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Abstract. Solar photovoltaics (PV) plays an essential role in decarbonizing the European energy system. However, climate change affects surface solar radiation and will therefore directly influence future PV power generation. We use scenarios from Phase 6 of the Coupled Model Intercomparison Project (CMIP6) for a mitigation
(SSP1-2.6) and a fossil-fuel-dependent (SSP5-8.5) pathway in order to quantify climate risk for solar PV in Europe as simulated by the Global Solar Energy Estimator (GSEE). We find that PV potential increases by around
5 % in the mitigation scenario, suggesting a positive feedback loop between climate change mitigation and PV
potential. While increased clear-sky radiation and reduced cloud cover go hand in hand in SSP1-2.6, the effect
of a decrease in clear-sky radiation is outweighed by a decrease in cloud cover in SSP5-8.5, resulting in an increase in all-sky radiation. Moreover, we find that the seasonal cycle of PV generation changes in most places,
as generation grows more strongly in winter than in summer (SSP1-2.6) or increases in summer and declines in
winter (SSP5-8.5). We further analyze climate change impacts on the spatial variability of PV power generation.
Similar to the effects anticipated for wind energy, we report an increase in the spatial correlations of daily PV
production with large inter-model agreement yet relatively small amplitude, implying that PV power balancing
between different regions in continental Europe will become more difficult in the future. Thus, based on the most
recent climate simulations, this research supports the notion that climate change will only marginally impact renewable energy potential, while changes in the spatiotemporal generation structure are to be expected and should
be included in power system design.

1

Introduction

To combat climate change, humankind has to drastically reduce carbon emissions in the coming decades (IPCC, 2013).
Solar photovoltaics (PV) are a key technology to achieve
this goal because the potential of PV exceeds current electricity demand (Tröndle et al., 2019) and its costs have
plummeted over the last few years (Creutzig et al., 2017;
IRENA, 2019). As of today, the global installed PV capacity amounts to 580 GW, reflecting a 20-fold increase since
2010, as reported by the International Renewable Energy
Agency (IRENA 2020). Within less than 3 decades, the European Union (EU) wants to achieve net carbon neutrality
(EU, 2019). This ambitious timeline implies the accelerated

deployment of renewable generation technology, dominantly
wind and solar power. In the short run, by 2030, the EU aims
at about 30 % renewables in energy consumption.
Power generation from sunlight is weather dependent and,
thus, fluctuates in space and time (e.g., Bloomfield et al.,
2021; van der Wiel et al., 2019; Craig et al., 2019; Ravestein
et al., 2018). In a power system, these fluctuations can be
mainly mitigated through (a) large-scale interconnection that
averages spatially over different weather conditions (e.g.,
Rodriguez et al., 2014; Grams et al., 2017), (b) electricity
storage that averages temporally over different weather conditions (e.g., Kittner et al., 2017), and (c) optimized portfolios that exploit synergies between different types of genera-
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tion (e.g., Heide et al., 2010). Weather and climate variability
govern the extent to which these options can be successful –
now and in the future. Future PV power generation, in particular, is linked to atmospheric parameters that affect surface
solar radiation such as cloud coverage and optical thickness,
aerosols, and water vapor.
Earlier studies investigated the impacts of climate change
on surface radiation and PV power production under different climate scenarios, generally finding limited magnitudes
of change in solar potential (Wild et al., 2015; Jerez et al.,
2015; Panagea et al., 2014; Gaetani et al., 2014; Crook et
al., 2011). These assessments were mostly based on data
from the Climate Modeling Intercomparison Project Phase 5
(CMIP5; Taylor et al., 2012), where the global climate is simulated with general circulation models (GCMs), or the Coordinated Downscaling Experiment (EURO-CORDEX; Jacob
et al., 2020), where GCM output is dynamically downscaled
to capture the synoptic atmospheric circulation features of a
certain region.
However, recent evidence suggests that most EUROCORDEX models are poorly suited to investigate surface solar radiation because aerosols were kept constant in most of
the regional climate models used for the downscaling (Gutié
rrez et al., 2020; Bartok et al., 2017). Therefore, some earlier studies based on regional climate models have to be
interpreted with caution. Moreover, most studies focus on
long-term averages of power generation and neglect changes
in the spatiotemporal structure of PV generation. However,
ignoring changes in the spatiotemporal structure induces a
risk in power system design. For instance, climate change
could compromise the effectiveness of international transmission to smooth renewable generation variability. Wohland et al. (2017) reported that wind power generation will
become more uniform over Europe; thus, more countries
will experience below-average wind generation at the same
time, thereby reducing the potential for smooth generation
variability by spatial integration. It remains to be evaluated
whether similar effects exist for solar PV.
Therefore, this study has the following two goals:
First, we test the robustness of earlier results by evaluating changes in surface solar radiation and PV potentials in
Europe based on Phase 6 of the Coupled Model Intercomparison Project (CMIP6; Eyring et al., 2016). To this end, we
use projections from 28 CMIP6 models to account for model
uncertainty and consider pathways at the upper (SSP1-2.6)
and lower (SSP5-8.5) ends of mitigation ambition in order to
cover the range of different potential futures.
Second, to assess the risks for the power system that stem
from changes in the spatiotemporal structure of PV generation, we analyze climate change impacts beyond the longterm mean. In particular, we quantify changes in the spatial
correlations of PV power generation over the continent and
analyze balancing potentials between different focus regions
in continental Europe.
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2.1

