compared with the
Baseline to study the evolution of the resource.

3.1. Mean wind power density

Mean values of wind power density for the near-, mid- and long- term
future are calculated and compared with the Baseline (Fig. 2). The
highest wind power densities occur near the 55th parallel, close to the
west of Ireland and south of Iceland, with mean wind power density
values over 700 Wm ™2 provided by the prevailing westerlies. Closer to
the continental landmass, the Bay of Biscay and the North and Norwe-
gian Seas display values around 450 Wm 2.

The near-term future differences from the Baseline are below + 10%
in both climate change scenarios (Fig. 2). Notwithstanding, differences
of up to 10% are not necessarily negligible given the proximity between
the near-term future (2021-2030) and the Baseline (2005-2014). Dif-
ferences with respect to the Baseline are significantly greater in the mid-
term (2056-2065) and long-term future (2091-2100). Moreover, given
a certain climate change scenario, differences between the mid-term

future and the Baseline are generally of a similar magnitude and sign
as differences between the long-term and mid-term future.

Importantly, in the climate change scenario with the highest GHG
emissions, SSP5-8.5, a widespread decrease in the European wind power
density is predicted. The greatest reductions in wind power density are
projected in Britain, Ireland and the northernmost regions of the
continent (Northern Norway and the Finnish Lapland), in the range of
20-35%. A general decrease up to 25% is also predicted in the Medi-
terranean Sea, in agreement with other studies [31]. An interesting
nuance is that in work this reduction of wind power density appears to
be more pronounced in the Italian Peninsula. Overall, the SSP5-8.5
predicts a general decrease in wind power density of approximately
15% in the long-term future, which is equivalent to roughly 0.2%
annually.

In the intermediate climate change scenario, SSP2-4.5, a general
trend that would hold generally for the entire continent cannot be dis-
cerned. Instead, the evolution of the resource presents regional differ-
ences. Significant decreases in wind power density are projected for
Ireland, Britain, the Mediterranean Sea and the northernmost regions of
the continent (in the range of 10-30%).

Some discrepancies are observed between the projections in different
climate change scenarios, including in some cases even opposite trends
at regional level. This is the case, most notably, of Central Europe and
parts of Western Europe (France, Germany, Czech Republic), where the
SSP2-4.5 scenario predicts a rise of up to 15% in wind power density,
while the SSP5-8.5 scenario projects slight reductions. These discrep-
ancies indicate that some regions are highly sensitive to the climate
change scenario, which may well be the reason behind the discrepancies
found in the literature on the evolution of wind energy in Central Europe
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Fig. 7. Evolution (%) of the monthly mean wind power density in the near-term future under SSP2-4.5 climate change scenario.

[25,30,31]. Other strong discrepancies between climate change sce-
narios are found in Turkey and Ukraine.

Finally, both climate change scenarios agree in predicting a sub-
stantial increase (of the order of 30%) in wind power density in Western
Finland. Despite the generally constant rate of change of wind power
density, this increase takes place mostly between the near- and mid-term
future, with little change thereafter. Interestingly, a slight growth in
wind energy around the Baltic countries is mentioned in other studies
[71]; however, the increase predicted in this work is more substantial,
and located entirely over the landmass.

3.2. Variability

The variability of the wind power density is studied by means of the
coefficient of variation (COV) [72], which is the ratio of the standard
deviation, o, to the mean value, X, of a statistical sample,

cov="2. @
X

The coefficient of variation is computed for the historical database of
the MME and the near-term, mid-term and long-term future projections
for both scenarios of climate change, i.e., SSP2-4.5 and SSP5-8.5 (Fig. 3).

In the Baseline, the wind energy resource is most variable in the Bay
of Biscay, Germany, the Mediterranean Sea (in particular, the Tyr-
rhenian and Adriatic Seas) and the Black Sea. In Northern Europe, the
most stable wind energy resource is found in Sweden and West Finland,
whereas in the southern regions it is located below the 45th parallel in
the Atlantic Ocean and off Portugal.

An overall growth in the variability of wind energy in Europe is

predicted in both climate change scenarios, which increases over time.
The greatest variability is observed in climate change scenario SSP5-8.5,
which predicts a widespread increase in the COV over 10% in offshore
and Central Europe.

Asignificant increase in variability is projected in the Atlantic Ocean,
Ireland and Britain (>10% in the SSP5-8.5 scenario), the southernmost
parts of Sweden and Norway (>15%), the Baltic Countries, Belarus and
West Russia (>15%) and the Mediterranean Sea (up to 15%). Central
Europe and West Finland exhibit a smaller but still noticeable increase in
the range 5-10%.

