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ABSTRACT

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-REAG6 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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INTRODUCTION

1.1 MOTIVATION

To mitigate climate change, Europe has set its targets to reduce 55% of
its greenhouse gas emissions by 2030 and 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 efficiency, 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 flexibility 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 fluctuations in demand exhibit some
regular patterns, such as diurnal or weekly cycles, there is signifi-
cant uncertainty regarding the level of demand at any given time,
influenced by factors like heating, cooling, or television programme.
Therefore, energy sources must be flexible to accommodate these fluc-
tuations and maintain the grid frequency within the allowed devia-
tion (50 Hz + 10 mHz)*. However, this flexibility is challenged by non-
dispatchable® energy sources, such as wind and solar power, as their
production cannot be directly controlled.

An example of the electricity supply fluctuation in Germany is shown
in Fig. 1.2. It illustrates how the electricity demand ("load" in the fig-
ure) in Germany was met by various energy sources in the 33" week
of 2016. During this period, wind power production was notably low,
while PV power generated the average amount for summer during
the first five 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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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 curtailment3 and economic loss*. 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
fluctuations, including transmission through electricity grids, energy
storage solutions, and demand response®, these measures might prove
insufficient in markets with a significant 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 (Drticke 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 1000 km, synoptic weather conditions influence 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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Renewable sources generating electricity in the EU
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Figure 1.1: Distribution of different sources in electricity generated by re-
newable sources, which in turn account for 37.5% of gross to-
tal electricity consumption in the EU-27 in 2020, from Eurostat
(2022).

longer range forecasting (Biieler et al., 2021). Better understanding
on how these synoptic weather conditions influence wind and solar
power in Europe can guide better planning and operation of energy
systems with a high share of renewable energy in Europe.

The motivation of this thesis is to explore possible methods to ap-
ply the knowledge on the synoptic weather in the renewable energy
sector in Europe. The main approach involves investigating the asso-
ciation between the weather pattern classification data with anoma-
lies in renewable energy production, simulated using reanalysis data.
Weather pattern classifications offer the advantage of capturing day-
to-day variability, enabling forecasts a few days ahead (Huang et al.,
2020). Several catalogues of weather pattern classification are avail-
able and routinely maintained, such as from the German Weather
Service (James, 2007) and the UK MetOffice (Neal et al., 2016), pro-
viding readily available resources for this analysis. By establishing
connections between specific weather patterns and anomalous wind
and solar power production, we can utilize the weather pattern cat-
alogue to anticipate variations in renewable energy output without
resorting to complex energy system modeling. Reanalysis data, such
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Figure 1.2: Net electricity generation from various energy sources in Ger-
many for the week 33™ in 2016, from www.energy-charts. info.

as the regional COSMO-REA6 dataset used in this project, offer con-
sistent coverage across Europe with a high horizontal resolution of 6
km, thus has the benefit of capturing smaller-scale spatial (Bollmeyer
etal., 2015). It provides appropriate meteorological variables for simu-
lating wind and solar power production (Frank et al., 2020b; Henckes
et al., 2018). The combination of the synoptic weather and reanaly-
sis data is proven to be beneficial for renewable energy applications
(Frank et al., 2020b; Grams et al., 2017; Wiel et al., 2019a,b).

1.2 AIMS AND HYPOTHESES

This thesis aims to investigate the association between synoptic weather
conditions and extremely high and low power production from wind
and solar energy, focusing on photovoltaic (PV) technology. The pri-
mary objective is to determine whether certain synoptic weather pat-
terns are more likely to lead to extremely anomalous power produc-
tion in the total production of wind and PV power in Europe.


www.energy-charts.info

1.2 AIMS AND HYPOTHESES

In detail, this thesis explores the relationship between weather pat-
terns and extreme events in power production from various perspec-
tives, including positive and negative anomalies in power produc-
tion, considering different event durations, installed capacities, and
seasonal variations. Previous studies have mainly focused on the low
production aspect (Driicke et al., 2020; Wiel et al., 2019b), using present-
day installations (Driicke et al., 2020; Grams et al., 2017), and have
indicated that extreme events in renewable energy occur in winter
(Driticke et al., 2020; Grams et al., 2017; Wiel et al., 2019b).

However, there are more aspects of extreme events in renewable en-
ergy that need better understanding. Prolonged low power produc-
tion strains the electricity system, necessitating additional non-renewable
sources like coal-fueled power plants, which are being phased out
due to climate change concerns. On the other hand, events with high
power production can help reduce dependence on non-renewable
sources and replenish battery storage, but an excess of power pro-
duction during low demand periods may require curtailment. More-
over, weather patterns linked to low power production in PV and
wind power during summer can significantly differ from those in
winter in terms of flow characteristics, meteorological development,
and their impact on wind and PV power individually. Considering
the future scenario of climate change, electricity demand for cooling
during summers is expected to rise in Europe, making it crucial to
understand the seasonal variations in extreme events.

As renewable energy installations increase in the future, these chal-
lenges will escalate. The proportion between PV and wind power in
Europe may also change, influencing their combined production un-
der varying weather conditions. To address these aspects, this thesis
performs analyses and comparisons between present-day and pro-
jected future installed capacities (simulated for 2019 and 2050), with
ratios of PV to wind power installation of 0.7:1 and 2:1, respectively.

This thesis utilises the benefits of the high-resolution regional reanal-
ysis dataset COSMO-REA6 (Frank et al., 2018; Henckes et al., 2018)
and the ability to represent the day-to-day variability of meteorolog-
ical conditions in weather pattern classification (Huang et al., 2020;
James, 2007). The research objectives are as follows:

1. Provide a comprehensive analysis of the variability of PV and
wind power and their total production in Europe associated
with synoptic weather patterns.

2. Investigate the dependency of the total production-weather pat-
tern relationship on temporal scales (ranging from hourly to
14 days), spatial scales (Europe and selected regions/countries),
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and installed capacity (for both present-day and future scenar-
ios).

3. Identify specific weather patterns associated with extreme events
in renewable energy that require monitoring in the European
and German energy systems.

4. Study the seasonal differences in extreme events in renewable
energy during winter and summer in Germany.

1.3 CONTRIBUTIONS WITHIN THIS THESIS

To that end, the Renewable Energy Model (REM) was developed to
simulate PV and wind power production in Europe using the re-
analysis dataset COSMO-REA6 with a high horizontal resolution of
6km (Bollmeyer et al., 2015). The installed capacity data from the
CLIMIX model (Jerez et al., 2015a) was used to simulate the capacity
for present-day (2019) and future (2050) scenarios at the same reso-
lution. The output consists of hourly power production of PV and
wind power for Europe during the period 1995-2017. The output is
then paired with a weather pattern classification of 29 patterns (James,
2007) to gain insights into the associations between weather patterns
and the variability in PV, wind power, and their total production. The
model is described in detail in Chapter 3.2.

The thesis includes two studies to address the research objectives:

Study I - A climatology of weather-driven anomalies in European photo-
voltaic and wind power production

The research objectives (1—3) are addressed in the first study (Section
4.1). It examines the climatology of weather patterns associated with
anomalies in PV and wind power production, with the following re-
search questions:

1. Which weather patterns are associated with extremely anoma-
lous power production in PV plus wind power in Europe?

2. Are there any common characteristics in weather patterns asso-
ciated with extreme events in power production with different
event durations and seasons?

3. How are the anomalies of power production distributed spa-
tially during these weather patterns?

4. How sensitive are the results to the installations with different
ratios of PV to wind power installed capacities?

Study II - More summertime low-power production extremes in Germany
with a larger solar power share



1.3 CONTRIBUTIONS WITHIN THIS THESIS

The research objectives (3—4) are addressed in the second study (Sec-
tion 4.2). It examines extreme events in total production (PV plus
wind power), with a focus on prolonged low production events that
last for 14 days. The study addresses the following research ques-
tions:

1. Do seasonal differences in extreme events in renewable energy
change between the present-day and future installations?

2. Are there different characteristics in weather patterns involved
in extreme events between winter and summer?

3. Are there any differences in meteorological conditions when
prolonged low power production events progress between win-
ter and summer events?

The thesis follows this structure:

¢ Chapter 2 provides background knowledge from existing liter-
ature, covering topics such as PV and wind power production
modeling and synoptic weather patterns.

¢ Chapter 3 details the simulation of PV and wind power produc-
tion data and evaluations of the simulation output.

¢ Results of the analyses using this data are presented in Chapter
4: Study I offers a comprehensive overview of weather pattern
impacts on PV and wind power production anomalies in Eu-
rope, while Study II compares extreme events in power produc-
tion between winter and summer in Germany.

¢ Chapter 5 summarizes key findings and their significance and
provides an outlook on future research directions to advance
knowledge in this area.

7






BACKGROUND KNOWLEDGE

To understand the influence of synoptic weather on the renewable
energy system, it is important to understand each component. The
following provides an overview of current knowledge regarding (1)
modelling wind and photovoltaic (PV) power using meteorological
information, and (2) synoptic weather conditions and their impact on
the renewable energy system in Europe.

2.1 MODELLING RENEWABLE ENERGY FROM A METEOROLOGI-
CAL PERSPECTIVE

Modelling energy system can have various approaches and methods,
depending on the model’s purpose and its spatial and temporal cover-
age (Jebaraj and Iniyan, 2006; Laha and Chakraborty, 2017). Address-
ing the challenges posed by climate change requires an increasing
share of renewable energy to achieve climate-neutral targets (Euro-
pean Commission, 2018). Among renewable sources, PV and wind
power are non-dispatchable® and strongly depend on weather con-
ditions. Given the currently limited energy storage capacities, under-
standing the variability of these energy sources from a meteorology
perspective is crucial.

Modelling PV and wind power can be categorised into four main
groups, depending on their purpose and target user:

1. Energy planning models (also known as energy system mod-
els) offer various scenarios with diverse factors. They are of-
ten used for optimisation purposes involving cost considera-
tion or spatial allocations (Pfenninger et al., 2014; Sasse and
Trutnevyte, 2019; Schlachtberger et al., 2018). These models pre-
dominantly serve to inform policy decisions, e.g., the energy
model from the ISE Fraunhofer institute>. PV and wind power
are included in these models to address energy security and cli-
mate change policies. Important information to include are total

If an energy source is non-dispatchable, the operators cannot control how much it
will produce to meet the fluctuation in demand. Examples include wind and solar
power. Small batteries can be used to regulate the variability in a short period of
time.

https://www.ise.fraunhofer.de/en/business-areas/
power-electronics-grids-and-smart-systems/energy-system-analysis/
energy-system-models-at-fraunhofer-ise.html


https://www.ise.fraunhofer.de/en/business-areas/power-electronics-grids-and-smart-systems/energy-system-analysis/energy-system-models-at-fraunhofer-ise.html
https://www.ise.fraunhofer.de/en/business-areas/power-electronics-grids-and-smart-systems/energy-system-analysis/energy-system-models-at-fraunhofer-ise.html
https://www.ise.fraunhofer.de/en/business-areas/power-electronics-grids-and-smart-systems/energy-system-analysis/energy-system-models-at-fraunhofer-ise.html

10

BACKGROUND KNOWLEDGE

energy source capacities within the country and their standard
yield power production (Sasse and Trutnevyte, 2019).

2. Supply-demand models (or electricity market modelling) serve
more specific objectives, such as optimising investments or im-
proving transmission system operations (Connolly et al., 2010).
In these models, PV and wind power modelling are included
as components of the functioning energy system (Ventosa et al.,
2005). While similar to planning models in group (1), these mod-
els include more technical specifications. Meteorological data
used in this context may involve a "typical meteorological year",
e.g., one year of solar irradiance data with diurnal and seasonal
cycles is fed into a detailed grid peak load model with a PV
power component (Kumary et al., 2014). Extreme weather sit-
uations can also be integrated to assess the stress load on the
energy system (EWI (2021)).

3. Models designed for operational purposes are gaining signifi-
cance, especially with the increasing integration of distributed
intermittent power sources like rooftop PV and small wind tur-
bines. These models include specific features such as various in-
stalled capacity and limited battery storage. They aim to predict
intra-day or now-casting PV and wind power using meteorolog-
ical variables such as wind speed or irradiance. Meteorological
data from satellites and observational stations can be incorpo-
rated typically with artificial intelligence tools (Perveen et al.,
2019). Efforts are also underway to extend predictability ranges
to weeks or months ahead, as shown in works by Bloomfield
et al. (2021), Graham et al. (2022), and the S254E project3.

4. Models developed for research purposes from a meteorologi-
cal standpoint use meteorological data (solar irradiance, wind
speed, temperature, etc.) to gain insights into the impacts of
weather or climate on the energy system. These models often
employ simplified technical specifications involving parameters
like the tilt angle of PV panels, hub height of wind turbines, and
efficiency rates of energy conversion in PV and wind power sim-
ulations (Frank et al., 2018; Jerez et al., 2019; Saint-Drenan et al.,
2018; Tobin et al., 2018).

The renewable energy model in this thesis belongs to the fourth cat-
egory. Following is a summary of some current methods to simulate
PV and wind power from a meteorological perspective.

3 Sub-seasonal to Seasonal for Energy (5254E) project https://s2s4e.eu/
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2.1 MODELLING RENEWABLE ENERGY FROM A METEOROLOGICAL PERSPECTIVE

2.1.1  Modelling photovoltaic power

Photovoltaics (PV) refer to technologies that convert solar energy into
electricity. Another solar panel technology is thermal panels that con-
vert the energy from sunlight into heat. This discussion focuses solely
on PV panels. The process of modelling photovoltaic power involves
two main steps. First, the amount of solar irradiance, including direct
and diffused short-wave radiation that reach the PV panels need to be
defined. Second, the conversion of this irradiance energy into useful
energy within the PV cells must be calculated.

In terms of nomenclature, solar radiation, measured in J, refers to the
energy emitted by the sun. Solar irradiation, measured in J/m?, is
the energy received on Earth per unit area. Irradiance is the instanta-
neous rate of irradiation received per unit time, measured in power
units such as J/sm? or W/m?. In terms of PV devices, a solar cell
refers to an individual PV device that absorb sunlight and generates
electrical charge. A PV module comprises of multiple solar cells con-
nected as a unit to convert electrical charges into alternating current.
A PV panel consists of multiple PV modules assembled as an instal-
lable unit, while a PV array comprises multiple PV panels connected
together.

Accurate irradiance data is crucial as it determines the potential PV
power a location can harness (Fig. 2.2). Uncertainties in solar radia-
tion data can magnify uncertainties in the PV model (Urraca et al.,
2018b). Various methods exist to obtain solar irradiance data (Kumar
et al., 2020), including numerical weather prediction models, satellite
images processing, observational networks, and data-driven meth-
ods such as deep neural networks (Alzahrani et al., 2017). Combin-
ing these methods can aid in irradiance forecasting (Ahmed et al.,
2020). The need to forecast solar irradiance intra-day and day-ahead
increases with the rise of microgrids* using PV power (Husein and
Chung, 2019).

Historical irradiance data can be obtained from reanalysis datasets
such as COSMO-REA, ERA5, or MERRA (Bollmeyer et al., 2015; Gelaro
etal., 2017; Rohrer et al., 2019) (Fig. 2.2). These datasets offer extensive
spatial coverage and long-term availability. Besides, they also provide
variables inducing stress on the PV module such as wind gust (Ca-
mus et al.,, 2019). However, these datasets may have known biases
due to the representation of cloud and aerosol effects (Urraca et al.,
2018a). For example, ERA5 irradiance data have slight positive biases,
and COSMO-REAG6 irradiance data have negative biases against ob-
servational data from most stations in Europe (Urraca et al., 2018a).

Microgrids are local isolated grids distributed within communities, hence are partic-
ularly susceptible to fluctuations in solar irradiance.

11
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Moreover, their temporal resolutions might not capture rapid varia-
tions in PV power, making them less suitable for certain applications.
For example, a system using 15-minute irradiance data as in COSMO-
REAG6 can capture up to 22% less PV power compared to a resolution
of seconds (Kreuwel et al., 2020).

The actual conversion of irradiance into electricity by a PV panel is
influenced by two angles: the tilt angle (relative to the horizontal sur-
face) and the azimuth angle (relative to the north direction). In theory,
the tilt angle should be optimised to receive the maximum incoming
radiation on the PV panel’s surface. However, in practice, the actual
tilt angle is reduced from the optimised value to mitigate shadow ef-
fects. For instance, PV panels in European countries typically use tilt
angles at approximately 70% of the optimized values (Saint-Drenan
et al., 2018). As a result, the tilt angle for European domain ranges
from 21° to 50° (Frank, 2019). Regarding the azimuth angle, PV pan-
els face south to maximise the amount of received irradiance (Frank,
2019).

When simulating PV power production, three main methods are com-
monly used: linear or non-linear techniques, and artificial intelligence
(Khatib et al., 2012). Linear technique establish a linear correlation be-
tween PV power production and variables like irradiance on the PV
panel and ambient temperature with parameters defined through em-
pirical methods. Classic non-linear techniques use similar approaches
but with polynomial functions, whereas artificial intelligence and fuzzy
logic methods can be considered innovative non-linear techniques
(Garud et al., 2021; Sen, 2008).

In this discussion, the focus is on the classic non-linear technique
which is used in the model in this thesis (see section 3.2.1). Because
the parameters are empirically estimated, they are heavily dependent
on the technology employed in manufacturing the PV cell. The most
common material used for PV cells is silicon. Another less common
material is Gallium arsenide (GaAs). Silicon can be integrated into the
PV cell in the form of crystalline silicon or a thin film 5. The efficiency
rates of three common types of PV panels, in decreasing order, are
monocrystalline (~20%), polycrystalline (~15%), and thin-film (~10%)
(Fig. 2.1 and Table 1). ®. According to the radiative efficiency limit
(the Shockley—Queisser limit), the maximum conversion efficiency for
a conventional solar cell (with a single p-n junction) is 33.7% (Riihle,
2016). However, in another PV technology utilising concentrated sun-
light (concentrated PV cell, or CPV), the efficiency can reach up to
86.8% for multiple-junction cell (De Vos, 1980).

5 https://en.wikipedia.org/wiki/Solar_cell
6 https://www.greenmatch.co.uk/blog/2015/09/types-of-solar-panels


https://en.wikipedia.org/wiki/Solar_cell
https://www.greenmatch.co.uk/blog/2015/09/types-of-solar-panels
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Polycrystalline Monocrystalline Thin-film
solar panel solar panel solar panel

Figure 2.1: Three most common types of PV panels, from theEcoExperts”.