Data and methods
CMIP6 data

We use the output from 28 CMIP6 models at a daily and
monthly resolution (see Table 1). In the assessment of the
climate variables, we use conservatively remapped monthly
data aligned with the lowest model resolution of 2.5◦ × 2.5◦ .
By contrast, to account for the nonlinear dependency of PV
generation on climatic inputs, we run the PV model with
daily data in the finer original spatial resolution. Thus, PV
generation is calculated on a different grid for each climate
model. To ease inter-model comparison, the PV generation
is subsequently remapped onto the uniform 2.5◦ × 2.5◦ grid.
Unless otherwise stated, we selected the r1 ensemble member from each model, where there might be multiple members available.
To evaluate the operating conditions of solar PV, we analyzed four climate variables: surface downwelling shortwave
radiation under all-sky conditions (rsds), surface temperature (tas), surface downwelling shortwave radiation under
clear-sky conditions (rsdscs), and total cloud fraction (clt).
Surface downwelling radiation is the fuel of a solar cell,
and the surface temperature influences the panel efficiency.
Clear-sky radiation and cloud fraction allow one to contextualize changes in all-sky radiation. All-sky radiation is affected by cloud cover and atmospheric composition (e.g.,
aerosol load), whereas the clear-sky component only considers changes due to atmospheric composition and assumes
cloud-free conditions.
We analyze two climate change scenarios: two Shared Socioeconomic Pathways (SSPs) representing the low (SSP12.6) and high (SSP5-8.5) ends of the range of the mitigation challenges (O’Neill et al., 2016). SSP1 envisions sustainable development and stringent climate change mitigation, whereas SSP5 assumes continued heavy reliance on fossil fuels. The associated numbers 2.6 and 8.5 indicate the
radiative forcing (in W m−2 ) by the year 2100 compared
with the preindustrial period from 1850 to 1900 according
to the United Nations Framework Convention on Climate
Change (UNFCCC, 2015). Broadly speaking, SSP1-2.6 is
the successor of the Representative Concentration Pathway
2.6 (RCP2.6), whereas SSP5-8.5 replaces RCP8.5. We compare the climate variables’ multi-model mean for the 2081–
2100 period with the reference historical time span from
1995 to 2014. We measure the inter-model agreement by the
number of models showing the same sign of change and consider the agreement to be high if more than 75 % agree.
2.2

Modeling solar photovoltaics

Based on the aforementioned climate variables, we calculate solar power generation using the Global Solar Energy
Estimator (GSEE; Pfenninger and Staffell, 2016). GSEE allows us to simulate PV electricity production of a solar panel
https://doi.org/10.5194/esd-12-1099-2021
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Table 1. CMIP6 models used in this study, showing the institution, model acronym, and horizontal grid resolution (number of grid points).

Output from these 28 models is available at a monthly and daily resolution.
Institution

Model acronym

Long.

Lat.

CSIRO (Commonwealth Scientific and Industrial Research Organisation) and
Bureau of Meteorology, Australia

ACCESS-CM2
ACCESS-ESM1-5

192
192

144
145

Beijing Climate Center, China Meteorological Administration

BCC-CSM2-MR

384

192

National Center for Atmospheric Research (NCAR)

CESM2
CESM2-WACCM

288
288

192
192

Centro Euro-Mediterraneo per I Cambiamenti Climatici

CMCC-CM2-SR5

288

192

Centre National de Recherches Météorologiques

CNRM-CM6-1
CNRM-CM6-1-HR
CNRM-ESM2-1

720
256
256

360
128
128

EC-EARTH consortium

EC-Earth3a
EC-Earth3-Vega

512
512

256
256

Institute of Atmospheric Physics, Chinese Academy of Sciences

FGOALS-g3

180

80

Geophysical Fluid Dynamics Laboratory

GFDL-ESM4

288

180

Met Office Hadley Centre

HadGEM3-GC31-LL
HadGEM3-GC31-MM

192
432

144
324

Institute for Numerical Mathematics, Russian Academy of Sciences

INM-CM4-8
INM-CM5-0

180
180

120
120

Institut Pierre-Simon Laplace

IPSL-CM6A-LR

144

143

National Institute of Meteorological Sciences / Korea Meteorological Administration

