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Abstract. With an increased share of solar and wind energy e.g. in the German and European energy systems
it is becoming increasingly important to analyze the impact of weather variability on the reliability of the energy
production. In this study, we calculate solar PV and wind power capacity factors using two recently devel-
oped climatological datasets that provide information with high spatial and temporal details on the continental
(European) scale and are of sufficient length for assessments at climatological time scales: Surface radiation
derived from meteorological satellites (SARAH-2) and wind speed from a high-resolution regional reanalysis
(COSMO-REA6). Balancing effects are analysed: On average, the seasonal cycles of PV and wind power pro-
duction complement each other in Germany as well as in Europe. The frequency of events with a risk of low
electricity generation is analyzed under different assumptions. When using wind energy over German land areas
as a reference case, the results illustrate that the number of low production events is reduced when Germany’s
Exclusive Economic Zone is included into the analysis, or when a combined system of PV and wind energy is
considered. A European-wide analysis also leads to a distinct reduction of such events.

1 Introduction

Germany as well as the European Union aim at extending
the share of renewable energy in the electricity sectors (for
Germany see German Renewable Energy Sources Act (Bun-
desministerium für Justiz und Verbraucherschutz, 2017); for
the European Union: Renewable Energy Directive, Euro-
pean Union, 2018). This extension will be largely based on
wind and solar energy, esp. photovoltaics (PV). Because of
the fluctuating nature of weather parameters, strategies are

needed to cope with fluctuations and phases of low energy
generation from renewable energy sources, e.g. by reserve
capacity or large-scale exchange of energy. Some studies
have shown the potential of regional compensation of energy
generation in Europe, e.g. for wind energy (e.g. Grams et
al., 2017). Gerhardt et al. (2017) performed a detailed study
of the European energy system based on the meteorological
conditions of selected years and illustrated the feasibility of a
renewable energy system with a reduction of CO2-emission
of 95 %. For that analysis they used 7 years of archived mete-
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orological output of the numerical weather prediction (NWP)
model COSMO of Germany’s national meteorological ser-
vice (DWD, Deutscher Wetterdienst). The planning of a re-
liable energy system has to consider the frequency of rare
events with low energy production. The investment into stor-
age (e.g. Graabak et al., 2017) or alternative solutions de-
pends on the length and spatial extent of such situations.
Graabak and Korpås (2016a) reviewed existing studies on
the role of the Nordic hydropower systems for balancing and
storage in a future Northern/Central European power system.
One of their conclusions was that uncertainties in simulations
of the future energy system can still be reduced by modelling
the system with higher spatial and temporal resolution. Dif-
ferent strategies for optimal integration of storage are also
discussed in a recent analysis of Zerrahn et al. (2018). They
conclude that electrical storage is unlikely to limit the transi-
tion to renewable energy. A detailed literature review can be
found in Child et al. (2019).

To capture the frequency of such rare situations, the anal-
ysis needs to be based on sufficiently long meteorological
datasets (preferably some decades, see Pfenninger, 2017;
Collins et al., 2018). New data sources with consistent qual-
ity and high spatial and temporal resolution over the last
decades became available as a result of recent activities: They
are based on meteorological satellites and model-based re-
analysis and are available for Europe at a resolution of a
few kilometers and with hourly resolution (or better). Spe-
cific versions of such datasets are used here in combination
to illustrate the potential of these new open data products (of
DWD and EUMETSAT’s CM SAF) for energy related appli-
cations. The focus of this study is on the assessment of sit-
uations with meteorological conditions that lead to periods
of low solar PV and/or wind power production. We evaluate
whether considering larger regions (e.g. Europe compared to
Germany) results in a decreased number of such situations.
Details of the datasets are described in Sect. 2. The method-
ology for the assessment and comparison of low production
events is described in Sect. 3. Results for Germany and Eu-
rope are shown in Sect. 4.