On the other side, a notable reduction in variability (of around 10%)
is predicted in the northernmost regions of Continental Europe — Norway
and, especially, the Finnish Lapland.

3.3. Intra-annual variability: Seasonal mean wind power density

To assess the evolution of the intra-annual variability, the seasonal
mean wind power density is calculated and compared with the Baseline
for climate change scenarios SSP2-4.5 and SSP5-8.5 (Figs. 4 and 5,
respectively). The year is divided into three-month periods, i.e.,
December — January — February (DJF), March — April — May (MAM),
June — July — August (JJA) and September — October — November (SON).

In the Baseline, the pronounced seasonality of the wind energy
resource in the European Atlantic is apparent, with the highest values in
SON and DJF, matching the extratropical cyclones season. The most
energetic winds occur in the upper-mid latitudes in DJF, with mean
wind power densities topping 1100 Wm ™2 — in stark contrast with JJA,
when they remain below 450 Wm 2.

The evolution of wind power density in climate change scenario



A. Martinez and G. Iglesias

February

Energy Conversion and Management 234 (2021) 113961

15 W
October

15 : w
September

15 W
November

15E  30'E

(%)

-20

20

Fig. 8. Evolution (%) of the monthly mean wind power density in the mid-term future under SSP2-4.5 climate change scenario.

SSP2-4.5 (Fig. 4) presents considerable seasonality in the Iberian
Peninsula and the surrounding Atlantic Ocean. In the long-term future,
increases in wind power density of ~15% and ~10% occur in DJF and
JJA, whereas a general decrease is projected in MAM and SON. The
evolution of the resource also presents considerable seasonal variability
in the Central Mediterranean, with little to no significant differences
from the Baseline in DJF and MAM but substantial decreases, of up to
25%, in JJA and SON.

On the other hand, some differences from the Baseline projected in
the SSP2-4.5 scenario are persistent throughout the year. A substantial
increase in wind power density is projected, over 40% in Western
Finland and up to 20% in Central and parts of Western Europe (France,
Germany, Czech Republic, Belgium and the Netherlands) and Ukraine.
On the other hand, drops in wind power density throughout the year are
predicted for Ireland, Britain and the northernmost regions of the
Atlantic Ocean and Continental Europe — Norway, Sweden and the
Finnish Lapland, with values in the range 10-30%.

A much stronger seasonal variability is found in climate change
scenario SSP5-8.5 (Fig. 5). Decreases in wind power density up to 35%
are projected in JJA in Central Europe and the upper-mid latitudes of the
Atlantic Ocean, including Ireland, Britain and Iceland, whereas the rest
of the year changes remain below + 10%, in agreement with other works
in literature [25]. The opposite trend is observed in the Iberian and
Balkan Peninsula, which present in JJA a significant increase in wind

10

power density of 15% and 30%, respectively. However, changes in wind
energy density are below 10% the rest of the year. Non-seasonal vari-
ability in the SSP5-8.5 is observed in the Central Mediterranean, which
presents a decrease of up to 35% in wind power density.

3.4. Intra-annual variability: Monthly mean wind power density

The monthly mean wind power density is computed and compared to
historical data to assess the intra-annual evolution of the wind energy
resource in the near-term, mid-term and long-term future for climate
change scenarios SSP2-4.5 and SSP5-8.5.

Substantial changes in wind power density relative to the Baseline
(Fig. 6) are projected for the near-term future in climate change sce-
narios SSP2-4.5 (Fig. 7) and SSP5-8.5 (Fig. 10), of up to + 25%. How-
ever, these changes are not consistent during the year. Even though no
specific trends in the evolution of the wind energy resource can be
ascertained in this period, both climate change scenarios present very
similar results.

Seasonal variability is apparent in several regions in the SSP2-4.5
scenario (Figs. 8 and 9). Along the Atlantic shores of the Iberian
Peninsula and the Bay of Biscay, a notable increase of 20% in wind
power density is projected in December, February and March, whereas
little to no significant changes are projected for the rest of the year.
Considerable seasonal variability is also present in the Mediterranean
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Fig. 9. Evolution (%) of the monthly mean wind power density in the long-term future under SSP2-4.5 climate change scenario.

Sea, with changes in wind power density of up to 25% exclusively from
June to October. Similarly, although a general decline is predicted
throughout the year in the northernmost regions of Europe, a substantial
increase is predicted for February and March (>40%).

On the other side, increases in the available wind energy which are
consistent throughout the year are projected in the SSP2-4.5 scenario in
Central Europe and parts of Western Europe — especially in France,
Germany, the Netherlands and Belgium, with peak values of ~30% in
December — and West Finland — peaks over 50% occurring in January.