KACE-1-0-G

192

144

Korea Institute of Ocean Science and Technology

KIOST-ESM

192

96

Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute
(The University of Tokyo) and National Institute for Environmental Studies

MIROC6

256

128

Max Planck Institute for Meteorology (MPI-M)

MPI-ESM1-2-HR
MPI-ESM1-2-LR

384
192

192
96

Meteorological Research Institute of the Japan Meteorological Agency

MRI-ESM2-0

320

160

Nanjing University of Information Science and Technology

NESM3

192

96

Norwegian Climate Centre

NorESM2-LMb
NorESM2-MM

144
288

96
192

Met Office Hadley Center (MOHC)

UKESM1-0-LL

192

144

a The model does not provide clear-sky surface downwelling shortwave radiation (rsdscs).b The model does not provide cloud fraction (clt) in SSP5-8.5.

on annual to hourly intervals, particularly also accounting
for panel orientation (Müller et al., 2019). Pfenninger and
Staffell (2016) used meteorological reanalyses and satellite
datasets as input and validated the GSEE through bias correction by matching the simulations to the mean bias in individual sites’ time series, which were provided by transmission
network operators in Europe. Here, we use the highest temporal CMIP6 output resolution (daily data) to also capture
changes in the distributions and spatial correlations of daily
PV production. This approach particularly reflects the nonlinear relation between climatic inputs and GSEE-derived PV
generation.

https://doi.org/10.5194/esd-12-1099-2021

For the calculations, we adopt the prevailing PV technology using crystalline silicon (IRENA, 2019). Inputs to GSEE
include total horizontal irradiance (the sum of direct and diffuse radiation, here rsds from CMIP6), the fraction of diffuse irradiance from total horizontal irradiance (using the
Boland–Ridley–Lauret model in Ridley et al., 2010; predefined in the GSEE software module), the ambient temperature (tas from CMIP6), and panel-specific parameters (grid
coordinates, tilt and azimuth angle, peak generation capacity,
and panel tracking mode). We compute the optimal tilt angle
in degrees for each latitude using linear regression after Jacobson and Jadhav (2018) and use an azimuth angle of 180◦
(facing south towards the Equator). A capacity of 1 kW per
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grid cell is used with fixed panels (no sun-tracking). The effects of wind speed changes on panel efficiency are neglected
due to their small magnitude and pronounced uncertainty of
wind speeds at the panel location, which are strongly controlled by local effects.
The focus on Europe translates into a rectangular geo-grid
extended from 35 to 75◦ N and from 10◦ W to 30◦ E. The
PV output data from the GSEE are remapped to a spatial
lat × long resolution of 2.5◦ × 2.5◦ using the first-order conservative remapping, leading to a common grid of 16 × 16
cells.

Pearson correlation coefficient between itself and all other
grid points. If this value is high, the grid point is – on average
– highly correlated with all other grid boxes in the domain.
If it is close to zero, the grid point is – on average – largely
uncorrelated with the other grid boxes. This approach yields
one correlation matrix of the 16 × 16 dimensions for each of
the three 20-year periods.
We characterize the long-term changes in spatial variability by correlation changes between 2081–2100 and 1995–
2014:
1CorrSSPi = CorrSSPi − Corrhis ,

2.3

Seasonal analysis approach

We analyze summer (June, July, and August) and winter (December, January, and February) changes separately to investigate potential impacts on the seasonal cycle and to highlight intra-annual variations that could be masked in annual
means. Both wind and solar generation follow strong seasonal cycles in Europe and have their maximum generation
in different parts of the year: PV peaks in summer, whereas
wind power peaks in autumn. The evolution of the seasonal
cycle is of high practical relevance, as combining wind and
solar power allows for the smoothing of generation variability throughout the year (Heide et al., 2010). Thus, optimal
shares of wind and solar power would change if the seasonal
cycle of generation changed.
When investigating correlation changes in PV production, we remove the seasonal cycle over the reference period
(1995–2004) by subtracting the 20-year daily mean and dividing by the 20-year daily standard deviation:

PVd,des =

PVd − PVd,ref 20yr
.
σ (PVd,ref 20yr )

(1)

For instance, deseasonalized PV production on 1 February 2085 is computed as PV generation on that day minus
mean PV production on 1 February from 1995 to 2014, divided by the standard deviation on 1 February throughout
the reference 20 years. This procedure delivers the excess or
deficit in daily PV production from its long-term average during the reference period and captures changes in the seasonal
cycle.