Table 1: Technical specifications of the three most common types of PV
panels, adapted from Solvoltaics, Solarreviews and theEcoExpertsS.
Note that the price gap between monocrystalline and polycrys-
talline is narrowing.

Polycrystalline Monocrystalline  Thin-film
Efficiency rate 13-16% 15—20% 7—13%
Lifespan 30—40 years 30-50 years 10-20 years
Price Mid-cost Expensive Lower cost
Note Most popular for residential Durable Mostly for large-scale use

Considering that PV panels do not generate power at night, the country-
aggregated daily average capacity factor for European countries is
around 10-15% (Fig. 2.2b). Various factors influence PV power, in-
cluding the spectral distribution of irradiance, the reflectivity on the
PV panel’s surface, and other environmental factors. The simulation
can incorporate these factors to varying degrees of detail depend-
ing on the model’s purpose. Most meteorological datasets provide
broadband global horizontal irradiance as a standard variable. Using
such broadband irradiance data makes PV simulations susceptible
to errors as PV production is sensitive to the spectral distribution of
solar irradiance (Lindsay et al., 2020). Additionally, the model’s per-
formance can be influenced by the reflectivity on the panel’s surface,
which in itself is affected by incoming irradiance and the panel’s tem-
perature (Urraca et al., 2018b). Furthermore, substantial discrepancies

https://solvoltaics.com/solar-panel-components/, https://www.solarreviews.
com/blog/pros-and-cons-of-monocrystalline-vs-polycrystalline-solar-panels,
and https://www.theecoexperts.co.uk/solar-panels/solar-panels-types, ac-
cessed on 22-03-2023.


https://solvoltaics.com/solar-panel-components/
https://www.solarreviews.com/blog/pros-and-cons-of-monocrystalline-vs-polycrystalline-solar-panels
https://www.solarreviews.com/blog/pros-and-cons-of-monocrystalline-vs-polycrystalline-solar-panels
https://www.theecoexperts.co.uk/solar-panels/solar-panels-types
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in PV power modeling may arise from differences in power-rating
conversion, performance indoors and outdoors, and the parameters
used to characterise the PV module (Changmai et al., 2022; Friesen
et al., 2007; Kenny et al., 2003).

2.1.2  Modelling wind power

Modelling wind power production is comparatively simpler than mod-
elling PV power, mainly because the process of converting wind speed

into energy is more straightforward. As the wind moves the turbine

blades, its kinetic energy is readily converted into electricity in the

generator (Fig. 2.3), akin to how a steam engine turbine operates.

Nevertheless, there are also two main steps involved in modelling

wind power production: (1) obtaining the wind speed data reaching

the turbine blades, and (2) converting the energy from wind speed

into electricity.

For the first step, it is necessary to determine the wind speed at
the hub height of a wind turbine, typically at 8o—150m™* above the
ground. One common approach is to extrapolate the wind speed at
hub height from the wind speed data near the surface, for instance,
using 10m wind speed data from reanalysis dataset. This extrapo-
lation is achieved using either the logarithmic law or the Hellman
exponential law (power law) (Emeis and Turk, 2007; Staffell and Pfen-
ninger, 2016). Although the exponential law tends to yield more accu-
rate results (Emeis and Turk, 2007; Gualtieri, 2019), these extrapola-
tion approaches can introduce significant uncertainty, especially due
to wind shear effects (Crippa et al., 2021; Frank et al., 2020a; Honrubia
et al., 2010). To mitigate this issue, reanalysis data can be employed,
which interpolates wind speed from vertical layers with heights simi-
lar to the hub height of the turbine. For instance, the simulation in this
thesis uses data of wind speed from the vertical layers 364, and 374,
(equivalent to 116-178 m above sea level, varying based on the land
topography) from the COSMO-REA6 reanalysis dataset (Bollmeyer
et al., 2015, DWD, 2022). The wind speed data from COSMO-REA6
has demonstrated to be beneficial in wind power applications (Brune
et al., 2021; Frank et al., 2020a; Henckes et al., 2018).

Using reanalysis data, wind speed magnitude is calculated at each
grid point based on two horizontal components: eastward and north-
ward vectors (u and v). Wind direction, calculated as arctan(v/u),

https://re.jrc.ec.europa.eu/pvg_tools/en/, accessed on 16-03-2023.

Wind turbines have been rapidly increasing in size. As of February 2023, the tallest
offshore wind turbine in the world is Vestas’” V236-15.0 MW in Denmark, with a
hub height of 280m, a rotor diameter of 236 m and a rated power of 15 MW. For
comparison, the biggest wind turbine in 2014 was SeaTitan 10MW with a hub height
of 125 m. Source: www.vestas.com/en/products/offshore/V236- 15MW


https://re.jrc.ec.europa.eu/pvg_tools/en/
www.vestas.com/en/products/offshore/V236-15MW
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Figure 2.2: (a) PV power potential in Europe in 2012 defined from global
horizontal irradiation [KWh/m?], from Huld et al. (2012) and
PVGIS tool%; (b) Country-aggregated average capacity factor, n
is the number of sites to measure PV power output, from Pfen-
ninger and Staffell (2016).

is typically not considered in wind power calculations as wind tur-
bines are assumed to adjust their nacelle position using anemome-
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Figure 2.3: Components of a typical wind turbine with a horizontal axis,
adapted from Arne Nordmann (norro), Windkraftanlage®".

ters and wind vanes (Fig.2.3). Similar to PV power, wind speed data
from reanalysis datasets have relatively low temporal resolution, e.g.,
hourly in ERA5 or 15 minutes in COSMO-REAG6. This resolution has
limited ability to adequately capture the impact of very high wind
speeds on wind power production, such as wind gusts (Steinheuer
and Friederichs, 2019) or noctural low level jets (Weide Luiz and
Fiedler, 2022). These high wind speed situations can cause ramping
rates and curtailments in the power system (Vargas et al., 2014).

The interaction of wind turbines in a cluster can lead to a reduction
in wind speed downwind due to the drag from the so-called wake
effect (Gonzélez-Longatt et al., 2012). This effect can induce vertical
turbulence (Emeis and Frandsen, 1993) and increase the overturn rate
of the atmosphere (Lundquist and Bariteau, 2015). Notably, it impacts
the performance of not only the wind turbines downwind in a wind
farm but can extend up to 50 km downwind to affect other wind
farms, particularly in stable atmospheric conditions, such as those
offshore (Akhtar et al., 2021; Lundquist et al., 2019). Furthermore,
the wake effect has the potential to alter the long-term local climate
(Bodini et al., 2021), demonstrating the importance of including wind

11 https://commons.wikimedia.org/wiki/File:Windkraftanlage.svg


https://commons.wikimedia.org/wiki/File:Windkraftanlage.svg
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farm parameterisations in meso-scale weather modelling (Fischereit
et al., 2022).

The produced energy strongly depends on the wind speed condition.
Specifically, the power generated by the wind turbine is proportional
to the cubic of wind speed at hub height. The most common method
to estimate the energy produced by a wind turbine is using the power
curve (Equation 2.2). In addition, the air density at hub height also
affects the efficiency of converting wind speed into power (phyp in
equation 2.2). The "heavier" (higher density) the air is, the more power
the wind turbine generates, as the resistance is higher when the blade
sweeps through the air. Dry air density at a certain altitude is calcu-
lated as a function of pressure and air temperature using a molar
form of the ideal gas law, as shown in equation 1.

B thub>(%_])

(2.1)

Phub = P0 - <1 T

where
Phub is the dry air density [kg/ m?3] at the hub height,
Po is the air density at sea level, 1.2295 kg/ m3,
L is the temperature lapse rate, 0.0065 K/m,
hhub is the hub height [m],
T is the absolute temperature [K]
g is the earth-surface gravitational acceleration, 9.807 m/ s,
M is the molar mass of dry air, 0.02896 kg/mol,
R is the ideal gas constant, 8.314 J/(mol - K)

Wind turbines generally yield higher capacity factors than PV mod-
ules, with average values ranging from 20% to 30% for onshore wind
power in European countries (Fig. 2.4b). Offshore wind turbines, ben-
efiting from fewer obstacles and higher hub heights, achieve even
higher average capacity factors, reaching 40% to 50% in 2019 (Inter-
national Energy Agency, 2019).

0 if Vhub < Veut—in

1 2 3 ;
ZT[R CpPhub " Vhub if Veut—in < Vhub < Vrated

Pout = (2.2)

Cplant if Vrated S Vhub < Veut—out

0 if Veut—out < Vhub
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where
p is the air density at hub height,
Vhub is the wind speed at hub height,

Veut—in and Veyt—out are the cut-in and cut-out wind speeds, de-
fined as the threshold wind speeds for the onset and stop pro-
ducing power of wind turbine,

Vrated 1S the rated wind speed, at which or above, the wind turbine
produces maximum power

The application of the power curve law to calculate power generated
from wind speed relies on knowledge of specific wind turbine specifi-
cations, such as rotor diameter, hub height, and rated power (installed
capacity). However, when simulated data for installed capacity and
hub height are derived from models, like the CLIMIX model (Jerez
et al., 2015a), discrepancies between the assigned hub height and ac-
tual installed capacity may arise. In such cases, it is more appropriate
to calculate the capacity factor (a dimensionless value between o and
1, representing the ratio between generated power and installed ca-
pacity) and then multiply it by the installed capacity to obtain the
power production. The capacity factor depends on the wind speed at
hub height and the values of rated, cut-in, and cut-out wind speeds,
as expressed by Equation 2.3). To obtain data for installed capacity,
one can refer to available datasets as demonstrated in Henckes et al.
(2020), or model the grid configuration similarly to meteorological
data using approaches such as those discussed in Jerez et al. (2015a),
Staffell and Pfenninger (2016), and Tobin et al. (2016).

0 if Vhub < Veut—in
Viub 7Viutfin :
V3 3 if Veut—in < Vhub < Vrated
CF = rated cut—in (2.3)
1 if Viated < Vhub < Veut—out
0 if Veut—out < Vhub

2.2 IMPACTS OF SYNOPTIC WEATHER ON RENEWABLE ENERGY
2.2.1 Definition and nomenclature
Synoptic weather refers to meteorological processes that occur on a

spatial scale of the order of 1000 km. It represents the lower end of
large-scale weather, larger than meso-scale weather but smaller than

12 https://globalwindatlas.info/en/, accessed on 16-03-2023.


https://globalwindatlas.info/en/
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Figure 2.4: (a) Wind power potential in Europe from Ghigo et al. (2020) and
the Global wind atlas tool™?; (b) Country-aggregated average ca-
pacity factor of wind power in the period 20052014 from Staffell
and Pfenninger (2016).
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Figure 2.5: Varied scales of atmospheric phenomenon in size and life span,
from Ch.g Ahrens (2015).

planetary scale weather (Fig. 2.5). In mid-latitude regions, certain syn-
optic atmospheric circulations display recurrent and quasi-stationary
characteristics, persisting for several days to a week or more (Grams
et al., 2020). Some of these persistent synoptic weather conditions are
associated with extreme weather conditions such as cold spells and
heat waves (Ferranti et al., 2019; Zschenderlein et al., 2018).

Weather regimes are finite categories into which synoptic weather
conditions can be classified due to their recurring and persistent na-
ture. The first mention of synoptic weather regimes is in 1951 with
the Atlantic blocking and its impact on European precipitation (Rex,
1951). Over the years, weather regime classification has evolved from
subjective methods, like Lamb weather type (Lamb, 1972) or Gross-
wetterlage (Hess and Brezowsky, 1969), to more objective and repro-
ducible approaches, such as in the work from James (2007) and Jones
et al. (2014). The most common method of classification is cluster anal-
ysis based on empirical orthogonal functions (EOFs) applied to large-
scale flow fields, such as anomalies of geopotential height at 500 hPa
(GH500) or mean sea level pressure (James, 2007; Michelangeli et al.,
1995). The classification of weather regimes involves the attribution
of clusters of EOFs to 4-20 weather categories, which are named after
the prominent air mass location and the flow direction (anticyclonic
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or cyclonic). In many occasions, there are days with weak relation. To
avoid transient state changes too frequently, a persistent criterion is
applied, typically the regime should last at least 3 to 10 days (Grams
et al., 2020). Commonly used weather regimes in Europe include pos-
itive/negative NAO (North Atlantic Oscillation), Atlantic Ridge, and
European Blocking (Fabiano et al., 2021; Grams et al., 2017; Li et al,,
2020).

Weather regimes offer predictability potential through their connec-
tions with the stratosphere and teleconnections with phenomena such
as ENSO (El Nifio-Southern Oscillation). In particular, there is a clear
relation between the activity of stratospheric polar vortex and the

21

state of NAO (Beerli and Grams, 2019). Coupling stratosphere-troposphere

can increase the skill of numerical weather forecast of four weather
regimes by 10—30% in the North-Atlantic basin (Charlton-Perez et
al., 2018). This is the foundation of seasonal forecast with medium-
range (up to 16 days) (Matsueda and Palmer, 2018) and a few days
ahead forecast (Vitart and Robertson, 2018). Additionally, teleconnec-
tion such as ENSO and NAO can be used in forecasting weather
regime (Beerli and Grams, 2019; Herceg-Buli¢ et al., 2017; Oehrlein
et al., 2019). This predictability has many applications in several sec-
tors such as energy, agriculture, water management, and gas trading
(Btieler et al., 2020; Grams et al., 2017; Rex, 1951). In order to increase
the benefit of this predictability, the cluster classification needs to be
robust in representing the weather regimes and the transition to the
next condition.

Increasing the number of clusters in weather regime classifications
offers several advantages, including finer spatial and temporal vari-
ations, better representation of atmospheric variance (Grams et al.,
2020), and shorter-term predictability (Boer, 2003). A classification
of synoptic weather with more than 20 categories can capture day-
to-day variability in atmospheric conditions and enable applications
like predicting temperature-related mortality during cold spells or
heatwaves (Huang et al., 2020).

Based on the differentiation from Huang et al. (2020) and Grams et
al. (2020), in this thesis, weather regimes refers to classifications with
4—7 categories that last a week or more, such as the work from Cas-
sou (2008) and Grams et al. (2017). With more categories than weather
regime, weather patterns refers to classifications with 20-30 categories
which can capture day-to-day variability in a smaller domain, e.g.,
the weather pattern classification provided by the German Weather
Service (DWD) with 29 patterns (James, 2007), or the classification
from the UK MetOffice with 30 patterns (Neal et al., 2016). Weather
type such as Lamb weather type is similar to weather pattern. But in
this thesis, the term weather pattern specifically refers to the weather
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pattern classification with 29 types from James (2007) that was exten-
sively used in this thesis.

2.2.2  Synoptic weather in renewable energy

Synoptic weather conditions have well-known impacts on the surface,
including extreme weather events like cold spells and heatwaves (Fer-
ranti et al., 2019). Studies in renewable energy have also highlighted
the association between synoptic weather conditions and extreme
events in PV and wind power production (Driicke et al., 2020; Grams
et al., 2017; Wiel et al., 2019a,b).

Synoptic weather classification offers a valuable tool to comprehend
the day-to-day variability in renewable power production. Weather
regime classifications are used to define critical weather conditions
for wind power temporal variability and wind ramps (Couto et al.,
2014; Gibson and Cullen, 2015; Ohba et al., 2016). They are also em-
ployed to identify three sub-regions in Europe with distinctive inter-
regime behaviour of wind power production: Northern Europe, South-
eastern Europe, and Western Mediterranean (Grams et al., 2017). The
study also suggests that the surplus wind power potential in the
Balkans can potentially complement the wind power deficit in the
North Sea.

It is crucial to assess the combined variability of PV and wind power
sources as their total production can differ from their individual con-
tributions due to their anti-correlation effect. For instance, amongst
European countries, there is less than 10% chance of extremes simul-
taneously in both PV and wind power (Frank et al., 2020b). Recent
efforts have explored the link between synoptic weather condition
and anomalies in PV and wind power production in combination,
indicating distinctive differences in magnitude of anomalies and spa-
tial distribution in PV and wind power potential associated with four
weather regimes based on the NAO index (Wiel et al., 2019a). Atmo-
spheric blocking, characterized by high-pressure systems lasting over
7 days, can lead to prolonged low production events in both PV and
wind power (7- and 14-day events) in Western Europe (Wiel et al.,
2019b) and in Germany (Drticke et al., 2020). The prolonged period
of anomalously high or low temperature (in summer or winter) can
also significantly increase the electricity demand (EWI (2021)).

However, classifications of four to seven types of weather regimes are
inadequate to comprehensively grasp the variability on timescales
shorter than a week (Wiel et al., 2019a). Previous studies have pre-
dominantly either focused on low production events (Driicke et al.,
2020; Wiel et al., 2019a,b), examined only one type of energy (Grams
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et al.,, 2017), or concentrated only on individual countries (Couto
et al., 2014; Driicke et al., 2020). Facilitating electricity transmission
across country borders in Europe can alleviate the challenges associ-
ated with meeting the variable demand in individual countries with
100% renewable energy systems (Rodriguez et al., 2014). Therefore, to
enhance the benefits for energy operation purposes, further research
needs to focus on a systematic assessment of the impacts of synop-
tic weather conditions across Europe with finer temporal and spatial
resolution (Maimé-Far et al., 2022).
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DATA AND METHODS

The cornerstone of the project is the Renewable Energy Model (REM)
of which output are used for further analyses. This model simulates
both photovoltaic (PV) and wind power production in Europe at the
same spatial and temporal resolution. This method allows to com-
bine these two individual energy types into the total power produc-
tion, and to further examine its variability based on weather patterns
comprehensively. This chapter describes the components used to con-
struct REM and some evaluations on REM’s output.

3.1 DATA

In this project, three datasets for the European domain are used.
Firstly, the meteorological reanalysis dataset COSMO-REA6 (Bollmeyer
et al., 2015) provides essential meteorological variables in PV and
wind power simulations. Secondly, the spatial installation of PV and
wind power projected for the future scenario (2050) from the climate
and energy mix model (CLIMIX) (Jerez et al., 2015a). These two grid-
ded datasets are integrated into the REM, resulting in the output of
PV and wind power production (see Section 3.2.1 and 3.2.2). Lastly,
the classification of weather patterns by James (2007) (see Section
3.1.3) is then used to investigate the association between synoptic
weather patterns and anomalies in renewable power production at
the European scale, in various sub-regions and in Germany.