Importantly, a much stronger intra-annual variability is projected in
climate change scenario SSP5-8.5 (Figs. 11 and 12), with no regions
maintaining a consistent evolution throughout the year. Although a
remarkable increase in wind energy is predicted in West Finland
throughout the year, values range from approximately 10% between
June and September to a much greater growth during the rest of the year
— peaks of 55% in December and January. Given that historical data
register the lowest values of wind energy between May and August, the
variability of the resource may be expected to increase, as shown in the
evolution of the COV.

Finally, a notable trend arises in the SSP5-8.5. This scenario predicts
slight increases in wind energy in a six-month period from October to
April in mid- and upper-latitude regions — above the 50th parallel. The
rest of the year, however, a strong decline of 20% is predicted. In stark
contrast, the opposite trend is observed in the Balkan Peninsula and, to a
lesser extent, in the Iberian Peninsula, with noticeable increases in wind
energy precisely from April to October (up to 40% in the Balkan
Peninsula) but small decreases in the remaining six months. These intra-
annual trends become more relevant when taking into account the fact
that the most energetic winds occur mainly in winter, matching the

11

extratropical cyclone season. As a result, large increases in the vari-
ability of the resource may be expected in Central and Northern Europe,
in contrast with the Balkan and Iberian Peninsulas.

3.5. Discrepancies between climate change scenarios

Comparing the two climate change scenarios, it is noteworthy that
the predictions for certain regions are diametrically opposed. This is the
case, most notably, of much of Western and Central Europe (France,
Belgium, the Netherlands, Germany, Czech Republic) where the SSP2-
4.5 scenario predicts a significant increase in wind power density,
whereas slight decreases are predicted in the SSP5-8.5 scenario. The
sensitivity of the evolution of wind energy in these regions to the climate
change scenario may be the reason behind the discrepancies in the
literature in this regard.

4. Conclusions

The evolution of the European wind energy resource under the ef-
fects of climate change was investigated using a multi-model ensemble
of 5 global climate models. These models were selected among 18 GCMs
participating in the CMIP6 activities on the basis of their performance in
modelling past-present wind flow conditions. These climate projections
consider the most recent scenarios of GHG emissions and land use,
driven by the novel pathways of societal development: the Shared So-
cioeconomic Pathways. More specifically, the SSP2-4.5 and SSP5-8.5
scenarios, representing business-as-usual and augmented emissions,
respectively, are considered.

The evolution of wind energy is studied by comparing climate
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change projections with historical data. Clear trends become apparent in
the mid-term (2056-2065) and are exacerbated in the long term
(2091-2100).

The forcing scenario with the highest GHG emissions, SSP5-8.5,
predicts the greatest changes in the mean value and the temporal vari-
ability of wind power density, regardless of the location. This scenario
projects in the long-term future a general decrease of ~15% in the Eu-
ropean wind power density, with an annual reduction of ~0.2%. As for
the variability, a general increase of over 10% in the coefficient of
variation of wind power density is predicted. On the other hand, the
business-as-usual climate change scenario, SSP2-4.5, does not show a
general trend in the European wind energy. Long-term changes in wind
power density relative to historical data depend largely on the region,
and can be either negative or positive.

Regardless of the climate change scenario, a remarkable increase in
mean wind power density is located in West Finland, whereas consid-
erable decreases are anticipated in the Central Mediterranean (centred
in the Italian Peninsula and Tyrrhenian Sea), the northernmost regions
of Continental Europe (centred in the Finnish Lapland) and the upper
European Atlantic Ocean - in latitudes above 45°N, including Ireland,
Britain and Iceland. Conversely, diametrically opposed predictions for
different scenarios are located in much of Western and Central Europe
(France, Belgium, the Netherlands, Germany, Czech Republic).

These results are of interest in assessing the potential of the wind
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energy sector in Europe, which is expected to develop further in the
context of the European Union’s Green Deal. It serves as a reference for
future regional studies and downscaling initiatives of the CMIP6 focused
on the effects of climate change on the available wind energy resource.
Future works may assess whether locations with already well-developed
wind power may see the resource decrease, whereas areas which have
received less attention so far may become the object of future studies.
These additional studies will become even more relevant with the rise of
new technologies such as floating offshore wind, leading the sector to
yet largely unexplored areas due to its rapid development.

This work consisted in a large-scale, high-level assessment, which
may be seen as a first approximation to the study of the long-term trends
of the European wind energy resource. Even though individual un-
certainties are reduced by using a multi-model ensemble, the limitations
of the GCMs involved in the CMIP6, including the coarse resolution, are
inherited, which must be born in mind when considering localised areas
in the vicinity of mountain ranges. In future, this study ought to be
complemented with additional work on smaller scales.
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