where CorrSSPi stands for the correlation matrix in the SSP12.6 and SSP5-8.5 scenarios, respectively, and Corrhis denotes
the historical run. Finally, we iterate the procedure for each
model and compute the multi-model mean of 1CorrSSPi from
all 28 models.
2.5

Spatial correlation methodology

We conduct a correlation analysis on daily PV generation
from two different 20-year periods (1995–2014 from the historical CMIP6 simulations, and 2081–2100 from the SSP12.6 and SSP5-8.5 scenarios, respectively), following the approach in Wohland et al. (2017), in order to identify changes
in the spatial PV generation patterns. For each CMIP6 model,
we compute a matrix of correlations, with each matrix entry
corresponding to one of the 16 × 16 grid boxes covering Europe. Each grid point (matrix entry) is assigned the average
Earth Syst. Dynam., 12, 1099–1113, 2021

Case studies

While the correlation analysis enables the comparison of
continental-scale changes, it fails to capture smaller-scale
features due to the averaging procedure. To overcome this
limitation, we investigate three case studies, namely the
Iberian (35–42.5◦ N, 10–0◦ W) and the Balkan (35–42.5◦ N,
0◦ W–30◦ E) peninsulas as well as central Europe (45–50◦ N,
5–15◦ E), by lat–long boxes. The atmospheric conditions
over these regions are subject to the general atmospheric circulation patterns over the European continent, but the areas
are also far enough away to concurrently experience different
weather conditions. Central Europe has a high share of the
electricity load in the European continent (Wohland et al.,
2017). Located in southern Europe, Iberia and the Balkans
are rich in solar resources and possess a high potential for
PV electricity production. They are also connected within
the European power grid network, providing high potential
for energy balancing. We aggregate daily PV generation over
the respective area and then compute correlations between
deseasonalized daily time series (see Sect. 2.3) from the different areas to examine their mutual power generation balancing potential.
3

2.4

(2)

Results

In this section, we first calculate the projected changes in four
climate variables: all-sky radiation (rsds), as the key parameter governing PV production; clear-sky radiation (rsdscs)
and cloud fraction (clt), to differentiate between clouds and
other factors affecting rsds; and surface temperature (tas),
to illustrate future warming in Europe as another parameter
affecting PV production (Sect. 3.1). We show that changes
in all-sky radiation and their underlying causes in terms of
cloud fraction and clear-sky radiation depend on the scenario
(SSP1-2.6 or SSP5-8.5) and the season (summer or winter).
https://doi.org/10.5194/esd-12-1099-2021
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Next, we proceed to implied changes in PV production in absolute (W h d−1 ) and relative (%) terms (Sect. 3.2). Finally,
we turn from mean power production to spatiotemporal balancing of PV power production. Looking at spatial correlations of daily PV power production under present-day and future projections, we find that the balancing potential among
European regions tends to decrease in the future (Sect. 3.3).
Associated findings for SSP5-8.5 are observed to be largely
in line with corresponding studies based on RCP8.5 from
CMIP5 (Müller et al., 2019). For SSP1-2.6, we find qualitatively different results that, to our knowledge, are original
and have no CMIP5 counterpart in the literature.
3.1

Projected climate changes

In the annual mean, Europe is projected to become warmer
and have higher all-sky radiation available in both scenarios
(see Figs. 1, 2). Exceptions are Iceland and parts of Scandinavia, but the model agreement there is lower. In line with
expectations, temperatures rise in both climate change scenarios, and the increase is nearly twice as strong in SSP58.5 as in SSP1-2.6. All-sky radiation also increases in the
two scenarios. In SSP1-2.6, a decrease of up to 4 % in cloud
cover and an increase in clear-sky radiation (fewer aerosols)
jointly contribute to the increase of 5–10 W m−2 in all-sky
radiation (Fig. 1). In contrast, the increase in SSP5-8.5 allsky radiation results from a decrease of up to 10 % in cloud
cover, despite a decrease of 3–5 W m−2 in clear-sky radiation (Fig. 2). We attribute this discrepancy in the evolution of
clear-sky radiation to competing effects from future warming, associated changes in atmospheric water vapor, and projected future aerosol emissions in SSP1-2.6 and SSP5-8.5.
The stronger warming in SSP5-8.5 results in a higher atmospheric water vapor content and, thus, stronger shortwave absorption and decreased (clear-sky) radiation. Future anthropogenic aerosol emissions are projected to decrease in both
scenarios, implying an increase in clear-sky radiation, but the
projected decrease occurs earlier and is stronger under SSP12.6 (Gidden et al., 2019). In SSP1-2.6, the strong reduction in
aerosols dominates over the weak increase in water vapor, resulting in an overall increase in clear-sky radiation, whereas
for SSP5-8.5, the strong warming and increase in water vapor
dominate.
The seasonal breakdown reveals different evolution in
summer and winter. In summer, the patterns for all four variables and both scenarios strongly resemble the annual means.
In winter, however, the pattern of all-sky radiation changes in
SSP5-8.5 is qualitatively different, with decreasing radiation
in most of Europe except around the Mediterranean. There
is a major increase of up to 10 W m−2 in southern Europe,
but all-sky radiation mainly decreases northwards. Examining clear-sky radiation and cloud cover again separately suggests that the latter plays a key role in the qualitatively different winter pattern, although the model agreement is limited.