3.1.1 COSMO-REA6

The COSMO-REA6 reanalysis dataset, developed within the Hans-
Ertel Center for Weather Research (HErZ) (Bollmeyer et al., 2015), is
used extensively in this thesis. It offers a high horizontal resolution
of 6 km and comprises 40 vertical layers, covering a period of 23 years
from 1995 to 2017. The dataset’s high resolution is particularly benefi-
cial for renewable energy analyses. It allows capturing meteorological
processes at a regional scale, such as temporal variation in site assess-
ment for wind power (Frank et al., 2020b; Henckes et al., 2018) and
post-processing dataset of global horizontal irradiance for PV power
applications (Frank et al., 2018).
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COSMO-REAG is a reanalysis dataset (REA) (Bollmeyer et al., 2015)
developed based on the numerical weather prediction (NWP) model
COSMO (Consortium for Small-scale Modeling'). The initial and bound-
ary conditions fed into COSMO-REA®6 are provided by the global re-
analysis dataset ERA-INTERIM (Dee et al., 2011), which has a coarser
horizontal resolution of 8okm and 60 vertical layers. The gridded
data of COSMO-REA6 conform to the CORDEX EURO-11* (Giorgi
et al., 2009) specifications with a rotated pole projection, as shown in
Fig 3.1. The reanalysis process in COMOS-REA6 uses the 4D-Var (4-
dimensional variational) data assimilation technique (Navon, 2009).
This technique adjusts (or nudge, Schraff (1997)) the model state vari-
ables towards the observations. In COSMO-REA®6, these state vari-
ables are pressure, temperature, wind speed, and humidity. The ob-
servations assimilated into COSMO-REAG®6 are from the German Weather
Service (DWD) operational database, including data from radioson-
des, aircraft, wind profiler, and observations at the surface level (Bollmeyer
et al.,, 2015). Note that no satellite data are directly assimilated into
COSMO-REAG6 but are indirectly incorporated through ERA-Interim.

In REM, the meteorological variables from COSMO-REA6 used are
hourly 2 m-temperature, 10m wind speed, wind speed at upper lev-
els 36 and 37, equivalent to 116-178 m from sea level (DWD, 2022).
Besides, data of hourly surface irradiance (direct and diffused short
wave radiation), total cloud cover, and mean sea level pressure are
also used for further analyses of the meteorological conditions asso-
ciated with specific events of interest.

Figure 3.1: Model domain for COSMO-REA6 (Bollmeyer et al., 2015)

1 www.cosmo-model.org
2 www.euro-cordex.net/060378/


www.cosmo-model.org
www.euro-cordex.net/060378/

3.1 DATA

3.1.2 CLIMIX model

Information about the spatial distribution of PV and wind power in-
stallation is important in modelling their power production, as the
impact of weather conditions varies across different regions. How-
ever, this information is not publicly available or is often provided
at administrative levels, which are too large and heterogeneous to
capture the nuances of weather variability. To address this issue, the
CLIMIX (climate and energy mix) model, developed by Jerez et al.
(2015a), was employed in REM.

CLIMIX offers a realistic gridded dataset representing a feasible spa-
tial distribution of PV and wind power installations in Europe for
both current (2012) and future (2050) scenarios (Jerez et al., 2015a).
It achieves this by combining information on abundant resources for
PV and wind power production, existing power plants, population
density, and restricted areas. By using planned installations, CLIMIX
extends its simulation to project future PV and wind power instal-
lations. One advantage of using CLIMIX is its consistent methodol-
ogy for modeling both PV and wind power installations. The basic
algorithm remains the same for both, but different assumptions are
applied for on- and offshore wind power, and for large/centralised
or small/decentralised PV power plants. These assumptions are sum-
marised in Table 2.

The primary determinants of the spatial distribution of PV and wind
power plants are the availability of resources and forbidden locations
(see Table 2). Climate variables, such as 10-m wind speed and sur-
face downward short-wave radiation, play a key role in estimating
resource availability. They are derived from a regional climate sim-
ulation using the Weather Research and Forecast (WRF) model for
the period 2000—2012 with a 0.44° horizontal resolution, nudged and
driven by ERA-Interim (Dee et al., 2011). Additionally, a determining
factor is integrated into CLIMIX to limit the installation in each grid
cell to a maximum of 100%. CLIMIX also has an efficiency filter to
ensure that determining factors must exceed certain thresholds for vi-
able installations, see details in Table 2. Data for land use in CLIMIX,
e.g. cities and forest, are based on the US Geological Survey’s classifi-
cation.

For PV power, large power plants are defined based on installed
capacity, for instance, larger than 2MW for Europe and 1 MW for
France, while the remaining installations are classified as small power
plants. The ratio of small to large PV power plants is 1.4:1, assumed
to be proportional to population density for European countries and
remaining constant over time. For wind power, separate assumptions
are applied for offshore and onshore power plants. Their data are

27
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Table 2: Summary of the main factors determining the spatial distribution of
the renewable installations (adapted from Jerez et al. (2015a)). For a
grid cell to be considered suitable for installation, the determining
factors must exceed the threshold in the corresponding efficiency

filter.
Determining factor Forbidden Efficiency
location filter
[percentile]
PV power Small Resource x population Forest 30t
installations Sea
Large Resource Forest 30th
Cities
Sea
Wind power On-shore  Resource/population  Forest 30th
installations Cities
Sea
Off-shore* Resource Land 50th

*Offshore wind power installations have one additional determining factor,
namely the maximum distance to the coastline is one grid cell.

provided separately, see more in Table 2. For further details on the
CLIMIX model, refer to Jerez et al. (2015a).

CLIMIX data were obtained through personal communication with
the author of Jerez et al. (2015a). The dataset was provided for two
scenarios 2012 and 2050 for EU-27 countries including the UK. How-
ever, the data for PV power installation in 2012 are incomplete, avail-
able for only nine European countries. Therefore, for consistency, only
the scenario for 2050 was used to project PV and wind power in the
future. This scenario projects a total installed capacity of 879 GW for
PV power and 440 GW for wind power (on- and offshore). As of the
time of this thesis (2023), this scenario is considered conservative. For
instance, an outlook from the European Commission published in
2020 suggests a higher projected installations for European PV and
wind power in 2030, with 872 GW and 620 GW, respectively (JRC,
2020).

3.1.3 Weather pattern classification

Analysing synoptic weather conditions is suitable to assess the anoma-
lies of renewable energy at daily up to weekly time scale (Grams et
al., 2017), given its spatial scale of 1000 km and temporal scale of sev-
eral days. To evaluate the impact of synoptic weather conditions on
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renewable energy, it is important to adopt an appropriate method
for classifying these weather patterns3. The criteria include focusing
on the Europe domain, offering a consistent method of classification,
and being available for a substantial period of time. In this thesis, the
objective weather pattern classification developed by James (2007) is
selected as a well-established classification provided by the German
Weather Service. It is built upon the Grosswetterlagen classification by
Hess and Brezowsky (1969), but offers the advantage of an objective
methodology and a broader domain over Europe and the North East
Atlantic (James, 2007).

The weather pattern classification uses two meteorological variables:
mean sea level pressure (MSLP) and geopotential height at 500 hPa
(GH500) representing the steering flow. Climate composites are based
on ERA4o0 reanalysis data (Uppala et al., 2005) from September 1957
to August 2002 and ECMWF operational analyses from August 2002
onward. To account for seasonal differences, the annual cycle is split
into two halves according to the maximum and minimum anoma-
lies of climatological means for MSLP and GHso0. The winter part
identified by this method is slightly longer than the summer part
but for simplicity, the years are split equally into two half-year sea-
sons, namely, winter from 16t October to 15th April (with maxi-
mum anomalies in mid-winter), and summer from 16" April to 15%
October (with minimum anomalies in mid-summer). The composite
means of MSLP and GHs00 of the domain are then calculated sep-
arately for winter and summer. This weather pattern classification
focuses on persistent conditions lasting at least two days and filters
out transient conditions that last only one day.

The algorithm in the weather pattern classification uses two nested
spatial domains, as illustrated in Fig 3.2. Within the initial domain
20°N-85°N, 84°W-75°E, the root mean square anomaly values of
MSLP and GH500 are normalised against the mean values of the en-
tire domain. The standard deviations of MSLP and GHso0 for all
weather patterns are weighted by their annual frequency of occur-
rence. These standard deviations were averaged across both winter
and summer periods, then their 0.75 values are defined as the outer
domain. The outer domain extends further to the north and west,
covers parts of the Northern Atlantic, as depicted by the blue con-
tour in Fig. 3.2. The inner domain was given double weight and was
designed to cover regions that exhibit significant variances compared
to the composite means of MSLP and GH500 (James, 2007). The re-
sult is a domain that covers all the regions within a distance of up
to 1,500 km from Berlin, as depicted by the orange area in Fig. 3.2,

A detailed explanation on nomenclature of synoptic weather circulation, condition,
regime, pattern, type can be found in Section 2.2.
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Figure 3.2: The inner (orange shade) and outer (blue circle) domain used
to calculate MSLP and GH500 anomalies and to classify weather
patterns from James (2007).

effectively capturing the main areas of Central Europe. MSLP and
GHs500 in the inner domain are used to distinguish between cyclonic
and anticyclonic biases in each weather pattern (James, 2007).

The classification distinguishes weather patterns based on the circula-
tion type (cyclonic or anticyclonic characteristic), the wind direction
in the inner domain, and the location of the dominant air mass. James
(2007) identified 29 types of weather patterns according to these crite-
ria (Table 3). This well-established classification is provided and mon-
itored by the German Weather Service (DWD). Its advantage arises
from its capacity to capture the regional variability of meteorological
processes in Central Europe (James, 2007), making it suitable to anal-
yse the meteorological variability of PV and wind power production
in this thesis. Note that the weather pattern classification provides
one pattern every day across the entire Europe.

3.2 THE RENEWABLE ENERGY MODEL

The Renewable Energy Model (REM) is developed to investigate the
impact of synoptic weather patterns on photovoltaic (PV) and wind
power production in Europe at a finer temporal and spatial resolu-
tion than the conventional country-aggregated methods. REM uses
the reanalysis dataset COSMO-REA6 (Bollmeyer et al., 2015) with a
high horizontal resolution of 6 km and hourly temporal resolution. To
reduce the computational time while preserving the high-resolution
benefits, the energy output is generated at every 8™ grid cells, re-
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Table 3: Names of 29 weather patterns used in this thesis, adapted from
James (2007)
Weather pattern English name Characteristic

1 Wa Anticyclonic Westerly anticyclonic
2 Wz Cyclonic Westerly cyclonic

3 Ws South-Shifted Westerly cyclonic

4 Ww Maritime Westerly (Block Eastern Europe) cyclonic

5 Swa Anticyclonic South-Westerly anticyclonic
6 SWz Cyclonic South-Westerly cyclonic

7  NWa Anticyclonic North-Westerly anticyclonic
8 NWz Cyclonic North-Westerly cyclonic

9 HM High over Central Europe anticyclonic
10 BM Zonal Ridge across Central Europe anticyclonic
11 T™M Low (Cut-Off) over Central Europe cyclonic

12 Na Anticyclonic Northerly anticyclonic
13 Nz Cyclonic Northerly cyclonic

14 HNa Icelandic High, Ridge Central Europe anticyclonic
15 HNz Icelandic High, Trough Central Europe cyclonic

16 HB High over the British Isles anticyclonic
17 TtM Trough over Central Europe cyclonic

18 NEa Anticyclonic North-Easterly anticyclonic
19 NEz Cyclonic North-Easterly cyclonic

20 HFa Scandinavian High, Ridge Central Europe anticyclonic
21 HFz Scandinavian High, Trough Central Europe cyclonic

22 HNFa High Scandinavia-Iceland, Ridge Central Europe  anticyclonic
23 HNFz High Scandinavia-Iceland, Trough Central Europe cyclonic

24 SEa Anticyclonic South-Easterly anticyclonic
25 SEz Cyclonic South-Easterly cyclonic

26 Sa Anticyclonic Southerly anticyclonic
27 Sz Cyclonic Southerly cyclonic

28 TB Low over the British Isles cyclonic

29 TrW Trough over Western Europe cyclonic
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sulting in the output at a 48 km resolution that effectively represents
meteorological processes as in COSMO-REAG6.

REM consists of two main components: a PV power simulation, based
on the approach by Frank et al. (2020b), and a wind power estimation.
The following sections describe how these two components simulate
PV and wind power capacity factor (the ratio of power production to
the installed capacity) and how they are integrated with the installa-
tion data to obtain hourly power production for PV and wind power
in Europe. Additionally, evaluations of the model’s output against
two other datasets are also presented.

3.2.1  The PV power simulation

The photovoltaic (PV) simulation in this thesis was developed and de-
scribed in detail by Frank (2019). This simulation uses the shortwave
radiation data from COSMO-REA®6 to compute the capacity factor in
each grid cell. As summarised in Section 2.1.1, simulating PV power
includes two steps: (1) the estimation of the solar irradiance received
on PV panelst; and (2) the conversion of irradiance into power pro-
duction within the PV panels. The PV simulation in this thesis focuses
only on crystalline silicon modules as it is the most common technol-
ogy in the current market, see Section 2.1.1.

For the first step, REM uses radiation data from COSMO-REA6, namely
direct and diffused short-wave radiation at hourly temporal resolu-
tion. These radiation data from COSMO-REA6 exhibit a tendency to
overestimate values in cloudy conditions and underestimate values in
clear sky conditions, compared to the measurements from the Base-
line Surface Radiation Network (BSRN) (Frank et al., 2018). An ap-
proach proposed by Frank et al. (2018) introduces a post-processing
method with a transmissivity threshold for two regimes, "cloudy sky"
and "clear sky", in order to reduce these systematic biases. How-
ever, to preserve the spatial distribution of the radiation across Eu-
rope and thereby of the PV power production, REM uses the origi-
nal data of radiation from COSMO-REA6 without being undergoing
post-processing.

The amount of irradiance reaching PV panels is influenced by two
key factors: the orientation of the PV panels and the types of radia-
tion coming to the PV panels. The panel orientation is characterised
by two important angles: the tilt angle and the azimuth angle. The tilt
angle included in this simulation is determined by maximising the PV
power production to obtain the optimal tilt angle, then adjusted by a

4 The differences between PV cell, PV panel, PV module, PV array can be found in

Section 2.1.1.
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constant deviation factor of 0.7 (Saint-Drenan et al., 2018). This re-
duction in the tilt angle is primarily due to investors” considerations
to minimise the shadow effect and maximise power production out-
put per unit of surface (Frank, 2019). For computational reasons, the
hourly optimal tilt angle is calculated by maximising the PV power
production for the year 2014, before applied to all years in the period
1995—2017. The optimal title angle varies from 21° to 50° within the
COSMO-REA6 domain. A sensitivity test concerning the effect of us-
ing a single year for tilt angle calculation yields a small difference
of 0.35% (Frank, 2019). As for the azimuth angles, it is assumed that
the PV panels constantly face southward to optimise the amount of
irradiance received.

In terms of the type of incoming radiation, there are three parts of ir-
radiance that can reach the plane of a tilted panel: (i) direct radiation
Qair, which propagates in straight trajectory and is determined us-
ing geometric methods, e.g., from Quaschning (1998); (ii) diffuse radi-
ation Qgif, which, on a titled plane, is calculated using analytic mod-
els such as from Klucher (1979); (iii) radiation reflected by the ground
Qr, which is calculated using an isotropic approach, i.e., equal distri-
bution of radiation from all directions of the upper hemisphere. The
value of Qg depends on the global horizontal irradiance and the sur-
face albedo. When the radiation reaches the plane of PV panels, some
of it is reflected by the panel’s surface. This reflection loss AL is esti-
mated using the empirical method from Martin and Ruiz (2001). In
this PV simulation, a constant coefficient of 0.16 (Martin and Ruiz,
2001) is assumed for AL calculations on silicon panels, as established
by Urraca et al. (2018b). Consequently, the effective irradiance Qefs
available to convert into power within PV panels is calculated as fol-
lows:

Qerr = (1 —AL) - (Qair + Qair + Qr) (3.1)

The second step involves a conversion model for silicon PV panels
to estimate the amount of power production converted from effec-
tive irradiance Qe¢. The efficiency of a PV panel depends on its
temperature T,qner, which is a function of the ambient tempera-
ture, wind speed at the panel’s elevation, and the incident irradiance
(Faiman, 2008). The coefficients for silicon modules in this calculation
is adopted from Koehl et al. (2011). The PV conversion model here
was adapted from the empirical model from Huld et al. (2011). The in-
stant deviation n(Q’, T') is calculated as in the equation 3.2. The main
idea is to multiply the instant deviation n(Q’,T’) to the theoretical
power production in standard test conditions (STC) Qstc, i.e., with
the irradiance of 1000W/m~2 and the temperature at 25°C.
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n(Q, T =1+K;In(Q') +k, (m(Q'))Z+k3T’+k4T'ln(Q') (2
3.2
+ksT/ (ln(Q’))2~|—k6T’2

where Q’ = Qefr/Qstc and T = Tyanet — TsTc.

k1,k2,..., ke are empirical coefficients estimated using a least-square
optimisation: k; = —0.17237,k,; = —0.040465,k3 = —0.004702,k4 =
0.000149, ks = 0.000170, kg = 0.000005.

Finally, the electricity losses from converters, shadows, snow, dust,
and other factors, account for 10% of the total electricity yield (Pfen-
ninger and Staffell, 2016). The final power production converted in
PV panels P(Q’, T') is calculated as:

P(QIIT/) 20-9’PSTC’QI‘T](QIIT/) (33)

To be compatible with the output from REM, the PV power instal-
lation data from the CLIMIX dataset are converted from the origi-
nal grid of 0.11° (approximately 12.5km) to a 48 km resolution. This
means around 4 x 4 data points from the original CLIMIX dataset
fit into one grid cell of REM output. Then the sum of installed ca-
pacity in these data points is the installed capacity of PV power for
each REM grid cell. The average installed capacity of PV power in
REM grid cells is 5510 MW. To obtain the PV power production for
each new grid cell (48 km), this installed capacity is multiplied with
the capacity factor at the corresponding grid cell. For more details on
how different components were put together to simulate PV power
capacity factor, see Frank (20109).