2 Datasets

For the assessment at climatological time scales on the con-
tinental scale, two types of data sources have the potential to
provide information with high spatial and temporal details:
Firstly, surface radiation data can be derived from meteoro-
logical satellites that have now provided observations for a
few decades. Secondly, model-based reanalyses can provide
information on wind conditions also at hub height of modern
wind energy converters (in contrast to conventional weather
stations). They are based on modern NWP systems and are
an established tool for a wide range of applications and fre-
quently used for energy-related applications. However, the
majority of existing studies are based on global reanalyses,

which are of rather coarse resolution. In recent years, re-
gional reanalysis datasets have been developed as well. They
are based on regional numerical weather prediction models
(including their data assimilation schemes) and use bound-
ary conditions from global reanalyses.

Details of the datasets are described in the following.

2.1 Radiation: Surface Solar Radiation Data
Set-Heliosat, Edition 2

The Surface Solar Radiation Data Set-Heliosat, Edition 2
(SARAH-2, Pfeifroth et al., 2017), is a climate data record
of the surface incoming solar radiation based on the geo-
stationary Meteosat satellite series covering Africa, Europe,
and the Atlantic Ocean. SARAH-2 is provided by the EU-
METSAT Satellite Application Facility on Climate Moni-
toring (CM SAF) and covers the time period 1983–2015.
For this study, the global and direct radiation at half-hourly
temporal resolution have been used for the time period of
1995–2015 (the overlapping period of the COSMO-REA6
and SARAH-2 dataset). SARAH-2 offers a high spatial res-
olution of 0.05◦× 0.05◦ and has been proven to be of high
accuracy and stability (see e.g. Urraca et al., 2017; Pfeifroth
et al., 2018). A thorough overview of the basic retrieval prin-
ciple of the SARAH climate data record series can be found
in Müller et al. (2015). SARAH-2 has proven its suitabil-
ity for solar energy related applications (e.g. Pfenninger and
Staffel, 2016). The SARAH-2 dataset, as well as the suc-
cessor (SARAH-2.1, covering 1983–2017, Pfeifroth et al.,
2019), is publicly available via: http://www.cmsaf.eu (last
access: 25 June 2019).

2.2 Wind: COSMO-REA6

COSMO-REA6 is a regional reanalysis based on DWD’s
NWP-model COSMO. The reanalysis was developed within
the Hans-Ertel-Centre for Weather Research (Universities of
Bonn and Cologne; see Bollmeyer et al., 2015) of Deutscher
Wetterdienst (Simmer et al., 2016). For the production of
COSMO-REA6 the nudging method (Schraff and Hess,
2003) was applied to assimilate radiosonde, aircraft, wind
profiler, and surface level data. COSMO-REA6 provides a
dataset of several meteorological parameters for the Euro-
pean CORDEX domain (EURO-CORDEX) at a spatial res-
olution of ∼ 6 km (0.055◦) and currently covers the pe-
riod 1995 to 2017 (with planned updates of recent years).
The 3-dimensional fields of the atmospheric parameters are
available at hourly resolution. The quality of wind data has
been evaluated in comparison with selected wind masts by
Borsche et al. (2016) and in comparison to the conven-
tional meteorological stations of DWD by Kaiser-Weiss et
al. (2015). A comparison with other European regional re-
analyses has been performed within the EU-funded project
UERRA (Niermann et al., 2018, 2019; Kaiser-Weiss et
al., 2019), showing a generally good quality of COSMO-
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REA6 in comparison to other products, e.g. based on the
comparison with German station data. In this study, the re-
analysis datasets are not only used to provide the wind speed
at hub height, but also to provide the additional parameters
(beyond radiation) that are needed to assess the photovoltaic
production potential (temperature and wind).

Selected parameters of the COSMO-REA6 reanalysis are
publicly available (DWD/HErZ, 2019) and have been used in
other energy-related studies (e.g. Henckes et al., 2018; Ger-
mer and Kleidon, 2019; Ramirez Camargo et al., 2019).