https://doi.org/10.5194/esd-12-1099-2021

1103

In summer, we observe slightly stronger warming than in
winter in both SSP scenarios. For SSP5-8.5, the temperature
increases in northern regions are higher than in the south in
winter, whereas the reverse is true in summer. The summer
increase in all-sky radiation is more pronounced in SSP58.5 than in SSP1-2.6. For SSP5-8.5, summer cloud fraction
changes reach > 10 % decreases, resulting in increases of up
to 25 W m−2 in all-sky radiation, while clear-sky radiation
changes are in the order of 0 to −5 W m−2 .
In addition to the opposite sign of changes in clear-sky radiation, the model agreement also varies greatly for each scenario. While the model agreement with respect to clear-sky
radiation is high in SSP1-2.6, fewer models agree on the sign
of changes in SSP5-8.5. The low agreement affects eastern
Europe in summer and the majority of the continent in winter. In SSP5-8.5, the disagreement in the winter cloud fraction is mainly in central and northern Europe, as well as in
northwestern Iberia.
The evolution of cloud cover is remarkably similar in all
scenarios. A large-scale decline in the order of 5 % occurs
in summer in both scenarios and causes a negative change in
the annual mean. The annual mean, however, is weaker and
less robust due to the mostly uncertain and weak changes in
winter. Given the strong seasonality of radiation, the summer
decline in cloud cover is of greater relevance for mean PV
generation than the winter increase.
3.2

Simulated PV electricity production

We now report projected changes for PV power generation.
Figures 3 and 4 show the multi-model mean absolute change
and relative change in PV electricity projection from the historical period to the SSP1-2.6 and SSP5-8.5 scenarios, respectively. The overall absolute and relative change patterns
in PV electricity production are similar within their scenario
and closely follow the patterns of change in all-sky radiation
(panels d–f in Figs. 1 and 2), as expected. The changes in
both seasons vary with latitude in both SSP scenarios.
For SSP1-2.6, positive changes in PV yields dominate in
continental Europe (Fig. 1). Prominent absolute changes in
summer include a strong increase in central Europe, while
the Mediterranean region features only a slight increase. The
latitudinal pattern is qualitatively reversed in winter, with
the strongest overall increase in PV electricity generation
around the Mediterranean. In particular, there is a substantial increase in the Apennine and Balkan peninsulas in winter, whereas the signal is much weaker west- and northwards.
Furthermore, negative changes of small absolute magnitude
and with low model agreement occur in northern Scandinavia.
In the strong climate change scenario SSP5-8.5, the annual
mean generation increases over most of the European continent. The hot spots of summer increase in absolute terms
are centered in Germany and countries in the same or higher
latitudes, such as Poland and the Czech Republic. South of
Earth Syst. Dynam., 12, 1099–1113, 2021
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Figure 1. Change in climate variables relevant for PV production in SSP1-2.6. Maps show differences between 2081–2100 and 1995–2014

in the multi-model mean, calculated as future minus reference. Each row shows one variable, and each column refers to one period of interest.
The variables are shown in the rows, in descending order, as follows: (a)–(c) temperature above surface (tas), (d)–(f) surface downward solar
radiation (rsds), (g)–(i) surface downward clear-sky solar radiation (rsdscs), and (j)–(l) total cloud fraction (clt). The left column depicts the
mean over the entire year, whereas summer (June, July, and August) and winter (December, January, and February) are displayed in the other
two respective columns. The same variables share color bars with the same limits. The dots signify less than 75 % model agreement in the
sign of the projected changes.