3.2.2  The wind power simulation

REM uses wind speed data from COSMO-REAG6 at the vertical levels
36 and 37 (the 4 and the 3™ level from the ground), approximately
at the height of 116 to 178 m above sea level (DWD, 2022). Data of
wind speeds at hub height from COSMO-REA6 are shown to be ben-
eficial for wind energy applications (Brune et al., 2021). To establish
wind speeds at specific hub heights corresponding to CLIMIX wind
turbines, linear interpolation is applied to wind speeds from levels 36
and 37, as shown in equation (3.4). Then the capacity factor for wind
power is calculated by applying the cubic law to the wind speed at
hub height, as shown in equation (3.5). The wind power production
is calculated by multiplication with the installed capacity.
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h —h
Vhub = (M> (vze —Vv37) +v37 (3-4)
h3e —hz7

where

* hpub, Vhuo are hub height and wind speed at that height, v < 0
when hyyp < h37

* h3zg, h37,v36,v37 are the heights of level 36 and 37 and their
corresponding wind speed

3 3

Y% —V :
hub cut—in
CF= =2—1 (3-5)
Viated ~ Veut—in

where
¢ CF is capacity factor
® Vhub is wind speed at the hub height

® Veut—ins Veut—outs Vrated are the wind speeds at which a wind
turbine starts operating, stops operating, and achieves maxi-
mum output (installed capacity). In REM, these parameters are
3.5, 25, and 13 m/s, respectively.

The CLIMIX dataset provides detailed information on the installed
capacity and hub height of individual wind power plants at a hori-
zontal resolution of 12.5km. Unlike the aggregation approach for PV
power, the CLIMIX dataset contains multiple wind turbine clusters
(data points) within a single grid cell. Each cluster contains various
wind power plants with different capacities and hub heights, mak-
ing a straightforward sum or average in each cluster unsuitable. In-
stead, multiple layers of hub heights are identified from CLIMIX, re-
sulting in 71 layers for the wind power installation in 2012, and one
additional layer for the installation in 2050 (150m for offshore wind
power). Wind power capacity factors and associated power produc-
tion are calculated individually for each layer, before summed up to
obtain wind power production of that grid cell. This procedure was
applied to the installed capacities in 2013 and 2050 separately, before
summing them up to obtain the total wind power production in 2050.
After aggregated into REM grid cells, the average hub height from
CLIMIX is 99 m, and the average installed capacity is 187 MW.
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3.2.3 Model evaluation

Data

In order to evaluate the performance of REM, comparative analy-
ses are conducted with other renewable energy datasets obtained
from Climate Data Store (CDS)> and Renewables Ninja®. The CDS
dataset (Copernicus Climate Change Service, 2020) uses the reanaly-
sis dataset ERA5 (Hersbach et al., 2020) to simulate gridded data for
capacity factor, energy, and mean power at a horizontal resolution
of 0.25°, approximately 28 km, in Europe with an hourly temporal
resolution available from 1979 to present. Note that for European do-
main, COSMO-REA6 and ERA5 have different domain borders and
grid configurations, as shown in Fig. 3.3. ERA5 uses a reduced Gaus-
sian grid (Hersbach et al., 2020), while COSMO-REAG6 uses a rotated
grid (Bollmeyer et al., 2015). The second dataset for evaluation, Re-
newables Ninja (Pfenninger and Staffell, 2016; Staffell and Pfenninger,
2016), simulates PV and wind power data using the global reanalysis
dataset MERRA-2 (Gelaro et al., 2017) and satellite observations such
as SARAH (Miiller et al., 2015). MERRA-2 has a horizontal resolution
of 0.625° longitude and o0.5° latitude, translating to roughly 60 km in
Europe. The Renewables Ninja dataset provides hourly time series of
country-aggregated capacity factors for EU-28 countries plus Switzer-
land and Norway during the period 1980—2019.

To ensure a consistent evaluation of PV and wind power data across
three datasets, potential capacity factors, ranging from o to 1, are used
because they reflect the meteorological variability without influenced
by different installed capacities in these datasets. Four countries—
Norway, Germany, Czech Republic, and Spain—were selected for com-
parison due to their varying latitudes, resulting in diverse irradiance
and wind regimes. Within each country, the potential capacity fac-
tors were spatially averaged on hourly basis, resulting in time series
of hourly capacity factors for the period 1995-2017. The evaluation
focuses on onshore wind power and excludes offshore wind power.
In REM, the potential capacity factors for PV and wind power on-
shore are calculated in similar manners as described in Sections 3.2.1
and 3.2.2 without integrating installation data from CLIMIX. Corre-
sponding variables from CDS include capacity factors for Solar photo-
voltaic power generation and Wind power generation onshore. Correspond-
ing variables form Renewables Ninja include PV national current and
Wind national current (or Wind onshore current in Germany and Spain).

https://cds.climate.copernicus.eu/cdsapp#!/dataset/
sis-energy-derived-reanalysis
www.renewables.ninja
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https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis-energy-derived-reanalysis
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3.2 THE RENEWABLE ENERGY MODEL

37

CDS PV potential 2007-06-29 12:00:00 b REM PV potential 2007-06-29 12:00:00

Figure 3.3: PV power capacity factor in European domain at 12:00 2007-06-29
from (a) CDS data, (b) REM data, plotted using the same projec-
tion conic and equal-area (PlateCarree). Note that the concentric
circles appear at the bottom of (b) arised from sun position com-
putation scheme. To save computational time, the sun position
is defined in step of a few hours instead of hourly (Frank, 2019).
This effect is canceled out when averaged over periods longer
than a day.

The results of this comparative analysis are presented in Table 4, Fig.
3.5, 3.6, and 3.8.

The time sampling of the radiation data differ in COSMO-REA6, ERA5,
and MERRA-2 datasets in terms of how the values are aggregated and
the time coordinates are assigned. For instance, after averaging in-
stantaneous short-wave radiation data during an interval of one hour
from 16:00 to 17:00, in COSMO-REAG6 the hourly data are assigned
at 16:00 (DWD, 2022), while in ERA5 the hourly data are assigned at
17:00 (Hersbach et al., 2023), and in MERRA-2 the data are assigned
at 16:30 (GES DISC, 2015). These time discrepancies are also shown
in the PV power potential data in REM, CDS, and Renewables Ninja,
illustrated by the differences in their zenith times on a clear-sky day
in Fig. 3.4a. These temporal disparities are addressed through time
offsets in order to compare the datasets at matching times. The time
coordinates in REM are offset by a negative one-hour with respect to
CDS data, and a negative half-hour with respect to Renewables Ninja
data. After adjusting the time coordinates, the diurnal influence on
the discrepancies across PV power data from REM, CDS and Renew-
ables Ninja reduced significantly, as shown in Fig. 3.4c,e compared
to the original data in Fig. 3.4b,d. Note that these time offsets were
applied only for evaluations on PV power potential within this chap-
ter, while the original data retained for other analyses throughout the
thesis.
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Figure 3.4: Offset in the time coordinates in PV power data illustrated for
Luxembourg for the period 1995-2017 (a) Difference in zenith
time in PV power potential between REM (using COSMO-REAG®),
CDS (using ERA5), and Renewables Ninja (using MERRA-2) on
2017-06-19; (b) Comparison PV power potential between REM
and CDS; (c) similar to (b) but shifting REM data one hour later;
(d) Comparison PV power potential between REM and Renew-
ables Ninja; (e) similar but shifting REM data half hour later.
Luxembourg was selected because its small size reduces the re-
gional variation in its irradiance data.

Results

The three datasets—REM, CDS, and Renewables Ninja—show strong
correlations (Fig. 3.5), with Pearson correlation coefficients between
REM and CDS ranging from 0.88 to 0.91 for PV power, and slightly
higher for wind power onshore, with values between 0.91 and 0.96.
The Pearson correlation coefficients between REM and Renewables



3.2 THE RENEWABLE ENERGY MODEL 39

Table 4: Temporally averaged potential capacity factors for PV and wind
power onshore in four selected countries during 1995-2017 from
REM, CDS, and Renewables Ninja. Values are rounded to two dec-
imal digits. Compared to corresponding values from REM, lower
values from CDS and Renewables Ninja are in red, equal values are
in black, and higher values are in blue.

REM CDS Renewables Ninja
PV Wind onshore PV  Wind onshore PV  Wind onshore
Norway 0.11 0.26 0.09 0.20 0.10 0.27
Germany 0.13 0.28 0.10 0.30 0.13 0.19
Czech Rep. o0.13 0.22 0.11 0.25 0.13 0.22
Spain 0.18 0.21 0.16 0.18 0.17 0.27

Ninja are higher than with CDS data for PV power (0.95-0.98) but
slightly lower for wind power onshore (0.75-0.94).

For PV power, REM consistently yields higher potential capacity fac-
tors compared to CDS and Renewables Ninja data for all four coun-
tries (Table. 4, Fig. 3.5). This is attributed to the higher values of
capacity factors in REM, such as values larger than o.75 for Spain,
which are rare in the other two datasets (Fig. 3.5g). The discrep-
ancy cannot be solely explained by the bias in irradiance data, as
COSMO-REA6, used in REM, exhibits a negative bias when com-
pared to ERA5 data used in CDS (Kenny and Fiedler, 2022; Niermann
et al.,, 2019; Urraca et al.,, 2018a). Instead, the higher horizontal reso-
lution of COSMO-REAG is likely a contributing factor. At the resolu-
tion of 6 km, COSMO-REAG®6 is able to resolve the small-scale cloud
schemes (Bollmeyer et al., 2015) that coarser resolutions do not pro-
vide, as in the case of ERA5 with a horizontal resolution of roughly
28 km for Europe. Moreover, smaller grid cells in COSMO-REA®6 pro-
vide higher chances of cells with clear sky conditions, leading to
greater PV power potential, see for instance in Fig. 3.4a. This effect
is particularly pronounced in Southern countries with higher irradi-
ance throughout the year, such as Spain (Fig. 3.6g). The systematical
appearance of high values in REM’s PV power might also arise from
using different modelling parameters (Copernicus Climate Change
Service, 2020; Frank, 2019; Pfenninger and Staffell, 2016).

Further investigation of the diurnal and seasonal cycles of the differ-
ences across the three datasets show good agreement for PV power
values smaller than o.5 (Fig. 3.6). For capacity factor higher than o.5,
REM yields higher values than CDS from morning until early af-
ternoon across all four countries, regardless of their latitudes (Fig.
3.6a,c,e,8). This discrepancy arises from COSMO-REA6 overestimat-
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ing surface irradiance in cloudy conditions and underestimating it
in clear-sky conditions compared to observations, due to its aerosol
scheme (Niermann et al., 2019; Urraca et al., 2018a). However, this dis-
crepancy cannot be solely attributed to irradiance data, as the coun-
tries do not consistently experience more clear-sky conditions in the
morning and more cloudy conditions in the afternoon. The smaller
grid cell of COSMO-REAG, leading to a higher likelihood of clear sky
conditions, is likely a contributing factor. The overestimation from
REM is particularly pronounced during the noon hours, coinciding
with very high capacity factors associated with clear sky conditions
(Fig. 3.6a,c,e,g). Discrepancies in PV power capacity factors between
REM and Renewables Ninja data exhibit less dependency on diurnal
cycles compared to CDS data (Fig. 3.7). Unlike the comparison with
CDS data, REM yields smaller values before-noon time than Renew-
ables Ninja data, except for Spain (Fig. 3.7g).

Regarding the seasonal cycle, the most notable differences arise dur-
ing summer, with REM consistently yielding higher values than CDS
and Renewables Ninja for all four countries (Fig. 3.6 and 3.7b,d,fh).
This seasonal discrepancy is more pronounced in Northern countries
like Norway and less pronounced in Southern countries like Spain
(Fig. 3.6b and h, respectively). Mismatches between high values from
REM and near-zero values in CDS and Renewables Ninja are notice-
able, shown as the lines of data points near the lower edges in Fig.
3.6 and 3.7, reminiscent of the irradiance bias observed in COSMO-
REA6 when compared to observational data (Frank, 2019). These mis-
matches likely result from the fact that daylights are simulated in
REM earlier than in CDS. For instance, on 15 September, 2017, the
capacity factor of PV power in REM exceeded the threshold of o.01
at 5:00, whereas CDS data exceeded it at 6:00. Conversely, at sunset,
REM values fall below 0.01 sooner than CDS, as represented by the
vertical lines of points at x=0 along the left y-axis (Fig. 3.6b,d,f,h and
3.7b,d,fh).

For wind power onshore, the three datasets exhibit smaller discrep-
ancies than in PV power, with capacity factors from REM consistently
falling between CDS and Renewables Ninja data (Fig. 3.5b,d,f,h). The
range of capacity factor values for wind power onshore is similar
across all three datasets, except for Renewables Ninja in Norway (Fig.
3.5b). However, their mean values over time differ more significantly
compared to PV power, especially for Germany and Spain (Table

4)-

The discrepancies vary depending on the country. For instance, Nor-
way and Spain share a similar pattern, where Renewables Ninja yields
high capacity factors more frequently and low capacity factors less
frequently than CDS data, while REM output falls in between the two
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(Fig. 3.5b,h). This explains why Renewables Ninja yields larger mean
capacity factors for wind onshore power, while CDS yields smaller
mean values for these two countries (Table 4). Czech Republic ex-
hibits a similar pattern for Renewables Ninja, but CDS yields very
high capacity factors more frequently (Fig. 3.5f), leading to a larger
average capacity factor from CDS compared to REM. In contrast, Ger-
many displays a reverse pattern, where Renewables Ninja yields high
values less frequently and low values more frequently compared to
CDS, but REM output remains in between the two (Fig. 3.5d). These
variations contribute to the disparities in average values across the
three datasets, namely 0.28 from REM, o0.30 from CDS, and o0.19 from
Renewables Ninja (Table 4). The variations in wind power onshore ca-
pacity factors likely arise from biases in estimating wind speed from
the three reanalyses datasets. For instance, COSMO-REA6 may mis-
represent low level jets, mountain and valley breezes compared to
observational data (Brune et al., 2021).

In contrast to PV power, the discrepancies in capacity factors of on-
shore wind power across three datasets do not exhibit a clear de-
pendency on the diurnal cycle (Fig. 3.8a,c,e,g). One exception is ob-
served for Spain, where REM yields lower values in the afternoon
and evening compared to CDS and Renewables Ninja (Fig. 3.8g and
3.9g). Similarly, no pronounced difference in three datasets are evi-
dently from the seasonal cycle. All four countries produce higher ca-
pacity factors for wind power in winter. In Norway and Spain, REM
yields lower capacity factors of wind power compared to CDS data
but slightly higher values compared to Renewables Ninja data during
the winter months (Fig. 3.8b,h). Whereas, in Germany and the Czech
Republic, REM yields slightly higher values around o.5 in early sum-
mer around May compared to CDS data (Fig. 3.8d,f). In Germany,
REM yields lower values for the range of capacity factor from o to
0.7 in winter compared to Renewables Ninja data (Fig. 3.9d). These
discrepancies can be attributed to the differences in wind speed data,
as COSMO-REA6 underestimates wind speed compared to observa-
tional data and does not adequately represent phenomena like the
valley breeze and low level jets (Brune et al., 2021).

3.3 MODEL ASSEMBLE

REM produces data for PV and wind power production by combin-
ing three main components: PV power simulation, wind power simu-
lation, and their installed capacities from the CLIMIX dataset (Jerez et
al.,, 2015a). Chapter 3 illustrates how this process is done. The output
provides PV and wind power production at 48 km horizontal resolu-
tion for Europe at hourly temporal resolution for 23 years (1995-2007)



3.3 MODEL ASSEMBLE

for all grid cells with available data from CLIMIX, see Fig. ?2. Subse-
quently, REM output is paired with a weather pattern classification
from James (2007) to examine the variations of European renewable
energy by synoptic weather patterns. Given that the weather pattern
classification is available at daily time resolution, the weather pat-
tern data are expanded to hourly resolution by replicating 24 times
before pairing them with PV and wind power production data. The
REM output, combined with weather pattern classification, serves as
the basis for further analyses in the subsequent chapters of this the-
sis.
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STUDIES

4.1 A CLIMATOLOGY OF WEATHER-DRIVEN ANOMALIES IN EU-
ROPEAN PHOTOVOLTAIC AND WIND POWER PRODUCTION

The first study addresses the anomalies of wind and photovoltaic
power production in Europe under different synoptic weather condi-
tions and how they might change with future installed capacities. It
features a climatology of these anomalies associated with a weather
pattern classification of 29 types.

This study has been published as referenced below and is included
subsequently in the journal layout. Its Supplementary material is in-
cluded in the Appendices.

Ho-Tran, L. and Fiedler, S., 2024. A climatology of weather-driven
anomalies in European photovoltaic and wind power production.
Communications Earth Environment, 5(1), p.63.

The content of this section is published under a Creative Commons
Attribution 4.0 International License.

Author contributions: L.H. designed and ran the model experiments,
analysed the results, and created the figures. S.F. conceived the con-
cept and led the study. Both authors wrote and reviewed the manuscript.
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A climatology of weather-driven anomalies in
European photovoltaic and wind power production

Linh Ho-Tran® 2® & Stephanie Fiedler23

Weather causes extremes in photovoltaic and wind power production. Here we present a
comprehensive climatology of anomalies in photovoltaic and wind power production asso-
ciated with weather patterns in Europe considering the 2019 and potential 2050 installations,
and hourly to ten-day events. To that end, we performed kilometer-scale numerical simu-
lations of hourly power production for 23 years and paired the output with a weather clas-
sification which allows a detailed assessment of weather-driven spatio-temporal production
anomalies. Our results highlight the dependency of low-power production events on the
installed capacities and the event duration. South-shifted Westerlies (Anticyclonic South-
Easterlies) are associated with the lowest hourly (ten-day) extremes for the 2050 (both)
installations. Regional power production anomalies can differ from the ones in the European
mean. Our findings suggest that weather patterns can serve as indicators for expected
photovoltaic and wind power production anomalies and may be useful for early warnings in
the energy sector.
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in securing electricity supply with an increasing share of

renewable energy. One of the challenges is the dependency
of wind and solar power on the weather, which is especially
critical when one or both power productions are anomalously low
due to adverse weather conditions. The weather dependency is
expected to increase in the future as the European Union plans to
produce more energy from renewable sources to become climate-
neutral by 2050!. Therefore, it is important to study which
weather conditions are related to extreme anomalies in wind and
solar power production, and how their anomalies are spatially
distributed across Europe. Such knowledge can help the electricity
system operators to prepare counter-measures, e.g., with an
adequate national and cross-border transmission grid for
electricity>? that could make use of natural balancing effects
arising from regional weather differences*.

