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A B S T R A C T

As Europe increases its share of photovoltaic (PV) and wind power to
achieve the climate-neutral targets by 2050, its electricity system also
increasingly depends on weather conditions. Extreme events in PV
and wind power production can undermine the electricity system’s
stability when their total production deviates significantly from the
anticipated values. Identifying what weather conditions are associ-
ated with extremes in PV and wind power production across Europe,
and how they might change in the future compared to the present-
day installation, would provide valuable insights for the energy sec-
tor.

This thesis addresses these issues through comprehensive analyses
of PV plus wind power production variability in Europe using syn-
optic weather patterns. To that end, the Renewable Energy Model
(REM) was developed to simulate PV and wind power production
with high-resolution reanalysis data from COSMO-REA6 for the pe-
riod 1995—2017. The installed capacity data were derived from the
CLIMIX dataset projected for 2050 and scaled for 2019 to compare
changes in weather dependency between present-day and future in-
stallations. The anomalies in PV and wind power production from
REM were analysed using a synoptic weather pattern classification of
29 patterns with the advantage of capturing day-to-day and regional
variability in meteorological conditions across Europe. This thesis ex-
plores the topic in two studies.

The first study examines the climatological variations in the total
production of PV plus wind power across Europe associated with
29 weather patterns over the period 1995–2017. The study also as-
sesses the sensitivity of these associations with different event dura-
tions, regions, and installations. The results show that the influence
of wind power variability is pronounced in the present-day installa-
tion, while the future installation exhibits increased influence from
PV power variability. Dark doldrum weather patterns become more
problematic, with reduced production in both PV and wind power,
particularly in the pattern South-Shifted Westerly (Ws) with a reduc-
tion of −12.1% in the total production compared to the climatologi-
cal mean. Associations of weather patterns with low total production
strongly depend on the event duration and installed capacity. In con-
trast, high total production correlates with dominant westerly wind
patterns, irrespective of the event duration or installation. Associa-
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tions of weather patterns vary more significantly in southern Euro-
pean regions, attributed to a higher proportion of PV power installa-
tions. This study also compiles a catalogue of climatological anoma-
lies in PV and wind power production associated with each weather
pattern, showing how these anomalies are distributed spatially across
Europe. This could aid the energy sector with a quick estimation of re-
newable power production anomalies during a given meteorological
condition without an extensive energy model.

The second study investigates extreme events in total production in
Germany, with a focus on the seasonal differences in their meteorolog-
ical conditions. The results show that the future installation forsees
an increased frequency of extremely low production events in the
summer half of the year, notably in May. Stationary weather patterns
that last over five days play an important role in 14-day low produc-
tion events, with distinct characteristics between summer and win-
ter events. Winter events, occurring from October to March, relate to
atmospheric blockings (stationary anticyclonic patterns), which are
characterised by a very low wind power production and a slightly
low PV power production compared to the climatological means, up
to −37% and −9%, respectively. In contrast, summer events, occur-
ring from April to September, are associated with stationary cyclonic
patterns and characterised by moderately low production in both
PV and wind power of up to −19% compared to the climatological
means. The direction of the pressure system movement to Germany
influences the effectiveness of cross-border transmission lines in the
North–South or West–East direction. The study raises concerns re-
garding prolonged low production events in summer in the future
installation, which could pose a combined threat to the electricity
system as the demand for cooling increases due to more frequent
heatwaves.
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1
I N T R O D U C T I O N

1.1 motivation

To mitigate climate change, Europe has set its targets to reduce55% of
its greenhouse gas emissions by2030and to become climate-neutral
by 2050 (European Commission, 2021; The European Commission,
2020). To achieve these targets, a key strategy involves a substantial
increase in energy generation from renewable sources, particularly
solar and wind power. As of 2020, Europe produced 18.8% of its
energy from combined solar and wind power (Eurostat, 2022) (Fig.
1.1). There have been large investments on wind and solar power in
Europe, which led to increases in their installed capacities, improve-
ment in ef�ciency, and reduction in costs (IRENA, 2021). However, as
the share of solar and wind power in the energy mix grows, the en-
ergy system becomes more dependent on weather conditions, posing
challenges to ensure a stable energy supply across Europe.