Iberia, Italy, and the Balkans, PV yields decrease. During
winter, the opposite changes hold.
While the strongest summer increase is found in central to
northern Europe, the strongest winter increase occurs in the
south. This feature occurs similarly in both scenarios. The
practical relevance of the decrease in the northernmost part

Earth Syst. Dynam., 12, 1099–1113, 2021

of the domain is limited because high latitudes are barely
suitable for large-scale PV electricity production due to limited solar radiation reaching the surface there.
To conclude, we find that mitigating emissions according to the SSP1-2.6 scenario improves the climatic boundary conditions for PV, i.e., the availability of total horizon-

https://doi.org/10.5194/esd-12-1099-2021
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Figure 2. Change in climate variables relevant for PV production in SSP5-8.5. The figure is structured in the same way as Fig. 1.

tal irradiance, and would lead to approximately 5 % more
power generation compared with today. Moreover, the seasonal cycle of PV generation is expected to become more
pronounced as the generation grows stronger in summer than
in winter (SSP1-2.6) or grows in summer and decreases in
winter (SSP5-8.5). The southern end of the continent represents an exception, as summer generation decreases while
winter generation increases in SSP5-8.5.

https://doi.org/10.5194/esd-12-1099-2021

3.3

Correlation changes in PV electricity production

Future carbon-free power systems need to reliably provide
electricity despite the variability in renewable power generation. One key strategy in this context is intercountry transmission, which allows one to exploit the complementarity
of generation in different countries. However, we find that
PV generation becomes more uniform in both SSP scenarios: the change in correlation is positive virtually everyEarth Syst. Dynam., 12, 1099–1113, 2021
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Figure 3. Impacts of climate change on PV generation in SSP1-2.6. Multi-model annual (left), summer (June, July, and August; middle),

and winter (December, January, and February; right) (a)–(c) mean absolute change (W h d−1 ) and (d)–(f) relative change (%) in simulated
PV electricity generation between the 2081–2100 period and the 1995–2014 period. The dots signify less than 75 % model agreement in the
sign of the projected changes.

where (Fig. 5). Moreover, the signal is approximately twice
as strong in SSP5-8.5 as in SSP1-2.6, suggesting that the correlation increases with forcing. This finding is robust across
the set of models, as the inter-model agreement is high:
more than three-quarters of all models show the same sign
of change except for a few grid boxes towards the margins
of the continent (northern Britain and Norway for both SSP
scenarios and the southern margin of Europe for SSP1-2.6).
For SSP5-8.5, the correlation changes are most pronounced
in central Europe, with maxima in southern Germany, Austria, Switzerland, and the Czech Republic.
The large-scale increase in correlations implies that climate change reduces PV balancing potential in Europe in the
two scenarios considered. A similar result for wind power
is found in Wohland et al. (2017). These changes might affect the possibility of complementary power production from
the PV and wind sources over Europe during summer and
winter (Heide et al., 2010; Miglietta et al., 2017). Moreover,

Earth Syst. Dynam., 12, 1099–1113, 2021

from Fig. 5, we conclude that the negative effects on balancing potential are stronger in the heavily fossil-fueled pathway
(SSP5-8.5) than in a sustainable one (SSP1-2.6), which is indicated by a stronger increase in interregional correlations of
the PV yields in the former scenario.
While this spatial correlation evaluation at the European
scale allows for investigation of the big picture, it involves
multiple averaging steps on the individual grid point and is,
thus, convoluted to interpret in greater detail. Therefore, for
a better understanding of the mechanism along with more
application-oriented analyses, we conduct case studies for
the Iberian and Balkan peninsulas and central Europe (as introduced in Sect. 2.5).
Figure 6a shows the correlation of daily deseasonalized
PV electricity production (excess or deficit from the reference 20-year daily mean, normalized by the reference 20year standard deviation) between every pair of the three regions for the historical period and the two SSP scenarios. We

https://doi.org/10.5194/esd-12-1099-2021
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Figure 4. Impacts of climate change on PV generation in SSP5-8.5. The figure is structured in the same way as Fig. 3.

distinguish between summer and winter months and illustrate
the inter-model variability via probability density functions
(PDFs; derived from daily time series of PV yields in individual models) of each season’s correlation coefficient. Ideally,
a negative PV production correlation of exactly −1 between
two locations would guarantee a stable supply of power. A
small correlation close to zero would provide a stable supply
when many different locations are combined. Here, we found
that the correlation between the Iberian Peninsula and the
Balkans is generally low in the historical period (below 0.025
on average across all models, and within ± 0.1 for nearly all
individual models).
Daily PV underproduction in one region is, thus, often accompanied by excess production in the other region, implying that, in principle, mutual production buffering on daily
timescales is possible. Turning to the future, average correlations across all models experience only a slight increase in
summer in SSP1-2.6 and a slight decrease in winter for both
SSP scenarios. However, a few models suggest substantial

https://doi.org/10.5194/esd-12-1099-2021

changes for summer in SSP5-8.5, with correlations reaching
up to 0.4.
The correlation between Iberia and central Europe suggests that there is further potential for PV electricity balancing between these two regions in summer and less so in winter, as indicated by the distinctive negative and positive correlations in the respective season. Between these regions, the
average correlations increase mildly in both seasons from the
historical period to SSP1-2.6 to SSP5-8.5, implying a slight
reduction in buffering potential.
Between the Balkans and central Europe, less difference
between summer and winter is visible, and although the majority is in the negative range, the correlation in winter is generally lower than in summer. We observe increased average
correlations in the SSP scenarios for both seasons compared
with the historical period. These increases in correlations between central Europe and Iberia as well as between central
Europe and the Balkans are the regional equivalent of the
correlation changes seen over the continent (Fig. 5).
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Figure 5. Climate change impacts on daily PV generation correlations in (a) SSP1-2.6 and (b) SSP5-8.5. Changes are computed relative to