Accounting for the weather impacts in energy system analyses
has been attracting research contributions from the energy and
meteorological perspectives. A few studies have addressed how
synoptic weather conditions influence resources for wind and
solar power production, but for past power installations or for a
certain region only or limited to 1-day anomalies®~10. The defi-
nition and classification of synoptic weather conditions varied
across studies and often gave insights with some limitations as
follows. According to a composite analysis based on sea level
pressure, high-pressure systems over central Europe are asso-
ciated with 1-day low power production!l. Others used up to
seven weather regimes, i.e., synoptic weather systems that vary on
weekly timescales”!2, and show that European blocking high-
pressure systems are associated with negative anomalies in
renewable power production’?. Classifications of weather closer
to 30 categories represent more details for the day-to-day varia-
bility and regional differences in the weather!3. Higher spatial
resolution and the analogy to meteorological charts make using
weather patterns more applicable for electricity system operators.
To the best of our knowledge, there is no study addressing this
need with the necessary spatio-temporal detail using projected
future installed capacities for photovoltaic (PV) and wind power
production paired with a systematic assessment of power
anomalies across Europe that have durations of one to up to ten
days. Our study aims to contribute to filling this knowledge gap.
The different duration of production anomalies is relevant since
the security of supply depends not only on the daily power
production but also on the load of storage capacities that are
influenced by the sequence of weather over several days’, e.g.,
investigated with an energy-system model for Germany!“.

This study presents to the best of our knowledge the first
comprehensive kilometer-scale assessment of the effects of
weather patterns on the spatiotemporal anomalies in PV and
wind power production of different lengths for present and
projected future installations in Europe. To that end, we have
developed the Renewable Energy Model (REM) that simulates PV
and wind power production using hourly meteorological data for
23 years (1995-2017) with an effective horizontal resolution of 6
km. We implemented gridded scenario data for installed capa-
cities of PV and wind power for 20501, which was not done for
past assessments for power production anomalies associated with
different weather patterns®’10. Using gridded data is, however,
important for assessments of weather and climate influences on
the energy system!®. Specifically, a kilometer-scale hourly reso-
lution is important for the link between weather and power
production because such an approach is substantially closer to the
typical scales for energy applications, which cannot be accom-
plished with the often country-aggregated assessments in past
studies*®710, To investigate how power production anomalies
are associated with different weather patterns and how the

E uropean countries are collectively facing pressing challenges

dependency changes with the projected future power installa-
tions, we perform and inter-compare several REM simulations.
Most of our results are based on the following two REM simu-
lations (see Methods for details):

® Scenario-2050 is the REM simulation with the CLIMIX!>
scenario for PV and wind power installations for 2050. This
scenario reflects a substantial increase in the share of PV
power production compared to 201917, REM vyields a share
of the PV power production to the PV plus wind power
production of 46%, which falls within the range of the
suggested optimal share of 45-57% to minimize the spatial
variability by changing weather and seasonal variability in
power production®18,

e Scale-2019 is the REM simulation where we scale the
installed capacities from scenario-2050 with constant
values to match with the Europe-aggregated installed
capacity of PV and wind power in 2019!7. The ratio of
PV to PV plus wind power production is 24%, which is
about half of that in 2050 and similar to other calculations
for present-day Western Europe!l. Our approach retains
the spatial distribution of 2050 and decreases the
magnitude of installations by multiplying scaling factors.
This choice was made due to the lack of a gridded dataset
for present-day installed capacity with a 6 km resolution.
The results proved useful for our assessment and success-
fully reproduced past results for Germany with present-day
capacities®.

The output of the REM simulations is paired with an estab-
lished classification of 29 synoptic weather patterns from the
German Weather Service!®. This daily weather classification is
based on an automated identification algorithm of patterns in
charts of the mean sea-level pressure and the 500 hPa geopo-
tential height. An expert control ensures the quality of the
automatically identified weather pattern!®. The classification data
allows us to examine the weather dependency of future installed
capacities for wind and PV power associated with different
weather patterns for Europe using quality-controlled weather
patterns of the past. Using synoptic weather patterns is desirable
since this method is well established and routinely diagnosed as
weather service. Our results point to specific weather patterns for
anomalously low PV plus wind power production in Europe
depending on the installation and event duration. For instance,
the lowest hourly PV plus wind power productions are simulated
during weather patterns with very regionally low wind speeds for
the present-day installation while weather patterns for dark dol-
drums coincide with the lowest wind plus PV production for the
2050 installation, consistent with the higher share of PV power in
2050. Ten-day events with the lowest wind plus PV power pro-
duction are associated with prolonged anticyclonic weather pat-
terns for both installations. As such the weather pattern could
give a first indication of whether power production anomalies are
to be expected with the coming weather for a future PV and wind
power installation—an aspect of growing importance when we
move from primarily fossil fuel-based power technologies to an
increasing share of renewable sources for climate change
mitigation.

Results

European mean power production. We find substantial differ-
ences in the European PV plus wind power production (hereafter
total production) depending on the weather pattern. Wind power
production has a prevalent impact on the total output indepen-
dent of the installed capacities with onshore and offshore
installations typically having equal contributions. This can be
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Fig. 1 Anomalies in power production associated with weather patterns in Europe. Anomalies in photovoltaic (PV), offshore, and onshore wind power
production (stacked) as well as PV plus wind power (total) associated with weather patterns as simulated by (a). scale-2019 and (b). scenario-2050.

Differences in the anomalies of total production associated with different installed capacities are shown as (¢€). scenario-2050 minus scale-2019. Red bars
in (¢). mark weather patterns where the sign of the anomaly depends on the installed capacities. Results in (a-¢) are sorted by increasing total production

from left to right based on scenario-2050 in (b).

seen from the similar behavior of anomalies in wind power
production and total power production across weather patterns
(Fig. la, b). Seven out of eight weather patterns with westerly
winds, indicated by the letter W in the name, have a composite
European total production higher than the climatological mean
for 1995-2017 (Fig. 1la, b). The only exception is the South-
Shifted Westerly pattern (Ws), which has the lowest European
total production and will be discussed in detail later. Positive
anomalies in PV power production have mostly northerly and
northeasterly winds (with letters N and NE). The last character in
their names refers to their cyclonic or anti-cyclonic characteristic,
i.e., a low-pressure system with cyclonic flow indicated by the
letter z (zyklonal in German) and a high-pressure system with
anticyclonic flow marked with the letter a!°. Nine out of thirteen
weather patterns associated with anomalously high PV power

production have an anticyclonic characteristic, typically asso-
ciated with anomalously high irradiance due to lower cloud cover
(Fig. 1a, b). Values of power production anomalies associated
with the weather patterns along with their names can be found in
Supplementary Table S1.

Our results for scale-2019 installed capacities are consistent with
earlier findings for Germany®. We see that the pattern of High
pressure over Central Europe (HM) is associated with the lowest
total production for Germany (see Supplementary Fig. S1). In the
European mean, however, HM is associated with the 7th lowest
total power production and is, therefore, less extreme when we
assess a much larger area. From the European perspective, extremes
in power production in single countries can theoretically be
balanced with production in other countries in most cases?, and this
is also true for production shortages in the German energy system!4,
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Fig. 2 Grouping of power production anomalies in Europe. Anomalies of
wind power production against that of PV power production for each
weather pattern based on scenario-2050. The color of the dots marks the
frequency of occurrence and the size is proportional to the European mean
total production in scenario-2050 installation. Circles mark the groups of
weather patterns as used in the text. For the results of smaller sub-regions
in Europe, refer to Supplementary Fig. S2.

For the majority of weather patterns, we see an anti-correlation
between the European mean of the PV power production and
wind power production, ie., weather patterns associated with
positive anomalies in wind power production typically coincide
with negative anomalies in PV power production and vice versa
(Fig. 2). This anti-correlation can be used to separate weather
patterns into four groups of similar behavior determined by visual
inspection of Fig. 2 for scenario-2050. The group High wind is the
composite of anomalously high wind power production paired
with anomalously low PV power production. All weather patterns
in the group High wind have positive anomalies in the total
power production and taken together occur 33% of the time. The
group High PV summarizes weather patterns associated with
anomalously low wind power production paired with anom-
alously high PV power production. Twelve out of thirteen
weather patterns in the group High PV have negative anomalies
in the total power production, consistent with the dominant
influence of the negative wind power anomalies on the total
production. This group covers the highest occurrence frequency
of 43%. The group Moderate contains weather patterns associated
with power production close to the climatological mean and
together have an occurrence frequency of 18%. Taken together,
weather patterns with below-average mean power production are
the most frequent.

The group Dark doldrum occurs only during a small fraction
of time (7%). Its weather patterns have simultaneously negative
anomalies in PV and wind power production. This group
contains three weather patterns: South-Shifted Westerly (Ws),
Cyclonic South-Easterly (SEz), and High Scandinavia-Iceland,
Trough Central Europe (HNFz), which are amongst the five
patterns with the overall lowest total power production in
scenario-2050. Although these weather patterns are rare, they are
unique in the sense that there is no natural balancing of

anomalies in PV and wind power production as seen for the other
groups. Since they lead to anomalously low power production,
dark doldrums can potentially be a risk to the security of the
power supply. Dark doldrums are therefore seen as extremes
relevant for the energy sector but are substantially different from
classical meteorological extremes, e.g., storms and floods, that are
usually monitored in forecasts to issue warnings.

All European regions experience a dark doldrum at some point
in time, but they are differently pronounced in magnitude and
can occur with different weather patterns. We define four regions
A-D, selected for their high installed capacity, high potentials for
PV and wind power, or both (see Methods) to illustrate this point.
Weather patterns for dark doldrums in Northern Germany and
the North Sea (region B) are similar to those in the European
mean. In contrast, in the Northernmost part of Scandinavia
(region A), patterns in dark doldrum fall into the group High
wind for the European mean, namely SWz, Wz, and NWz.
Southern regions on the Iberia peninsula and in Eastern Europe
(regions C and D) during winter have relatively larger PV power
production than regions further North but can experience strong
temporal variation in the wind power production due to the
passage of weather systems. This means that in the Southern
regions, weather patterns flagged as dark doldrum are more
characteristic of a doldrum and are less dark than those occurring
further North, e.g., SWa, HNa, Sa, and HFa (Supplementary
Fig. S2).

Installation differences. The two different installations lead to
changes in the ranking of weather patterns sorted by the mag-
nitude of the associated total power production (Fig. la—c). In
scale-2019, the ranking of total power production is almost
identical to that of wind power, indicating a strong influence of
wind power on total production. In scenario-2050, the dominant
impact of wind power is still visible but less pronounced. Most
weather patterns retain the sign of the power anomaly but the
magnitude of the anomalies is weaker. One notable exception is
High Scandinavia-Iceland with Ridge Central Europe (HNFa)
with the highest change of total production anomaly, due to the
larger influence from the highest anomaly of PV power (Fig. 1c).

Extremes in total production depend on both the weather
pattern and the installed capacities when we assess the
anomalously low hourly power production, but this is not true
for anomalously high power production. The lowest total
production for Europe is seen for the pattern Icelandic High,
Ridge Central Europe (HNa, —19%) in scale-2019, primarily
explained by the lowest anomaly in mean wind power produc-
tion. For scenario-2050, however, the same weather pattern is
now associated with the 9th lowest total power production for
Europe. Instead, the lowest total production for scenario-2050 is
seen for South-Shifted Westerlies (Ws, — 12%) with an average
wind power production paired with an anomalously low PV
power production. It reflects the larger influence of PV power in
the projected future power installations compared to 2019. The
weather pattern for the largest total hourly production, Antic-
yclonic Westerly (Wa), is identical for the 2019 and 2050
installations. One could additionally expect more shortwave
radiation at the surface in some future scenarios, e.g., as indicated
by a future reduction in the aerosol optical depth, but other
scenarios suggest little change or a slight increase in aerosol
optical depth for 2050 against the present?0. In addition to direct
irradiance, other meteorological factors also play a role in PV
power production (see Methods), e.g., changes in clouds affecting
the radiation transfer, as well as temperature and winds around
the PV panel. As such it is difficult to infer from existing literature
how PV power production would additionally change due to
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future climate change, with an overview based on EURO-
CORDEX experiments?!. The impact of climate change on PV
power production is not a focus of our study.

Natural balancing effects between PV and wind power
production reduce the magnitude of anomalies in total power
production, independent of the weather pattern and the installed
capacities. This is seen by the consistently smaller anomaly in the
total power production compared to either the anomaly in PV or
wind power production (Fig. la, b). The range in anomalies
across all weather patterns, ie., the highest anomaly minus the
lowest anomaly, in the total production in scenario-2050 (26%) is
reduced by one-third compared to that of scale-2019 (42%). This
reduction implies that a high share of PV power in scenario-2050
improves the potential for balancing effects in meteorological
variability for the European energy system, previously suggested
by other studies®18.

We test to what extent an even higher share of PV power
installations could contribute to the balancing effect. To that end,
we perform a sensitivity experiment with REM, where PV power
installed capacity is five times larger than that of wind power,
equivalent to a PV power contribution of 69% to the total
production. This contribution of PV power is higher than the
optimal share 45-57% of PV to PV plus wind power production
that was estimated from weather and installations of the past®!8.
Increasing the installed capacities for PV power further reduces
anomalies in total production associated with some of the
weather patterns, e.g., HNa and HM have now near-average total
production (Supplementary Fig. S3) in contrast to the below-
average production of —10 and —8% in scenario-2050. There is,
however, no large difference in the range of the total production
anomalies with a slight increase by 3% compared to scenario-
2050, consistent with the optimum being already reached for
lower PV shares®18. This finding implies that there are benefits of
an even higher share of PV power production during individual
weather patterns, but it does not reduce the overall natural
variability in power production for all weather patterns.

Seasonal differences. We assess the differences in anomalies in
the total power production associated with different weather
patterns for the winter and summer half-year (Fig. 3 and details
for PV and wind power in Supplementary Fig. S4). We use here
the same half-year definition as for the weather patterns!?, i..,
16 October to 15 April for winter, and 16 April to 15 October for
summer.

The results highlight that weather patterns associated with
above-average wind power production are good indicators for
above-average total production for the 2019 and 2050 installa-
tions (group High wind in Fig. 3a, b). The group High wind
dominates the weather during winter with an occurrence
frequency of 60% (Fig. 3c). Looking at individual patterns in
the group High wind suggests typically small seasonal differences
in the associated total power production, compared to the group
High PV. The seasonal differences are larger and not systematic
across the patterns in the group High wind for scale-2019. For
scenario-2050, however, most weather patterns in the same group
High wind are associated with more production in the winter,
except Low Pressure over the British Isles (TB, Fig. 3a, b). Result
for smaller sub-regions of Europe can be different, e.g., SWz, Wz,
and NWz in the group High wind for European power
production show over region A the characteristics of a dark
doldrum (see Supplementary Fig. S2).

Most weather patterns in group High PV typically have higher
mean total production in summer than in winter (Fig. 3a, b),
consistent with the naturally higher irradiance and lower wind
power production during summer for these patterns (Fig. 2). This

is true for both installed capacities. Weather patterns from group
High PV dominate the weather in summer with an occurrence
frequency of 58%.

Interestingly, the lowest winter total production falls into the
group High PV for both installations, namely Icelandic High
with Ridge Central Europe (HNa). We find an anomaly of —24%
in the total winter power production for HNa in scale-2019 with
simultaneously below-average PV and wind power production
(see Supplementary Fig. S4). During winter, HNa therefore has a
characteristic behavior of a pattern in the dark doldrum
explained by the lower irradiance and the potential fog formation
during high-pressure influence in winter. This is different in
summer when high pressure often leads to cloud-free skies
allowing more irradiance consistent with the anomalously high
PV power production for HNa in the annual mean (Fig. 1a, b).
This finding points to a seasonal dependency of the dark
doldrums characteristics.

In the group Dark doldrums, SEz has the largest seasonal
differences. In the summer, it can lose the characteristic behavior
of a dark doldrum due to near-average total production for both
installations (Fig. 3a, b), primarily driven by above-average wind
power production in the summer (Supplementary Fig. S4). On
the other hand, patterns HNFz and Ws consistently show
characteristics of a dark doldrum, with both PV and wind power
production simultaneously below the average in both seasons and
for both installations (Supplementary Fig. S4). For this reason,
they have very small seasonal differences for total production,
especially in the future installation. They produce the lowest all-
year total production in scenario-2050 (Fig. 1b), although they are
not associated with seasonal extremes, having the 4th and 11th
lowest total production in the winter, respectively (Fig. 3b).

Spatial differences. We assess the spatial distribution of the most
extreme anomalies in the mean all-year power production (Fig. 4).
A complete pictorial atlas of spatial power anomalies associated
with 29 weather patterns is given in Supplementary Fig. S5 along
with statistical information (see Supplementary Table S1). We
discuss here the patterns (1) HNa and Ws with the lowest total
production in scale-2019 and scenario-2050, respectively, (2) Wa
with the highest total production for both installations and (3)
HNFa for the contrasting extremes in individual energy sources and
the sensitivity to the installed capacities (Fig. 1b, c).

The pattern Icelandic High, Ridge Central Europe (HNa)
(Fig. 4a-e) belongs to the group High PV with positive regional
anomalies in PV power production and the lowest wind power
production in the European mean (Fig. 1a). The ridge over
Central Europe is associated with higher than average PV power
production in Germany and Poland in contrast to weak winds
around the North Sea, explaining the anomalously low wind
power production with slightly more pronounced production
reductions in offshore wind power compared to onshore in
Europe (Fig. 1). Away from the ridge, the Iberian Peninsula
receives relatively little irradiance and slightly above-average wind
speeds. The combination of low wind power production around
the North Sea and low PV power production in the Iberian
Peninsula leads to anomalously low total power production in the
European mean for scale-2019. A higher share of PV power in
scenario-2050 helps the positive anomaly in PV power produc-
tion over parts of Central and Northern Europe to better balance
negative anomalies in wind power production in some areas in
Germany and France. This effect is strong enough to increase the
total power production associated with HNa, such that it does not
have the lowest total production in scenario-2050.