3 Methodology

One focus of our study is the comparison of variability of
wind and photovoltaic electricity production. The meteoro-
logical variables wind speed and solar radiation are not di-
rectly suitable for comparison, because of the non-linear re-
lationship between those meteorological parameters and po-
tential energy yield. Therefore the so-called capacity factor
is used in this study to make wind speed and solar radiation
comparable. The capacity factor (CF) is a frequently used
parameter in energy applications and is the unitless ratio be-
tween the actual energy output over a given period of time
and the maximum possible energy output over that period.

For our analysis, we converted the meteorological param-
eters to capacity factors based on the assumption of a typical
modern photovoltaic and wind energy system. The detailed
assumptions for both are described in the following:

3.1 Wind

The calculation of the wind-CF was performed by means of
a power curve of a modern large wind turbine. The power
curve of an Enercon_E126-7.5MW turbine was used as im-
plemented in the R-package bReeze (Graul and Poppinga,
2018).

The CF was calculated for each hour and grid point for the
model level centered at around 116 m height, i.e. the fourth
model level above ground (Borsche et al., 2016). No addi-
tional vertical interpolation was applied, i.e. the analysis is
based on the direct model output for that level. The COSMO-
model has a terrain following vertical coordinate system and
the height of the model levels is slightly reduced over high
mountains.

The average hub height of new onshore converters in Ger-
many in 2017 was 128 m, with 50 % of all new convert-
ers in the range between 119 and 141 m (Fraunhofer IEE,
2018). For current and future new installations with such
hub heights slightly better performance can be expected com-
pared to our analysis height of 116 m.

3.2 Photovoltaics

For the calculation of the photovoltaic capacity factors (PV-
CF) the method described by Huld and Gracia Amillo (2015)

Figure 1. Scatterplot of daily means of simulated and actually gen-
erated wind and photovoltaic power for Germany, 2015; Generated
power data is taken from the Open Power System Data (2018).

is used. Main input data for the PV-CF calculation are the
global and direct surface solar radiation given by SARAH-
2 and 2 m temperature and 10 m wind speed provided by
the COSMO-REA6 regional reanalysis. The latter two are
used, together with the incoming solar radiation, to estimate
the PV-module temperature which influences the PV per-
formance. In this study, the PV-CF are calculated given a
standard crystalline silicon (c-SI) PV-module oriented south-
wards with an inclination angle of 25◦. Basically, the PV ca-
pacity factors are defined as the current weather-dependent
PV performance relative to Standard Test Conditions (see
IEC Central Office, 2005), which are defined as 1000 W m−2

irradiance and a PV-module temperature of 25 ◦C.

3.3 Validation

The generated wind- and PV- capacity factors are validated
using actual wind- and PV-generated electricity for 2015
taken from the Open Power System Data (2018). Figure 1
shows the high correlation of the generated capacity factors
for wind and PV, with values higher than 0.9. The overesti-
mation of the simulated capacity factor is due to the neglect
of additional losses in the transformation of the solar/wind
energy to electrical power, e.g. in converters, as well as pos-
sibly systematic modelling errors (Saint-Drenan et al., 2017).
Previous validation studies of the meteorological datasets do
not indicate a general systematic positive bias that would
explain the overestimation in the simulated capacity factors
(see references in Sect. 2). For our analysis, however, the
high correlation of the simulated with the measured capac-
ity factors is most relevant.
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3.4 Averaging and aggregation