The challenge arises from the �exibility requirements of the energy
system. Currently, nuclear and coal-fueled power plants serve as the
base load, providing a consistent power supply to meet the funda-
mental demands of the energy system. Fluctuations in demand are
then met by additional coal-fueled plants and renewable sources like
wind and solar power. While �uctuations in demand exhibit some
regular patterns, such as diurnal or weekly cycles, there is signi�-
cant uncertainty regarding the level of demand at any given time,
in�uenced by factors like heating, cooling, or television programme.
Therefore, energy sources must be �exible to accommodate these �uc-
tuations and maintain the grid frequency within the allowed devia-
tion (50 Hz� 10 mHz)1. However, this �exibility is challenged by non-
dispatchable2 energy sources, such as wind and solar power, as their
production cannot be directly controlled.

An example of the electricity supply �uctuation in Germany is shown
in Fig. 1.2. It illustrates how the electricity demand ("load" in the �g-
ure) in Germany was met by various energy sources in the 33th week
of 2016. During this period, wind power production was notably low,
while PV power generated the average amount for summer during
the �rst �ve days. However, on August 15, 2016, around sunrise and

1 https://www.mainsfrequency.com/frequ _info _en.php

2 Energy sources that can not be controlled how much they will produce
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2 introduction

sunset (6:00 and 18:00), the electricity demand exceeded the energy
produced from national sources. This residual (not-met) demand was
met through electricity imports from outside Germany.

New challenges arise in extreme situations where low renewable en-
ergy production cannot meet high demand, or when excessive energy
production leads to curtailment 3 and economic loss4. Extreme events,
such as prolonged periods of low irradiance and/or wind speed,
or sudden wind speed increases (ramp), pose growing concerns for
energy system operators (Gallego-Castillo et al., 2015; Reindl et al.,
2017). Although several measures exist to address electricity supply
�uctuations, including transmission through electricity grids, energy
storage solutions, and demand response5, these measures might prove
insuf�cient in markets with a signi�cant share of renewable energy
when fossil fuel phases out (Armaroli and Balzani, 2011; Huber et al.,
2014).

Resolving these challenges requires understanding the variability of
combined wind and solar power production under different meteo-
rological conditions for distribution networks at a continental scale
and for future energy installations. Knowledge in synoptic weather
conditions can be useful in understanding the combined variability
of wind and solar power production (Brayshaw et al., 2011; Engeland
et al., 2017; Wiel et al., 2019a). Extreme events in both energy sources
simultaneously can place substantial stress on the energy operating
system (Drücke et al., 2020; Huber et al., 2014; Wiel et al., 2019b). One
way to cope with the variability of energy sources is to exploit the
balancing effect, i.e., a negative correlation in energy production be-
tween two or more regions (Frank et al., 2018; Henckes et al., 2020).
Grid-connected regions can complement each other by trading sur-
plus energy to regions with energy shortages.

At a scale of 1000km, synoptic weather conditions in�uence wind
and solar power production across Europe simultaneously. Monitor-
ing synoptic weather conditions provides valuable insights into the
spatial and temporal variability of key meteorological variables im-
pacting wind and solar power, such as irradiance and wind speed.
For instance, if a high pressure system is established over the North
Sea extending to the Iberian Peninsula, the decrease in wind power
production offshore in the North Sea may be balanced by the higher
power production from PV power in Iberia via inter-country electric-
ity transmission (Frank et al., 2020b). Additionally, synoptic weather
varies at sub-seasonal time scale which provides the opportunity for

3 Curtailment is a deliberate reduction of energy production below the potential to
match the energy demand.

4 https://www.next-kraftwerke.com/knowledge/curtailment-electricity

5 Measures to regulate the electricity demand to match the supply.
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