The South-Shifted Westerly (Ws) belongs to the group Dark
doldrums with simultaneously below-average PV and wind power
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Fig. 3 Seasonal differences in power production anomalies. Total production anomalies in % as simulated by (a). scale-2019 and (b). scenario-2050, and
(c). the seasonal frequency of the weather patterns (stacked), sorted by increasing magnitude of power production in scenario-2050 from left to right. The
color-coded groups of weather patterns are marked as in Fig. 2. The seasons here are in half-year periods following the definition for the weather patterns'®
with winter from mid-October to mid-April and summer from mid-April to mid-October. For the seasonal differences of PV and wind power production

individually, refer to Supplementary Fig. S4.

production (Fig. 4f-j). PV power production is particularly low
due to below-average irradiance across Europe along with a low-
pressure system with the center over the North Sea. Wind speeds
and hence the associated power production are anomalously high
at the southern margin of the low-pressure system, i.e., across
Central and Southern Europe. To the North, weak winds occur
around the North Sea, the British Isles, and Scandinavia (Fig. 4a,
d), leading to a slightly below-average wind power production for
Ws for both installations (Fig. la, b). The combination of very
low PV power production and the shortage of wind power
production north of 51°N results in extremely low total power
production across the northern regions for both installations
(Fig. 4g, h). In scale-2019, south-western regions in Europe have
slightly more areas with positive anomalies in total production,
induced by a stronger influence of regionally high wind power
production (Fig. 4g). The positive anomalies in these regions help

to better balance the negative anomalies in the northern regions,
giving a total production for Europe with less negative anomaly
than in scenario-2050 (Fig. 1a).

Anticyclonic Westerly (Wa) shows similar regional anomalies
in total production for both installations that lead to the highest
total production in the European mean. This result is mainly
caused by the strong positive anomalies in wind power
production in the North of Europe. The strong North-South
pressure gradient between 49°N and 59°N causes strong westerly
winds and therefore the anomalously high wind power produc-
tion from the British Isles via the North Sea to the Baltic and the
adjacent countries (Fig. 4k, o). The high wind power production
explains the above-average total production for these regions
which have large wind power plants. The pronounced
regional impact of wind power gives Wa the highest total
production in both seasons and for both installed capacities
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Fig. 4 Composite maps for production anomalies associated with four selected weather patterns. Spatial anomalies of power production associated with
(a-e). HNa with the lowest total production simulated by scale-2019, (f-j). Ws with the lowest total production in scenario-2050, (k-0). Wa with the
highest total production in both simulations, (p-t). HNFa with anomalies of opposite signs for PV and wind power production in both simulations. The first
column shows the composite maps of mean sea level pressure (contours) with 4 hPa increments and shading for the irradiance anomalies. The other
columns (left to right) show the spatial distribution of anomalies in total production from scale-2019 and from scenario-2050 installations, as well as the
contributions from PV and wind power production anomalies. The full Atlas of production anomalies associated with the individual 29 weather patterns is

shown in Supplementary Fig. S5.

(Figs. 3a, b, 1a, b, 41, m), despite the below-average wind power
production in Southern regions and below-average PV power
production across most of Europe (Fig. 4n, o).

Weather patterns High Scandinavia-Iceland, Ridge Central
Europe (HNFa) are characterized by a high-pressure system over
Scandinavia causing anomalously high PV but anomalously low
wind power production across all of Europe (Fig. 4p-t). Taken

together, we see a strong North-South difference in the sign and
magnitude of anomalies in the total power production independent
of the installation (Fig. 4q, r). The change in sign of the regional
anomalies occurs around the latitudes 45-55°N. This behavior
points to the usefulness of building North-South electricity
transmission lines to balance naturally occurring regional extremes
in power production due to the weather, even during days when the
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Fig. 5 Production extremes of different durations associated with weather patterns. \Weather patterns associated with the lowest (magenta) and highest
(green) production events that last at least one, five, and ten days for Europe and for the four regions marked on the map (A-D, see Methods). Blue marks
where weather patterns leading to production extremes change from scenario-2050 to scale-2019. The results of sensitivity tests for intermediate event

durations are shown in Supplementary Fig. S6.

weather has a similar influence on PV or wind power production
for all of Europe.

Our results suggest that the balancing potentials strongly
depend on the weather pattern and the installed capacity, such
that the grid planning should not be based on coarse-grained data
assessments. The regional differences such as in Wa specifically
imply that aggregated power production for all of Europe or
single countries is not always representative of all regions falling
inside that area.

Duration differences. The impacts of an anomaly in power
production are expected to be more severe the longer an event
lasts. We conduct a quantitative assessment of the differences in
power production associated with weather patterns prevailing for
different numbers of days. To that end, we first identified events
of consecutive days with the same weather pattern of at least one,
five, and ten days, obtaining 8401, 443, and 19 events respectively
during the period 1995-2017. We then identified from these
events those that were associated with the lowest and highest
daily power production, compared to the climatological daily
mean shown in Fig. 5. We again use the same four regions (A-D
marked in Fig. 5) to demonstrate how the impacts of extreme
production events, measured on the European scale, vary spatially
across several regions.

For individual energy sources, weather patterns associated with
1-day and 5-day extremes in power production are often similar,
but this is not true for 10-day events (Fig. 5). With increasing
duration, the impacts of the associated anomalies in power
production are expected to increase. This is indeed seen in our
result by the increasing magnitude of the power production
anomaly when we go from 1-day to 10-day events, e.g., the largest
absolute magnitude of an anomaly in wind power for 1-day

events is 90% (region C), and for 10-day events is 137% (region
A). However, this effect is not seen for the high production events
for PV power. Specifically, the anomalies in the 10-day highest
production events for PV power are often smaller than for the
shorter durations. This is because all 19 10-day events occur
during winter (mid October-mid April) and are typically
associated with an anticyclonic weather pattern that would fall
into the category of atmospheric blockings. This puts more
weight on the darker winter time in their 10-day means and thus
decreases the average production of PV power compared to
shorter events.

The lowest 10-day total power production for Europe is seen
for Anticyclonic South-Easterly (SEa) with mean anomalies of
—27% and —41% for scale-2019 and scenario-2050, respectively.
Interestingly, SEa exhibits the characteristic of a dark doldrum in
the winter in this event (25/11-04/12/2014), with the 10-day
lowest production for both PV and wind power (—73% and
—13%), but the same pattern is not associated with extremes in
1- and 5-day power production means.

Balancing potentials for total power production exist for both
installations, even for extreme power production events with a
duration of several days. For instance, the pattern High over
Central Europe (HM) is associated with the 1-day and 5-day
lowest total power production in region B, consistent with an
assessment for Germany®. In region A, however, the same
weather pattern leads to the 5- and 10-day highest total power
production, pointing to the balancing potential between Scandi-
navia and Germany as seen earlier in a comprehensive power
system simulation for Germany!4. Another example of such
balancing potentials is seen in regions C and D which have the
highest 10-day total production associated with Ws, opposite to
region A which has the lowest 10-day total production associated
with the same weather pattern. Pattern Cyclonic South-Westerly
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(SWz) brings the lowest wind power production in 1- and 5-day
events in region D, but brings the highest wind power production
with the same durations for region B, agreed with a previous
study’. It implies that an efficient European electricity grid
covering large distances across several country borders would be
beneficial to reduce regional impacts of weather-induced
shortages in power production from wind and irradiance.

The result is robust for events shorter than 2 days, ie., the
associated weather patterns are identical for 1-day and 2-day
events (Supplementary Fig. S6). For longer similar event
durations, the weather patterns associated with anomalies in
production are not always identical, especially for low-production
extremes, but the patterns have similar characteristics. For
example, SEz and Ws are associated with 5-day and 4-day low-
production events in Europe and both belong to the group Dark
doldrum. Also, NWz and NWa are associated with the highest
10-day and 8-day production events and have similar patterns in
wind directions. The largest differences in the weather patterns
are seen for prolonged events of 8 days and 10 days, which is
consistent with comparably few cases of such extremes.
Specifically, there is a total of 19 10-day events in the period
1995-2017, compared to 69 events with 8-day duration.

Discussion

We provide a comprehensive analysis of PV and wind power
differences and extremes associated with different synoptic
weather patterns for Europe with an high level of detail. Using an
hourly weather dataset with 6 km horizontal resolution, and
future power installations, we simulate PV and wind power
production and pair the results with a routinely used weather
pattern classification. We identify weather patterns associated
with extreme power production averaged for Europe. These cause
extreme anomalies in PV or wind power production individually,
e.g., Maritime Westerly, Block Eastern Europe (Ww), and High
Scandinavia-Iceland, Ridge Central Europe (HNFa), and in some
rare cases simultaneously low PV and wind power production
which we refer to as dark doldrum, e.g., South-Shifted Westerly
(Ws). For present-day installed capacity, the pattern Icelandic
High, Ridge Central Europe (HNa) with low wind speeds across
most of Europe is associated with the lowest mean hourly total
production (PV plus wind power). However, with a higher share
of PV power in the projected future installed capacity of 2050, W's
produces the lowest hourly average of total production primarily
due to anomalously low irradiance. Weather patterns that lead to
extremely high wind power production, such as Wa, produce the
highest hourly total production, independent of the installed
capacities. Interestingly, the relative share of anomalies in
onshore and offshore wind power production for Europe is
typically similar independent of the weather patterns, although
the estimate of the European mean wind power production for
2050 is by about a factor of four larger offshore (155.8 MW) than
onshore (37.1 MW). It suggests expanding on and offshore
capacities is equally useful from a large-scale perspective on
weather-driven production anomalies.

Increasing the duration of weather patterns from one to ten
days leads to changes in the patterns that lead to extremes in PV
and wind power production. The patterns HNa and Ws are
associated with the lowest 1-day total production in present and
future installation, similar to results for hourly production. But
the pattern Anticyclonic South-Easterly (SEa) stands out as
the 10-day event with the lowest PV, wind, and total power
production for both the present-day and future installations.
Different weather patterns are associated with different durations
for extreme power production events. This suggests that adequate
monitoring is needed for potential warnings in different

timescales for weather-induced production shortages in a climate-
neutral energy system. In particular, the longer events might be
critical, as they increase the burden on the security of the elec-
tricity supply due to continuous demand for electricity and a
declining load of storage. Prolonged SEa thus can be considered
as a multivariate compound event, one of the four types of
compound weather and climate events?2. Optimized spatial dis-
tribution of renewable power plants alone cannot substantially
reduce the maxima in the total residual demand?3, but storage
capacities and transmission of electricity could balance residual
loads arising from anomalously low production!.

Prolonged SEa is one example of weather patterns with a high-
pressure system that prevails over several days, commonly known as
atmospheric blocking. Blocking events are known challenges for
power production in energy systems of Europe”-** and on other
continents?>>2%, The benefit of using the detailed weather pattern
classification in our study compared to others”>!! stems from the
ability to represent the location of the center of high-pressure sys-
tems, and therefore to see the regional differences in wind speed and
irradiance at kilometer-scale resolution. For example, the two
extreme weather patterns Ww and HNFa have a high-pressure
system located over Eastern Europe and Scandinavia-Iceland. These
two patterns yield European mean anomalies in PV and wind
power production of opposite signs. Due to the high impacts of
atmospheric blockings, accurately forecasting such events in terms
of location and duration is a much-needed meteorological service
for the renewable energy sector. Despite the importance, there are
uncertainties in representing blockings in models for numerical
weather predictions?”. Future climate projections suggest a reduc-
tion in frequency and duration of atmospheric blockings compared
to the past2”-28, but rare high-impact events might be possible?”. Tt
implies that blockings are also an increasing risk for future power
production when we consider the impacts of climate change.
Additionally, temporal sequences of different weather patterns
leading to extremes can be addressed in future studies.

Our study indicates that synoptic weather patterns can be used
to estimate the anomalies in PV and wind power production
across Europe. An earlier study suggests that it is useful to
forecast weather patterns with a focus on a daily time scale for
wind power anomalies and a monthly time scale for PV
power anomalies?®. Our results indicate that the monitoring of
weather patterns associated with anomalies in both PV and wind
power production can be useful across weather time scales, i.e.,
hours up to ten days. Such information is helpful for electricity
system operators to replenish energy storage to balance an
upcoming weather-induced shortage in power production.
Weather pattern classifications like the one used herel® are
already well established at meteorological services, e.g., it is
monitored and reported by the German Weather Service. Using
forecasts of weather patterns can therefore be a valuable
meteorological service to quickly identify problematic weather
conditions to inform stakeholders in energy system operation.
This is possible without the need to routinely operate an energy
system model and without the costly requirement to develop and
implement a new warning index.

Methods

Modeling approach. The Renewable Energy Model (REM)
simulates photovoltaic (PV) power, and both on- and offshore
wind power production in Europe. Our simulation with REM uses
23 years of high-resolution meteorological data for 1995-2017
inclusively. The hourly meteorological data are taken from the
COSMO-REA6 reanalysis dataset’, namely 10-m wind speed,
2-m air temperature, and surface irradiance with a horizontal
resolution of 6 km. COSMO-REAG is a regional reanalysis dataset
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based on the Consortium for Small-scale Modelling (COSMO,
www.cosmo-model.org) model for numerical weather prediction. It
has a horizontal resolution of 6 km and 40 vertical levels, with the
initial and boundary conditions based on ERA-Interim reanalysis
data3!. Assimilated observational data include for instance radio-
sondes, wind profiler, aircraft, and station observations30. This
dataset was successfully used for renewable energy applications
before for Europe and Germany!'432-37. Note that the meteor-
ological data has the same weather sequences as the data used in the
weather pattern classification!® due to the assimilation of obser-
vations. In addition to the consistency with the weather patterns,
our choice for using COSMO-REA6 is motivated by the proven
skill for energy system assessments and the lack of a large ensemble
of decadal predictions with a similarly high resolution for multiple
European countries. COSMO-REA6 shows a negative bias of —
1.4% in annual and spatial means of irradiance against satellite
data but is one of the best gridded irradiance datasets currently
available for this type of research3¢. COSMO-REAG is also known
to reproduce characteristics of observed irradiance and wind speed
in Germany?® and often outperforms other observational products
and reanalysis data in many metrics33-36:39,

The combined process to produce the output for analyses is
illustrated in Fig. 6a. To substantially speed up the simulation and
retaining the meteorological accuracy of the original data, we
calculate the power production in every eighth grid box, giving us
information on the power production on a horizontal grid of 48
km but using the benefits of the 6 km resolution of the original
meteorological input data at every grid point, following an earlier
approach?. This choice is made to represent consistent meteor-
ological developments in the power simulations free of artifacts
that could be introduced through interpolation of the meteor-
ological data to a coarser spatial resolution.

REM’s PV power component was documented earlier®3°,
The locations of the PV power plants were obtained from www.
wiki-solar.org (as of 2019-03-04). The effective irradiance, i.e., the

irradiance received on the titled PV modules, is calculated from the
direct and diffuse radiation fluxes using geometry and a model for
transferring the diffuse irradiance from the horizontal to the plane
of the array#(, as in previous studies*3¢. The optimal tilt angles
were obtained by maximizing the PV power production based on
irradiance data for 2014, resulting in tilt angles of 21° to 50° as we
go from southern to northern Europe. An estimate of error derived
from using one year of data (2014) compared to 20 years
(1995-2014) for 10 stations in the Baseline Surface Radiation
Network (BSRN) showed a maximum error of 0.35%%!. The
optimal tilt angles are multiplied by a factor of 0.7 to reduce the
shadow effects as investors typically make for economic reasons?2.
The azimuth angles were assumed to face south for all PV arrays.
REM uses the power-rating model for crystalline silicon modules*3.
The conversion rate is an empirical function based on ambient
temperature, wind speed at the panel, and irradiance?3. Methods
for PV power calculations like the one in REM were shown to have
a good accuracy at a smaller computational burden, compared to
other methods of power production estimates4,

The wind power component uses a cubic power curve for
calculating the wind power potential, following the method in
previous studies!!4°. The potential capacity factor, denoted C, is
calculated as in Eq. (1).

0 if Vhub<Veut—in
3 3
Vhub —Veut—in :
v, <V <v
C= V2 red—Veut—in cut—in hub™ Vrated (1)
1 if Viated < Yhub<Veut—out
0 if Veut—out < Yiub

where vy, is the wind speed at hub height. v,,,;_;, and v,,;_ o, are
cut-in and cut-out wind speeds, defined as the threshold wind
speeds for the onset and stop of producing power with the wind
turbine, v,44 is the wind speed where the power production
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Fig. 6 Components of the Renewable Energy Model (REM). a Flow chart of REM used in this study. b, c. Installed capacity (GW) of PV and wind power in
Europe in the scenario-2050 of the CLIMIX model'®. d, e. Average hourly production (GW) of PV and wind power with the 2050 installation using weather
of the period 1995-2017. All data is coarse-grained to a 48 km horizontal resolution, but is calculated using the original 6 km resolution such that the

benefit of the high resolution for the meteorological data is retained.
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reaches the maximum of production for which the turbine was
designed, the so-called rated power.