Our analysis for the combination of wind and PV is per-
formed on the same spatial grid; therefore the radiation
dataset has been re-gridded to 6 km resolution. The capacity
factors for wind and PV are calculated for each grid cell and
time step. We analyze the relative seasonal cycles of wind
versus PV and therefore no assumption has to be made about
the absolute installed capacity. Furthermore, an aim of our
study is an assessment of the theoretical potential for large
scale balancing effects of wind and solar energy. This is done
without detailed assumption on the distribution of existing
or future power plants. The purpose of the study is a clima-
tological assessment independent of specific national strate-
gies within the next years. For the analysis an equal distri-
bution of both technologies over all grid cells is assumed.
In the averaging procedure no weighting is applied to both
technologies, i.e. for each grid cell the same installed ca-
pacity for wind and PV is assumed (normalized to 1, i.e.
50 % wind, 50 % PV). This simplified assumption is close
to the mix of 55 % wind to 45 % PV, which was suggested
by Heide et al. (2010) as an optimal mix of wind and solar
power in a future, 100 % renewable Europe. The fraction of
installed capacity of wind to PV in Germany in 2017 was
∼ 57 % to ∼ 43 %.1 In order to illustrate the climatologi-
cal variability and complementarity, the capacity factors are
averaged country-wise without a further weighting of grid-
cells. Thereby, the analysis also considers sites with rela-
tively weak conditions. In reality the priority for installa-
tions would be on better sites, therefore it can be assumed
that in reality better results can be achieved. Regional aver-
age capacity factors are calculated for each country without
assumptions on distribution networks. In addition, for Ger-
many the same approach is also applied to Germany’s Exclu-
sive Economic Zone, which is the sea zone prescribed by the
United Nations Convention on the Law of the Sea over which
Germany has special rights regarding the exploration and use
of marine resources, including energy production from water
and wind. Scandinavia was excluded from the analysis be-
cause of the minor role of photovoltaics in this region. The
analysis only refers to energy production. Variability in en-
ergy consumption is not considered.

4 Results

4.1 Spatial distribution

Figures 2 and 3 show the regional distribution of the average
long-term (1995–2015) capacity factors for wind and photo-
voltaics based on the assumptions described in Sect. 3. Fig-
ure 2 shows the results for Europe; Fig. 3 the details for Ger-
many. In case of wind Fig. 3 also includes results for Ger-

1Based on data on installed capacity for 2017 from https://www.
energy-charts.de (last access: 10 February 2019): wind: 55.72 GW
(50.29 GW onshore+5.43 GW offshore), photovoltaics: 42.34 GW.

many’s Exclusive Economic Zone. The maps confirm several
well-known features:

– For Europe, highest capacity factors for wind prevail in
the northern parts, esp. in regions close to the coasts.
For photovoltaics highest values are calculated for the
southern parts of Europe.

– In Germany, high average wind speeds in the coastal
regions and in some mountainous areas (esp. the Cen-
tral German Uplands) result in higher capacity factors.
Especially for the Exclusive Economic Zone, consider-
ably higher capacity factors are calculated, illustrating
the potentially high contribution that this offshore re-
gion could contribute to the German energy production.
For photovoltaics, highest capacity factors are derived
for the southern parts of Germany.

4.2 Seasonal cycle

Figures 4 and 5 show the average seasonal cycle of the capac-
ity factors over Germany and Europe to illustrate the comple-
mentary cycles of both energy sources. The figures illustrate
the meteorological potential for balancing effects for both re-
gions. Therefore no detailed assumptions on the (current or
future) distribution of individual power plants have been ap-
plied in this analysis, but an equal density over Germany and
Europe was assumed. The average daily capacity factors are
based on the data from 1995 to 2015. The black line is the
average of wind and photovoltaics (based on the assumption
of an equal share of installed capacity of both). For both re-
gions, the seasonal cycle of wind and photovoltaics are com-
plementary. For photovoltaics higher capacity factors are cal-
culated for summer, for wind higher capacity factors occur in
winter. In contrast to the seasonal cycles of both individual
technologies, the combination leads to a much less distinct
seasonality: When averaged with an assumed equal share of
both technologies an almost constant distribution over the
seasons is derived (for Germany as well as for Europe). This
analysis is based on long-term averages. Nevertheless, peri-
ods with low production can occur and will be analyzed in
the next section.

4.3 Frequency of low production events

Because of the fluctuating nature of renewable energies, an
important issue is the frequency, duration and spatial extent
of meteorological situations when both energy sources only
operate at a low fraction of their installed capacity. With an
increasing share of renewable energy, such events are becom-
ing more important and determine the requirements for stor-
age capacity or alternative solutions, e.g. sector coupling (see
for example Quaschning, 2016). Gerhardt et al. (2017, p. 7)
discussed the example of 24 January 2017, when both, wind
and PV only provided a minor contribution to the German
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Figure 2. Average capacity factors for wind (left) and photovoltaics (right) in Europe (1995–2015) derived from the regional reanalysis
COSMO-REA6 and the satellite-based SARAH 2 dataset.