1985–2014 and are displayed as the mean across all 28 models. The dots signify less than 75 % model agreement in the sign of the projected
changes.

The aggregate assessment using PDFs could mask changes
in individual models. Therefore, we inspect models individually (Fig. 7) and notice that the majority of the models show
an increase in correlation from historical to SSPs in both region pairs (central Europe with Iberia and the Balkans, respectively) during both seasons. The average correlation increase in SSP5-8.5 is roughly 0.03 to 0.05 higher than in
SSP1-2.6, although the winter difference is 0.01 at most in
the case of Iberia and central Europe. More models show correlation decreases in summer than in winter, and the models
with decreases in SSP1-2.6 also outnumber those in SSP58.5.
In summary, the case studies support the aggregate assessment, as the correlation between the three regions generally
increases with forcing. There is only one exception, namely
the Iberian Peninsula and the Balkans in winter. While the
increase is captured by a large majority of models, detailed
power system modeling would be needed to judge the effect
of this mild increase in correlation on the power system design.
4

Discussion

Regarding changes in all-sky and clear-sky radiation as well
as surface temperature and cloud fraction, we find CMIP6based projections to be largely consistent with Wild et al.
(2015), who used RCP8.5 data from CMIP5 and looked at
trends from 2006 to 2049. In particular, a majority of models from both model generations agree on increasing all-sky
radiation in southern Europe and parts of central Europe,
Earth Syst. Dynam., 12, 1099–1113, 2021

whereas the model agreement is more limited in northern Europe and for clear-sky radiation. Regional climate models, by
contrast, often report a widespread decrease in future all-sky
radiation in Europe (e.g., Jerez et al., 2015; Bartok et al.,
2017), possibly due to overly simple treatment of aerosols
(Bartok et al., 2017, Jerez et al., 2021; Boé et al., 2020;
Gutiérrez et al., 2020). All mentioned studies use strong forcing scenarios: RCP8.5 or RCP4.5. Our CMIP6-based results
add to this picture in that we find the increase in all-sky radiation under SSP5-8.5 to result from decreasing cloud cover,
which overcompensates for the decreasing clear-sky radiation in the wake of a warmer and wetter climate and despite
decreasing future aerosol emissions under any SSP. In the
much less studied strong mitigation scenario, SSP1-2.6 in the
case of CMIP6, we find decreasing cloud cover and increasing clear-sky radiation to act in concert towards increasing
all-sky radiation. In both SSP scenarios, water vapor content (not shown) in the atmosphere increases compared with
the present situation, with the increase being larger in SSP58.5 than in SSP1-2.6. For SSP1-2.6, the observed increase in
clear-sky radiation then suggests that the small increase in
atmospheric water vapor is negligible compared with the decrease in aerosol load. All-sky radiation increases even more
as the cloud cover fraction decreases. In the SSP5-8.5 scenario, the observed reduction in clear-sky radiation suggests
that the augmented water vapor content has a stronger impact
than the decrease in aerosol load. Nevertheless, all-sky radiation increases due to a reduction in the cloud fraction. The
relationship between the total cloud cover over the Iberian
Peninsula and the dominant modes of atmospheric circula-
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Figure 6. (a) Selected regions for the case study: Iberia (35–42.5◦ N, 10–0◦ W; yellow), the Balkans (35–42.5◦ N, 20◦ W–30◦ E; green), and

central Europe (45–50◦ N, 5–15◦ E; red). The lower panels show the correlation of deseasonalized PV electricity production (b) between
Iberia and the Balkans, (c) between Iberia and central Europe, and (d) between the Balkans and central Europe for the historical and the two
SSP scenarios based on daily data. The green and blue colors distinguish correlations in summer and winter, respectively. The violin shapes
represent the probability density function of the 28 models used. The numbers in the middle indicate the mean correlation coefficient for the
specific scenario in each season. The values below each violin part show the number of models (out of 28) for which the null hypothesis (zero
correlation) cannot be rejected at the 5 % level. At the same time, the rest of the models have a statistically significant nonzero correlation.