REM simulates wind power production at a wind speed for
Veut—in Vrateds Yeur—out OF 3.5, 13,25 m s~ for all wind turbines, as in
earlier wind power simulations®1>. Turbine types have specific
values for this wind power curve®. We calculate vy,; from wind
speeds at the two model levels 36 and 37 in COSMO-REA6 which
corresponds to typical turbine hub heights from CLIMIX, e.g,
116 m and 178 m above mean sea level for mean meteorological
conditions. Hub heights of the wind turbines in the CLIMIX model
vary from 17 m to 150 m above ground level, but most are about
100 m above ground level and, therefore, fall within the layer
between the chosen levels for a wind speed interpolation over land,
and an extrapolation to some comparably few lower hub heights.
Turbines in offshore regions are typically higher than on land, with
values around 150 m in CLIMIX, and fall within the layer for
interpolating the wind speeds from COSMO-REA6 output. Wind
speed is the dominant driver of power differences, although air
density also has an influence on the wind power output. In fact, the
influence of variable air density on wind power production is two
orders of magnitude smaller than the influence of wind on power
production®3#7. For this reason and out of simplicity, REM uses a
constant value of 1.2295 kg m™3 for air density in the wind power
calculation, consistent with other studies®4>47,

We compare the REM output for the potentials of PV and
wind power, ie., calculated with irradiance and 100-m wind
speed data. Data for validation are from the Climate Data Store
(CDS)#849 dataset Climate and energy indicators for Europe and
from the website Renewables Ninja (www.renewables.ninja)>%>1.
This is because the datasets for validation provide gridded data
for potentials. The data for power production are provided at
country-aggregated and with different installed capacities, and
thus, not comparable. The REM output and the CDS data have
different spatial resolutions and domain boundaries since they are
based on different reanalysis datasets, namely COSMO-REA630,
ERA52, and MERRA-2%3. For this reason, we selected only grid
cells inside four countries (Norway, Germany, Czech Republic,
and Spain) to be comparable between the three datasets. For
validation, we use potentials of PV and onshore wind power from
REM. Wind power offshore was not calculated as country masks
do not include the area of the offshore wind power plants. From
CDS, we selected two variables: solar photovoltaic power
generation and wind power generation onshore. From Renew-
ables Ninja, we selected PV national current and Wind national
current (Wind onshore current for Germany and Spain). We then
spatially averaged these data to get their time series of potentials
over the period 1995-2017. The temporal correlation coefficients
between the hourly output of these datasets and our REM
simulation with the scale-2019 installations for PV power range
from 0.88 to 0.98 and for onshore wind power from 0.75 to 0.97,
for the four selected countries shown in Supplementary Fig. S7.
REM shows similar distributions of hourly PV and wind power
production compared to the other datasets for the four countries
and typically falls within the uncertainty in the distributions
between CDS and Renewables Ninja. One noticeable difference
is for PV power in Spain where REM simulates more high values
compared to CDS and Renewables Ninja (Supplementary
Fig. S7b). This is the benefit of the higher horizontal resolution
of the meteorological data COSMO-REAG6 in REM. It allows the
simulation of clear and cloud-free skies in more grid cells which
results in higher values of PV power production which is most
noticeable in southern Europe with high irradiance. Comparing
the average hourly potential, REM therefore also simulates larger
average hourly potentials for PV power compared to CDS and
Renewables Ninja (14%, 12%, and 13%, respectively). The average
hourly potential for onshore wind power is comparable (24%,

23%, and 24%, respectively). Differences in the potentials between
the datasets may arise from the different reanalysis data®>>.

The model uses installed PV and wind power capacities
projected for the year 2050 to account for the projected increase
in renewable power plants that is expected for the coming years.
The gridded data for the installed capacity for PV and wind
power production stem from the 2050 scenario of the model on
climate and energy mix (CLIMIX) with a horizontal resolution of
0.11°, approximately 12.5 km!® (Fig. 6b, c). CLIMIX integrates for
instance information on the PV and wind power resource
availability, forbidden locations (e.g., forest and sea for PV power
and land for wind power offshore), and planned total installed
capacities for the year 2050 from the 80% RES pathway for
electricity production in the Roadmap 2050°°. Resource avail-
ability for PV and wind power in CLIMIX was determined based
on surface irradiance and 10-m wind speed derived from a
Weather Research and Forecast (WRF) model®” simulation
nudged to ERA-Interim3! reanalysis data for the period 2000-
2012. CLIMIX does not explicitly consider hybrid plants but the
grid cells typically contain both PV and wind power plants. The
PV and wind power capacities do not change over time. Despite
the static locations, CLIMIX data shows reasonable agreements
between estimated power production and observed values for
201213, Since the grid from CLIMIX (12.5 km) is finer than in
REM (48 km), each REM grid cell contains several PV (wind)
power plants from CLIMIX. The potential of an individual PV
(wind) power plant was calculated and then multiplied by its
corresponding installed capacity from CLIMIX to obtain its
power production. Subsequently, the overall power production of
one REM grid cell is the sum of the power production of all PV
(wind) power plants inside that grid cell.

The installed capacities from CLIMIX are 870 GW for PV
power and 440 GW for wind power, giving a ratio of PV-to-wind
installed capacity of 2:1. The projected European total in onshore
wind power is 259.8 GW and larger than the offshore capacity of
179.8 GW for 2050. Hub heights for onshore and offshore regions
have a similar range but are in the mean larger offshore (121 m)
than onshore (97.2 m). The total of PV and wind power capacities
(1310 GW) is about 4.5 fold larger compared to the installed
capacity in 2019 for Europe!”, namely 287 GW including 120
GW of PV power and 167 GW of wind power installations
resulting in a ratio of 0.7:1. The projected wind power in the
CLIMIX model is conservative compared to, for example, another
scenario for the European electricity in 2030 where the installed
capacity of wind power is one-and-a-half times larger, namely
620 GW for wind power paired with 872 GW for PV power?®.
Our choice of the CLIMIX model projection is motivated by the
availability of gridded installations and the successful usage of the
CLIMIX model to analyze the impacts of weather and climate
change on renewable power in earlier studies!!21:>7,

With all the PV and wind power plants in the scenario-2050
installed capacities from CLIMIX (Fig. 6b, c¢), REM yields an
average potential of 26% for wind power and 15% for PV power,
which is comparable to other studies using installed capacities for
2015°%51, The model yields a mean hourly production for Europe
of 130 GW for PV power and 151 GW for wind power for the
2050 installed capacity, which gives a ratio of PV to PV plus wind
power production of 46%. Our model captures regional
differences in weather impacts accounting for the heterogeneous
distribution of installed capacities. Some examples of regional
clusters of high production are European cities with roof-top PV
panels and offshore wind farms in the North Sea and around the
British Isles (Fig. 6b, c).

Due to the lack of a comparable dataset of present-day installed
capacity of PV and wind power, we simulate the present-day
installed capacity (scale-2019) by scaling the gridded data for the
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capacities of scenario-2050 such that they match the Europe-
aggregated capacity for PV and wind power in 2019. The 2019
installed capacities aggregated over Europe are namely 120 GW of
PV power and 167 GW of wind power!”. The scaling approach
decreases the installed capacity simultaneously across Europe at
the same rate for individual energy sources, i.e., by about a factor
of 0.14 (0.4) relative to the 2050 capacity for PV (wind) power,
but retains the spatial distribution of installations of 2050. The
regional capacity in scale-2019 thus does not necessarily reflect
the current regional installed capacity because countries increase
their capacities at different speeds and their future locations are
not always the same as today. For example, the installed capacities
for wind power in scale-2019 for Germany, France, and Italy are
smaller, larger, and roughly equal compared to the results from a
study using the capacities in 20157 (in the same order: 12.6, 14.2,
and 7.6 GW, compared to 31.5, 9.0, and 7.9 GW). In the absence
of present-day gridded data for installed capacities with a high
spatial resolution across Europe, differences in scientifically
estimated capacities are to be expected. For instance, past studies
had differences in the installed capacity of wind power in 2015 for
Germany, with 31.5 GW7 and 40 GW®. Our approach successfully
reproduces the ratio of PV to PV plus wind power from a previous
study®. For example, from scale-2019 for Germany, the ratio of PV
to PV plus wind power for installed capacity is 49% and for yearly
production is 29%, comparable to the results from a previous
study with 49% and 32%, respectively®. We also find that the
pattern of High pressure over Central Europe (HM) is associated
with the lowest total production for Germany in our 2019 simula-
tion in agreement with a study using installed capacities of 2015°
(Supplementary Fig. S1). We further compared the temporal
variability in hourly production from REM’s scale-2019 simula-
tion against actual production data from the ENTSO-E Transpar-
ency Platform (transparency.entsoe.eu)®? for the year 2017, which
is the last year for the meteorological data from COSMO-REAS®.
One cannot expect a close agreement with ENTSO-E for the
hourly amount of country-aggregated power production due to
differences in the installations and in the meteorological data.
Nevertheless, REM’s output has a similar temporal variability in
the hourly PV and wind power production compared to the
ENTSO-E data for 2017, with Pearson correlation coefficients of
0.95-0.97 for PV power and 0.56-0.69 for onshore wind power.

Analysis strategy. All results for power production associated
with the weather patterns are calculated at an hourly time scale
(unit GW), the same as the original output of the energy model to
maintain its high temporal resolution. One exception is the daily
production in the assessment of extremes of different duration
namely 1, 5, and 10 days, all expressed in TWh per day. We
calculate PV and wind power production for all time steps with
valid data. We consider anomalies in terms of power production
and do not simulate electricity demand or transmission. However,
over- and underproduction would theoretically correspond to an
over- or undersupply, if all else was equal.

We assess anomalies in PV and wind power production
associated with different weather patterns. To that end, we use 29
different synoptic weather patterns for Europe from a dataset
provided by the German Weather Service!®. Each day is associated
with one particular weather pattern for the whole of Europe. The
names of the weather patterns follow the official definition!®. To be
compatible with the hourly output from REM, we assign the same
weather pattern of a given day to all 24 hours of the same day. To get
Europe-aggregated hourly mean production classified by weather
patterns, we calculate the hourly mean across all time steps
associated with the same weather pattern. The 1995-2017 mean is
then subtracted from this composite of mean production per

weather pattern to determine the anomaly in power production. For
seasonal differences, semi-annual division for seasons is defined as
in the classification of weather pattern!® for consistency, i.e., winter
refers to 16 October to 15 April, and summer to 16 April to
15 October. Seasonal anomalies are calculated in a similar manner
but by selecting time steps for winter and summer mean production.

For spatial differences, to calculate the power production
anomalies for each weather pattern, gridded data with the time
steps corresponding to that weather pattern are selected and hourly
averaged to compile composite data for each weather pattern. Then
the 1995-2017 mean power production or meteorological data for
Europe is subtracted from the composite means per pattern (e.g.,
Figs. 4, 6d, e). Anomalies in power production associated with
weather patterns are calculated in percentage relative to the mean
production, i.e., subtracted and then divided by the mean for all-
year or the season for the period 1995-2017 from the same
simulation. Note that the different installed capacities for PV and
wind power in the simulations imply different absolute power
productions even when relative anomalies of individual energy
sources are identical between the simulations.

Four regions, marked in Fig. 5, are chosen for an assessment of
spatially averaged anomalies in power production considering
different durations. The regions cover 20 x 20 grid boxes each and
are selected for the following reasons. The northernmost part of
Scandinavia (around 67.6°N, 20.1°E) is selected because of the
contrast in the power production anomaly compared to Western
Europe, e.g., Fig. 4b, c. Northern Germany paired with the North
Sea (around 53.1°N, 7.0°E) is assessed due to the large number of
installed wind power plants. The Iberia peninsula (around
39.9°N, 5.0°W) is investigated due to the high potential for PV
power production. The Balkans and surrounding areas (40.3°N,
20.8°E) are analyzed due to the contrast in wind power
production relative to Western Europe”.

To identify weather patterns associated with extremes in PV and
wind power production of different durations, we first identify sets
of consecutive days that have the same weather pattern for at least 1,
5, and 10 days, referred to as 1-, 5-, and 10-day events. One day is a
typical time frame used in past studies and chosen here for the
comparability to past results. Ten days is a typical time period for the
limit of weather forecasting beyond which the predictability of the
weather strongly declines. We additionally choose five days to assess
one interim point in time. We obtained 8401, 443, and 19 events
with 1-, 5- and 10-day duration, respectively. The year-to-year
differences in the event occurrence can be large, e.g., zero to four
events for 10-day events, but there is no perceptible strong long-term
trends (see Supplementary Fig. S8). In each region, we compute the
composite of 1-day means for the same weather pattern and subtract
the 1-day mean for 1995-2017 to obtain the anomalies. The weather
patterns associated with the lowest and highest power production
are identified per duration and region (Fig. 5).

Data availability

COSMO-REAG6 data is freely available at https://opendata.dwd.de/climate_environment/
REA/COSMO_REA6/. The CLIMIX data was acquired from the author!. The output of
REM and the source data for figures are available®! at https://www.wdc-climate.de/ui/
entry?acronym=DKRZ_LTA_1198_ds00003.

Code availability
The code of REM and custom codes to reproduce the figures are available®! at https://
www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_1198_ds00003.
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STUDIES

4.2 MORE SUMMERTIME LOW-POWER PRODUCTION EXTREMES
IN GERMANY WITH A LARGER SOLAR POWER SHARE

The second study addresses the seasonality of prolonged low produc-
tion events in wind and photovoltaic power production in Germany.
It shows that in these events are associated with stationary weather
patterns and such events might occur more in the summer, especially
in May, with the future installed capacities.

This study has been published as referenced below and is included
subsequently in the journal layout. Its Supplementary material is in-
cluded in the Appendices.
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ARTICLE INFO ABSTRACT
Dataset link: https://www.wdc-climate.de/ui/e The share of renewable energy in Germany is increasing to meet the climate-neutral targets in 2050. Weather-
ntryacronym=DKRZ _LTA_1198_ds00003 driven anomalous in renewable power production thus can pose greater challenges in balancing electricity

supply and demand. This study investigates the seasonal differences in extreme events in photovoltaic (PV) plus
Extremes power production wind power production in Germany for installed capacities for the present and 2050. The results indicate an
Stationary weather pattern increase in such extreme events in the summer half-year, mostly pronounced in May. Extremely low production
Seasonality with a duration of 14 days in winter is associated with atmospheric blocking, with very low wind power
production anomalies of up to —37%. Summertime extremely low production is associated with stationary
cyclonic weather patterns, with similar reductions in both energy sources of up to —19%. Case studies illustrate
the dependency of the benefits of cross-border electricity transmission lines on the prevailing wind direction.
North-South transmission lines are beneficial when an anticyclone moved from the Northwest to Germany,
whereas West-East transmission lines are beneficial when a cyclone moved from the Southwest to Germany.
The results imply an increased risk of extremely low power production during future summers in Germany
and suggest monitoring sequences of different weather patterns for the energy sector.

Keywords:

1. Introduction the expected amount for a prolonged period of up to 14 days [7]. Such
low production events can be challenging with the currently available

European countries are rapidly increasing the share of power pro- storage capacities for electricity in Germany, e.g., with 5.6GW for
duction from renewable sources to reach the 2050 climate-neutral battery [8] and 6.7 GW for pump storages [9]. Prolonged low produc-

tion events can be especially problematic when they co-occur with an
increased demand, e.g., for heating during cold spells [10].

Previous studies have primarily focused on anomalously low power
production events occurring in winter [7,11,12], mostly caused by a
reduction in wind power production [13]. However, extreme events in
the energy system can also occur in summer. Summertime irradiance
is larger than in winter making weather-driven extremes in power pro-

targets [1]. As part of this goal, the German government has set its
target to increase the share of renewable sources in electricity gener-
ation to 80% and in gross energy consumption (including electricity,
heating, cooling, and transport) to 60% by 2050 [2,3], compared to
49.6% and 20.4% in 2022 [4]. Wind and solar power are the two
fastest-growing renewable sources in Germany. In 2022, wind and solar

power (mainly photovoltaic) contributed 26% and 12% to electricity duction more sensitive to potential reduction in PV power production.
production in Germany [5]. The total installed capacities of onshore This dependency can increase in the future because the projected ratio
wind power and solar power in Germany have almost doubled over of PV to wind power capacity for Europe is larger than today, e.g., 2:1
10 years with 58 GW and 67 GW in 2022, compared to 31 GW and in 2050 [14] compared to 0.7:1 in 2019 [15]. Moreover, European PV
33GW in 2012. Particularly, German offshore wind power capacities power anomalies show a more homogeneous spatial distribution across
have strongly increased from 0.3 GW in 2012 to 8 GWM in 2022 [6]. seasonal to multidecadal weather variability in comparison to wind

The high shares of renewable power sources make the electricity power in various installed capacity scenarios [16]. In consequence, an
system susceptible to adverse weather conditions. One such challenge event of low PV power production can affect relatively large regions

arises when both photovoltaic (PV) and wind power produce less than resulting in little opportunity for cross-border electricity transmission
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of neighboring countries [13]. In addition, climate change leads to
more frequent, intense, and prolonged heatwaves [17,18], which may
increase the future electricity demand for cooling, akin to the demand
for heating during cold spells in winter.

A study by [13] has identified synoptic weather conditions associ-
ated with low PV plus wind power production, hereafter referred to
as total production in Europe, using the weather pattern classification
from [19]. Specifically, using the European installed capacity projected
for 2050, the pattern South-Shifted Westerly is associated with the
lowest 1-day total production, while Anticyclonic South-Easterly is
associated with the lowest 10-day total production event. The number
of such weather patterns lasting for more than 10 days is limited
with 19 events during the period 1995-2017. However, an energy
system assessment points to the importance of sequences of several
different weather patterns for anomalously low power production in
Germany [10]. To what extent events composed of several weather
patterns are more extreme in comparison to prolonged events with the
same prevailing weather pattern has not been systematically studied in
light of future capacities. The present study aims at helping to fill this
knowledge gap.

We examine prolonged extremes in total power production in Ger-
many with a focus on their seasonal differences. By performing PV
and wind power simulations and pairing the results with a synoptic
weather classification, this study provides evidence that there might
be more prolonged low-production events in summer for the 2050
installation. Our study contributes to filling the gap in knowledge of
how summertime low-production events differ from wintertime events,
in terms of how PV and wind power production vary and what weather
patterns drive extremes in production. Such knowledge is important
for electricity system operators to issue warnings when the weather
conditions associated with extreme events are forecasted. Moreover, the
knowledge helps to mitigate potential impacts, e.g., by installing stor-
age and suitable transmission lines for electricity to balance regional
differences in production during extremes.

Detailed descriptions of the data and methods used in the analyses
are provided in Section 2. The results first show the seasonal differences
of events with anomalous PV and wind power production in Germany
(Section 3.1). Section 3.2 compares the cyclonic and anticyclonic char-
acteristics of weather patterns that are associated with extreme events
occurring in winter and summer. To further examine prolonged low
production events, ten low production events of a duration of 14 days
were selected and examined (Section 3.3), and two case studies are
analyzed in detail in Section 3.4. Finally, the discussion and conclusion
of the results are presented in Sections 4 and 5.