Figure 3. Average capacity factors for wind (left) and photovoltaics (right) in Germany and Germany’s Exclusive Economic Zone (1995–
2015).

electricity production (less than 5 % of their installed capac-
ity, whereas throughout the whole year 2017 they provided
about approx. 16 % of their jointly installed capacity2).

Here we analyze the frequency of events, when the average
capacity factor in a region remained below a defined thresh-
old for a specific duration. In the following we compare the
number of events for selected event durations (48, 72, 96, and
120 h) and thresholds (0.05, 0.1, and 0.15). Higher thresholds
are not analyzed, because the average capacity factor itself is
only in the order of approx. 0.2, for wind in Germany (e.g.
based on production data and installed capacity in 2018).

As an example, Fig. 6 shows a comparison of the fre-
quency of events with low energy production, when a ca-
pacity factor threshold of 0.1 is applied. The comparison is
based on different lengths of these events (48, 72, 96, and
120 h). The capacity factor is averaged over Germany (with

2Estimated based on data on energy production and installed ca-
pacity in 2017 for solar PV, onshore wind and offshore wind from
https://www.energy-charts.de/ (last access: 26 May 2019).

and without EEZ, and EEZ only) and Europe at hourly res-
olution. Then the number of events was counted when that
capacity factor was below the threshold value (in the period
1995 to 2015). The figure shows the average annual number
of events for several settings (PV and wind alone or com-
bined, averaged over Germany or Europe). For wind over
German land areas (left bar), 23 events are identified with
a duration of at least 48 h. Events of longer duration occur
less frequently, e.g. ∼ 6 events with a duration of > = 96 h.
The number of events is considerably smaller for Germany’s
Exclusive Economic Zone (second bar), therefore the combi-
nation of German land areas and Germany’s EEZ also results
in a reduction of events (compared to land area alone, third
bar, ∼ 14 events with a duration of > = 48 h). As indicated
by the fourth bar, the number of events is smaller for Europe
(land) than for Germany (land), but also at that scale some
events occur (∼ 12 for a length >= 48 h). For PV, the num-
ber of events is smaller when the same criteria are applied
(e.g. > = 48 h, CF < = 0.1) for Germany as well as for Eu-
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https://www.energy-charts.de/


124 F. Kaspar et al.: Balancing effects and shortfall risks of photovoltaics and wind energy

Figure 4. Seasonal cycle of the capacity factors for wind and PV for
Germany. The dots represent daily average values for the analysis
period of 21 years. The lines are centered 11 d running means. The
daily resolution is shown to illustrate the remaining variability in a
21 year dataset for both parameters. A longer analysis period would
result in additional smoothing.

Figure 5. Seasonal cycle of the capacity factors for wind and PV
for Europe, otherwise same as Fig. 4.

rope (fifth and sixth bar). The combination of wind and PV
leads to an additional reduction in the number of events (sev-
enth and eighth bar; 50 % of the installed capacity for each,
wind and PV). Figures A1 and A2 in the Appendix show
the same analysis for thresholds of 0.05 and 0.15. Quantita-
tively, the results show the same relative behavior, but with
a lower/higher absolute number of events. Especially for the
case of 0.05 (Fig. A1) a very distinct reduction of events is
derived for wind when looking at the European instead of the
German scale.

Figure 6. Average annual number of events within a period of
21 years of data when the capacity factor remained below a thresh-
old value of 10 % for a specific period of time. The frequency is
based on the period 1995 to 2015. Several settings are analyzed:
Wind, photovoltaics (PV) and a combination of both for the follow-
ing regions: German land areas (GER land, the German Exclusive
Economic Zone (GER-EEZ), and the European land area (as de-
fined in the text). The bars for all event durations refer to the zero
point of the y-axis.