tion variability during summer is weaker than during winter
due to clouds of a more convective origin in the warm season
(Sanchez-Lorenzo et al., 2009). Jerez et al. (2013) show that
negative North Atlantic Oscillation (NAO) phases strengthen
the westerly winds over Iberia and enhance cloudiness there,
thereby diminishing the solar potential by 10 %–20 %.
With solar radiation being a prime determinant of PV
power production, the two quantities show common features
in the calculated changes. Müller et al. (2019) estimated the
effect of the ambient temperature to be about 1 order of magnitude smaller, at least in Europe. In fact, the relative change
pattern in PV electricity production in SSP5-8.5 is close to
the results for RCP8.5 using 23 CMIP5 models in Müller
et al. (2019), where they also found an increase in most regions of central to southern Europe. Note that Müller et al.
(2019) investigated different periods (2060–2080 compared
with 2007–2027), as we do in the present work. Jerez et
al. (2015) also confirmed a slightly positive trend in southern Europe (2070–2099 compared with 1970–1999) based
on regional climate models. The PV generation increases in
Spain and Germany are also found in Wild et al. (2015) in

https://doi.org/10.5194/esd-12-1099-2021

the RCP8.5 scenario. At the same time, Müller et al. (2019)
and Jerez et al. (2015) both reported a decreasing trend of PV
yields in relative terms in central to northern Europe.
Our results add two new facets to the discussion concerning the spatiotemporal variability of PV power production.
First, we find a tendency for the correlation of daily PV
production in spatially distant regions to increase, thereby
hampering the potential to buffer production variability via
regional exchange. Second, we observe a tendency for enhanced seasonal cycles, implying an increased need to buffer
such seasonal variability. For example, network planning
could consider the combination of a seasonally complementary power supply from PV and wind sources, as reasoned in
Sect. 3.3. The changes in correlation coefficients are within
0.2, yet they ought to be taken into account in the future
planning of PV production. We acknowledge that real-world
energy system design and investment decisions face a range
of uncertainties that are related or unrelated to climate. For
instance, regulatory frameworks might evolve, innovation
could make new technologies available, and financial circumstances can change abruptly in economic crises. Never-
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Figure 7. Change in spatial correlation of daily PV electricity production in SSP1-2.6 (purple) and SSP5-8.5 (orange) for balancing PV
electricity in central Europe with Iberia (a, c) and the Balkans (b, d) in summer (a, b) and winter (c, d) by alphabetically sorted models. The
dashed lines in the same color as the scenario denote the mean of the correlation change.

theless, policymakers, investors, and utilities need a sound
understanding of the climatic boundary conditions for solar
photovoltaics in different plausible future climate states.
5

Conclusions

We show that PV potentials increase in the mitigation scenario SSP1-2.6, suggesting a positive feedback loop where
the transition to renewables improves the climatic conditions
for renewables. In SSP1-2.6 , PV production increases independent of season or region and with a generally high model
agreement. Only minor exceptions exist in parts of Scandinavia and Ireland, and also in parts of central-eastern Europe
and the Iberian Peninsula in winter. Due to clear-sky radiation and cloud effects acting (in part) against each other,
a more complex PV change pattern is found for the strong
forcing scenario, SSP5-8.5: summer PV production increases
in central and northern Europe but decreases in the south,
whereas this geographical pattern is flipped in winter, in line
with prior work by Müller et al. (2019). This complex pattern is largely robust across the CMIP6 models, albeit more
uncertain than in SSP1-2.6. An overall higher PV production under SSP1-2.6 conditions contrasts with an increased
(decreased) seasonality of PV production in central northern
(southern) Europe under the SSP5-8.5 scenario.

Earth Syst. Dynam., 12, 1099–1113, 2021

The CMIP6 projections suggest that the spatial correlations of simulated daily PV electricity production in Europe
increase towards the end of the 21st century. Consequently,
the probability of multiple regions experiencing an excess
or deficit with respect to PV electricity generation simultaneously increases. We exemplify this general tendency by
investigating three regions in greater detail. Deseasonalized
daily PV production in the Balkans is largely uncorrelated
with production in either the Iberian Peninsula or central Europe, in winter and summer, in the present day and in the future, and under either SSP1-2.6 or SSP5-8.5. By contrast, we
find a negative correlation in summer (around −0.15 on average across models) and a positive correlation (around +0.14)
in winter for central Europe and the Iberian Peninsula under
present-day conditions. Except for summer in the SSP1-2.6
scenario, these correlations become less negative/more positive in the future. This finding is robust, as more than 75 %
of the models show this behavior, with 5 out of 28 models
showing an increase in correlation of more than 0.1 in summer for the SSP5-8.5 scenario. Such changes in spatial correlations could hamper the effectiveness of future international
transmission in balancing PV generation variability.
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