5 Discussion and conclusions

In this study, two high-resolution datasets have been used
to estimate long-term capacity factors for wind and photo-
voltaics for Europe at high spatial and temporal resolution.
The assessment was done based on simplified assumptions,
especially a European-wide equal distribution of installa-
tions. The intention of that approach is not to simulate the
current energy system, but to provide a climatological as-
sessment independent of specific national strategies. For Ger-
many as well as Europe, the derived seasonal cycles for both
technologies are complementary to each other. When com-
bined, the higher capacity factors for wind in winter compen-
sate the lower values of photovoltaics. The hourly resolution
of the datasets allows identifying periods with low produc-
tion. For the comparison of such events, a set of durations
and thresholds has been analyzed. When using wind energy
over German land areas as a reference case, the results illus-
trate that the number of low production events (e.g. defined as
a period with a length of at least 48 h with a production lower
that 0.1 of the installed capacity) is reduced when the Exclu-
sive Economic Zone is included into the analysis, or when a
combined system of solar PV and wind energy is considered.
A European-wide analysis also leads to a distinct reduction
of such events.

The results should be understood as a relative climatolog-
ical comparison based on simplified assumptions. As in this
analysis several unfavorable assumptions have been made,
especially the assumed uniform spatial distribution of instal-
lations, it can be assumed that the conclusions are not a result
of a too optimistic setting. In reality, installations will typi-
cally be located in more favorable locations. Also, PV panel
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orientation (see e.g. Tafarte et al., 2019) or wind turbine type
have not been optimized by location (see e.g. Ryberg et al.,
2019). However, it should be noted that favorable locations
for wind and solar power might also be more sensitive to cli-
mate variability. Therefore, a more realistic distribution of
installations could also result in an increased number of low
power events, at least compared to the average capacity fac-
tor. For Germany, the EEZ is such a favorable region. In that
specific case, a distinct reduction of low power events was
simulated.

The strong reduction of low production events in case of
wind (Fig. A1) for Europe (relative to Germany) is consistent
to the results of other studies. Grams et al. (2017) showed
that weather regimes provide a meteorological explanation
for multi-day fluctuations in Europe’s wind power and that
their contrasting inter-regime behavior can help to eliminate
output variations. Pozo-Vazquez et al. (2011) showed for the
example of the Mediterranean region that the spatial pat-
terns of the influence of the North Atlantic Oscillation (NAO)
on the solar and wind energy resources contribute to spatial
and local balancing between these energy resources. In a re-
view paper Graabak and Korpås (2016b) assessed the current
knowledge on a variety of variability characteristics and rec-
ommended further systematic assessments of variability of
European wind and solar power resources. The high resolu-
tion datasets used in our study provide additional opportuni-
ties to analyze such characteristics.

Similar to our analysis of the seasonal cycle, the datasets
would also allow analyzing balancing effects at the hourly
to daily scale. However, we did not perform an equivalent
analysis at that scale, because electricity consumption also
has a very distinct daily cycle and storage solutions are easier
to develop. Just analyzing balancing effects of the day-night-
cycle between wind and PV without including the daily cycle
of consumption could be misleading.

Other studies have also demonstrated complementarity of
wind and solar power for other regions of the world, e.g. for
West Africa (Sterl et al., 2018), China (Ding et al., 2017),
Canada (Hoicka and Rowlands, 2011) or Brazil (De Oliveira
Costa Souza Rosa et al., 2017).

Data availability. The meteorological data used in this study is
openly accessible: The satellite-based Surface Radiation Data Set
– Heliosat (SARAH) – Edition 2 (Pfeifroth et al., 2017) is available
via: https://doi.org/10.5676/EUM_SAF_CM/SARAH/V002, 2017.
Selected parameters of the COSMO-REA6 regional reanalysis
are publicly available via DWD’s Climate Data Center: https://
opendata.dwd.de/climate_environment/REA/ (DWD/HErZ, 2019).
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Appendix A

Figure A1. Average annual number of events within a period of 21 years of data when the capacity factor remained below a threshold value
of 5 % (otherwise same as Fig. 6).

Figure A2. Average annual number of events within a period of 21 years of data when the capacity factor remained below a threshold value
of 15 % (otherwise same as Fig. 6).
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