2. Methods
2.1. Data

Our analysis of extremes in total production (PV plus wind power
production) is based on simulations with the Renewable Energy Model
(REM), which has been described and used in an earlier article [13].
REM was developed to simulate PV and wind power production using
meteorological and power installation data for Europe. In REM, the
meteorological data are from the reanalysis dataset COSMO-REA6 [20]
with a high horizontal resolution of 6km. Validation tests of REM
output against Renewables Ninja [21,22] and CDS data [23] show good
temporal correlations of 0.88-0.98 for PV power and 0.75-0.97 for
wind power onshore, and potential capacity factors in agreement for PV
power (in the range of 12% to 14%) and wind power onshore (around
the value of 24%) for four selected countries in 1995—2017 [13]. The
potential capacity factors (potentials) of PV and wind power production
were calculated based on COSMO-REA6 data using a power-rating
method with effective irradiance, including direct and diffused radia-
tion, on crystalline silicon PV modules [24] with the azimuth angles
facing south and the optimal tilt angles of 21° to 50° for European
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countries [25] multiplied by 0.7 as investors usually opt for lower
tilt angles to reduce the shadow effects [26]. The potentials of wind
power were calculated using a cubic power curve with the cut-in, rated,
and cut-out wind speeds of 3.5, 13, and 25 m/s. Wind speeds were
taken from COSMO-REA6 data at the two model levels 36 and 37 with
average heights of 116 m and 178 m over the European domain.

The potentials were then multiplied by the installed capacities
from CLIMIX to get power production of wind and PV power. The
data on power installation in REM include the spatial distribution and
installed capacity of PV and wind power in Europe at a horizontal
resolution of 11 km from the model CLIMIX (CLImate and energy MIX)
by [14]. CLIMIX allocates the installed capacities of PV and wind power
reported for present-day and planned for 2050 from each country
into a grid of 0.11° based on criteria such as resource availability,
population, and restricted areas. The output of REM is the hourly
production of PV and wind power in every eight grid box, i.e., at a
horizontal resolution of 48 km but with an effective resolution of 6 km
for the meteorological processes. Our study is based on one scenario
of installed capacity projected for 2050 from the CLIMIX model [14].
The results can vary depending on the ratio of PV and wind power and
the future spatial distribution of their installation. CLIMIX is shown
to be conservative for wind power, e.g., 440 GW for Europe in 2050
compared to another projection of 620 GW [27]. A higher ratio of PV
to wind installed capacity, e.g. 5:1, would decrease the total power
anomalies in individual weather patterns but not the overall anomalies
across all patterns [13].

To assess the dependency of power production anomalies on the
installed capacity, we performed and compared the following two
experiments with the same meteorological data for 1995-2017 and
different installed capacities.

+ scenario-2050: REM simulation for a future installation using the
scenario for 2050 obtained from the CLIMIX model [14]

+ scale-2019: REM simulation for a present-day installation derived
by scaling the scenario-2050 installation to match the European
installed capacity in 2019 [15]

The scaling for obtaining the scale-2019 installation was necessary due
to the lack of a suitable gridded data set covering all of Europe. We
used country-aggregated installations of the year 2019 [15] for the
scaling. The corresponding REM experiment scale-2019 yields a ratio of
the annual PV to wind power production and total installed capacities
for Germany that closely aligns with data reported for 2015 [12].
Moreover, the experiment scale-2019 reproduces the weather pattern
associated with the lowest total power production for Germany [12,13].
See [13] for more details on the methods and underlying data. Note
that the scaling method retains the same spatial distribution of installed
capacities between the two examined scenarios. The future spatial
distribution of PV and wind power installation can differ from scenario-
2050 depending on the countries’ plans and implementation. However,
we perceive scenario-2050 as a plausible future scenario since CLIMIX
has taken into account the resource availability and countries’ plans
for future investments. The scenario 2050 from the CLIMIX model has
been used in several publications before to assess renewable power
production variability [7,28-31]. Validation of CLIMIX model shows
reasonable agreement to past power production records for most coun-
tries [14], albeit with larger values due to the overestimation of the
model simulation [32] and assumptions that all planned power plants
operate and function well at the same time [14]. Maps of PV and wind
power installed capacity in scenario-2050 is shown in [13].

To examine the impact of synoptic weather conditions on PV and
wind power production, we pair each day in the timeseries from
REM output with a weather pattern from the classification compris-
ing 29 patterns [19]. In this classification, the weather patterns are
distinguished based on the position of dominant pressure systems,
their cyclonic or anticyclonic characteristics, and the prevailing wind
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direction over Central Europe [19]. We further assessed the 2 m temper-
ature, mean-sea-level pressure, and downward direct and diffuse short-
wave radiation from COSMO-REAG6 to characterize the meteorological
developments during extreme events in total power production.

2.2. Analysis strategy

In this study, we define extreme events based on the time series of
total power production in Germany. These time series are derived by
taking the mean values of PV and wind power production across all
grid cells with available data within Germany from the REM output.
The grid cells were selected using a pre-defined shapefile [33]. We
selected PV power and onshore wind power production in Germany for
the analyses of our experiments. The installed capacities for Germany
are 88.5 (12.2) GW for PV power and 33.1 (12.6) GW for onshore wind
power in scenario-2050 (scale-2019), resulting in a ratio of PV to wind
power installation of about 2.5:1 (1:1). The analysis includes only wind
power onshore in Germany inside the shapefile (Supplementary Fig.
S1). Wind power offshore could reach 45-70 GW in Germany in 2050,
decreasing the ratio of PV to wind power installation to between 1.2:1
and 2.3:1 [34], still within the range of ratio between scale-2019 and
scenario-2050 installations. The lower ratio means the influence of PV
power on total production anomalies would reduce and the influence
of wind power would be further enhanced, the overall effect on the
total production anomalies would be similar to scenario-2050 but with
lower magnitudes.

Wind power has a strong influence on total production in scale-2019
and is higher in winter than in summer [13], while PV power produces
a larger amount during summer than in winter. To account for the
seasonality of production, we calculate normalized power production
anomalies time series to represent deviations from the climatological
mean power production for a given time of year. We first calculated
hourly anomalies of power production against the climatological mean
with the same hour, day and month of every year for the entire period.
Then we summed the hourly data to obtain daily time series to be
comparable with weather pattern data and analyze 1-, 7-, and 14-day
events.

We statistically analyze prolonged anomalously high and low pro-
duction events associated with weather patterns. Our selection of the
50 most extreme total production events for each category, i.e., for the
lowest and highest total production, and each duration of 1, 7, and
14 days. We defined prolonged low production events with a duration
of 14 days because German energy deficits increase monotonically up
to 14 days [35]. The time windows of 1 and 7 days were selected to
represent the short and medium length of events, as used in a previous
study for Europe [7]. Tests of other time windows in the context of
power production anomalies associated with weather patterns show
similar results amongst events with duration differences of up to two
days [13]. For instance, to define the 50 lowest total production events
with a 14-day duration, we used the time series of daily anomalies
for the period 1995-2017 to first calculate the moving average over
14-day time windows. Then, we select the 50 dates with the lowest
moving average. These 50 dates are assigned as the central dates of
the 14-day events with extremely low production. When two events
have their central dates closer than 14 days to each other, one of
the events was removed before further analyses to avoid counting the
same event more than once. During 7- and 14-day events the sequences
of weather patterns can contain a mix of cyclonic and anticyclonic
patterns depending on how the weather conditions develop.

Monthly statistics are calculated based on the central dates of the
events for each event duration, namely the first, fourth, and eighth
days of the duration 1-, 7-, and 14-day, respectively. The statistics for
the weather patterns were computed per event, i.e., considering all
dates during the duration of the events. For each category of highest or
lowest power production, we selected the 50 most extreme events per
duration, with 50 days for 1-day events, 350 days for 7-day events, and
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700 days for 14-day events, resulting in 2200 days in total. To account
for a higher frequency of occurrence of some weather patterns, the
frequencies of patterns for extreme production events were normalized
by the climatological mean of the frequency of occurrence of the
weather patterns (1995-2017) separately for winter and summer. For
the seasonal division, we adopted the same two half-year seasons to
be consistent with the weather pattern classification as in [19], namely
summer from April 16th to October 15th and winter from October 16th
to April 15th.

We aim to better understand the seasonal differences in the power
production anomalies in Germany from a meteorological perspective.
To that end, we first investigate the anomalies in total power produc-
tion associated with different weather patterns separated into cyclonic
and anticyclonic characteristics. Out of 29 weather patterns, 16 are
cyclonic patterns denoted by the letter z for zyklonal in German or T
for Trough or Tief (low) in German, and 13 are anticyclonic patterns
denoted by the letter a or H for high pressure [19]. Fig. 3 shows the
frequency of occurrence of cyclonic and anticyclonic patterns associ-
ated with the 50 most extreme production events for each duration of
1, 7, and 14 days. To further examine the seasonal differences between
prolonged low production events in winter and summer, we also select
the two most extreme 14-day events to perform two case studies, based
on the weather in December 2007 and May 2016 to analyze in detail
the co-development of power anomalies and weather conditions.

3. Results
3.1. Seasonal differences

The experiment scenario-2050 shows four times more summer
events with extremely low total power production over Germany com-
pared to scale-2019. Namely, out of all 150 lowest production events
with 1-, 7-, and 14-day durations, 22% occurred in summer compared
to 5% in scale-2019 (Fig. 1a,c). The largest difference is seen for the
14-day lowest production events in summer, with 25% (5%) of the 50
lowest production events in scenario-2050 (scale-2019). None of the
50 lowest production events with 1-day duration occurs in summer for
scale-2019, but 14% are seen in summer in scenario-2050. For 7-day
lowest production events, the occurrence more than doubles with the
future installed capacities with 6% in scale-2019 to 15% in scenario-
2050. Nevertheless, the most extreme low production events occur
more frequently in winter (Fig. 1), consistent with previous studies with
various durations of events for Germany [12] and Europe [7]. Most
extreme production anomalies are seen around December and January
for both installations (Fig. 1c), which is two months later than in [7].
The difference might be due to their assessment of Western Europe,
whereas we focus here on Germany.

May has of all months the largest increase of extremely low power
production events in scenario-2050 for all durations with 2-3.3% of
the 150 most extreme events falling into this month, in comparison
to no extreme events in scale-2019 (Fig. la,c). This increase in the
occurrence of extremes in May is due to its higher frequencies of
weather patterns with anomalously low irradiance and thus low PV
power production, e.g., Cyclonic North-Easterly (NEz), Icelandic High,
Trough Central Europe (HNz), and Low Cut-Off over Central Europe
(TM) (Fig. 2). The full list of names of the weather patterns is given
in Supplementary Table S1. One example is the 14-day event on 8-21
May 1996, of which eight days had the pattern NEz. A strong extra-
tropical cyclone with a center over the south of Italy and a core pressure
of 998 hPa (Supplementary Fig. S2) led to anomalously high cloud
cover over Germany reducing irradiance at the surface. As a result, an
extremely low PV power production was simulated with up to —36% on
11 May which was very low compared to the composite mean for the
NEz pattern of —2% for Germany [13]. The extremely low PV power
production has a higher influence on total production in scenario-2050
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Fig. 1. Monthly distribution of the most extreme power production events. Shown are the 50 most extreme events color-coded for each duration of 1, 7, and 14 days for the
lowest total power production (left) and the highest total power production (right) aggregated for Germany, simulated with scale-2019 (top) and scenario-2050 (bottom) installed
capacities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Frequency of co-occurring weather patterns and lowest power production events in May. Shown are the relative frequency of weather patterns occurring in May (gray
bars) and the whole year (black diamonds) over the period 1995-2017. Included in the gray bars are the percentages of days with extremely low total production events in May
co-occurring with the weather patterns (5,3, and 4 events with the duration 1, 7, and 14 days, respectively) simulated in scenario-2050. Weather patterns written in blue have
cyclonic characteristics, while weather patterns written in red have anticyclonic characteristics. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

due to a higher share of PV power installations compared to scale-
2019. Consequently, this event had the sixth lowest total production in
scenario-2050 in summer but was not in the top 50 lowest production
events in scale-2019.

Most of the highest production events also occur in winter in the
experiment scale-2019, with 82% of 150 events with high extremes
compared to 95% of the low extremes (Fig. 1a,b). For the high extremes
in power production, changes in the seasonal differences are moderate
between the two installations, with percentages of events occurring in
summer increasing up to 3% for each duration (Supplementary Table
S2). For both installations, the 7- and 14-day high extremes occur most
frequently in January due to winter cyclones associated with strong
winds. For 1-day high extremes, the simulations show later maxima in
the occurrence of extremes, with a shift of the maximum from March to

April when we go from scale-2019 to scenario-2050 (Fig. 1b,d). Again,
this is due to the higher share of PV in scenario-2050 such that the
influence of the stronger irradiance towards spring has a larger effect
on the total power production.

3.2. Cyclonic and anticyclonic characteristics

Most events with low extremes are associated with anticyclonic
weather patterns for all durations in scale-2019 explaining 60%—-66%
of all events (Fig. 3a—c). In scenario-2050, anticyclonic patterns also
explain 52%-54% of events with a duration of 7 and 14 days, but less
than half (42%) of the 1-day extreme events (Fig. 3a). Consequently,
cyclonic patterns show an increase in association with 1-day lowest
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Fig. 3. Frequency of co-occurrence of power production extremes with cyclonic and anticylonic weather patterns in winter and summer. Shown are the number of cyclonic (blue)
and anticyclonic (red) weather patterns associated with the 50 lowest (a—c) and highest (d-f) total power production events in summer (S) and winter (W) half-years for each
duration 1, 7, and 14 days, calculated in percentage of day for scale-2019 and scenario-2050 installations with weather data of 1995-2017 in Germany. Quantitative statistics are
listed in Supplementary Table S2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

production events from scale-2019 to scenario-2050, both in winter
(from 40% to 48%) and summer (from O to 10%). The higher frequency
of cyclonic patterns on the lowest production events in scenario-2050
is due to their low irradiance and the higher influence of low PV
power anomalies on total production, particularly in summer (Fig. 3a).
Similar increases in the frequencies of cyclonic patterns are also seen
in summer for 7-day events from 0 to 11% and for 14-day from 1% to
17% (Fig. 3b,c, Supplementary Table S2). However, weather patterns
leading to the largest number of extremely low production events show
cyclonic characteristics, specifically the pattern Cyclonic South-Easterly
(SEz) for all three durations 1,7, and 14 days (Supplementary Table
S1 and Fig. S3). The weather pattern SEz is known as Dark doldrum
pattern for Europe, associated with simultaneously low production in
PV and wind power [13].

In contrast to the prevalence of anticyclonic patterns in the 50
lowest power production events, the highest power production events
are predominantly associated with cyclonic patterns independent of the
event durations and season, explaining namely 72%-94% of the ex-
treme events in scale-2019 and 63%-82% in scenario-2050 (Fig. 3d-f,
Supplementary Table S2). In particular, the events with the highest 1-
day production coincide mostly with cyclonic weather patterns, namely
94% (82%) of the cases in scale-2019 (scenario-2050), and have rel-
atively less pronounced seasonal differences than the longer events
(Fig. 3d). High production events are characterized by westerly winds
over Central Europe and the North Sea, e.g., Wz, SWz, and NWz
(Supplementary Fig. S4), consistent with findings for Europe [13]. No-
ticeably, the pattern Scandinavia-Iceland (HNFa), which is not related
to high production events in scale-2019, sees a substantial increase in
the number of extreme events in scenario-2050 (Supplementary Fig.
S4), primarily in winter. The pattern shows a ridge over Central Europe

that leads to anomalously high irradiance and therefore amplifies the
impact of the higher future PV power share in Germany.

3.3. Prolonged low production events

We compare the meteorological conditions during the 14-day lowest
production events between winter and summer using ten events for
each half-year season (Fig. 4). Overall, 14-day lowest production events
in winter are associated with anticyclonic patterns (59% of days), while
those in summer are more likely associated with cyclonic patterns (66%
of days). There are no particularly repeating weather pattern sequences
during these lowest production events, but rather the low production
comes from combinations of several weather patterns with low PV
and/or wind power production.

In certain years, such as 1996, 2007, and 2016, extremely low
power production events occurred in both winter and summer. No-
ticeably, three out of the five lowest total production 14-day events
occurred for the weather of summer 2016. This might be linked to the
anomalous activity of the Rossby waves in 2016 [36]. Under certain
conditions, Rossby waves favor blocking which is linked to the devel-
opment of heat waves and cold spells [37], e.g., the unusual heatwaves
across Western Europe in 2016 [36]. This blocking in summer 2016 also
resulted in prolonged periods of anomalously low wind speeds which
caused the reduction in wind power production in Germany in May,
June, and July 2016 (Fig. 4).

Stationary weather patterns play a substantial role in prolonged
low-production events, e.g., a blocking high-pressure system like during
2016. Here we define stationary weather patterns when the same
pattern occurs for at least five consecutive days, following the criteria
for an atmospheric blocking [38]. Specifically, 13 of the 20 lowest
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Date Anomaly [%]
Weather pattern sequence 14 days
Begin End Total PV Wind
2013-01-05 2013-01-18 ' -21.57 -2.95 Nwa NWa NWa NwWz Nwz Nwz HFa HFa HFa ™M ™M TrM  HNFa HNFa
1996-12-05 1996-12-18 -21.00 -0.32 Sz SEa SEa SEa SEa SEa SEa Ws Ws Ws NWa NWwa HNa HNa
2007-12-11 2007-12-24  -20.82 NEz NEz HM HM HM HM HM HM HM HM HM Swa SWa SWa
C 2008-04-03 2008-04-16 ' -20.78 -9.16 -19.12 ™™ M ™M HNz HNz HNz Ws Ws W TrwW TrwW W NEz NEz
Jg 2016-10-18 2016-10-31  -20.43 -5.16 -24.83 Ww HNFz HNFz HNFz HNFz SEz SEz BM BM BM NWwa NWa NWa NWa
§ 2011-01-18 2011-01-31 -19.75 _ Na Na Na Na HB HB Nwz Nwz HB HB HB HB HB BM
2015-10-16 2015-10-29 -19.74 -4.64 -24.52 ™ NEz NEz NEz BM BM Wa Wa Wa Wa SEa SEa SEa Sa
2013-02-15 2013-02-28 -19.70 -4.49 -24.69 HFz BM BM BM HNFa HNFa HNFz HNFz HNFz ™ ™ HB HB HB
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2010-05-01 2010-05-14 -19.54 -15.06 -7.90 HNz HNz HNz NEz NEz NEz NEz NEz HNz HNz W Trw TrW ™M
5 2016-07-21 2016-08-03 -16.91 -11.52 -9.20 Sa NEa NEa NEa BM BM BM BM Wz Wz Wz Wz Wz  Swz
E 2016-06-12 2016-06-25 -16.01 -10.27 -9.70 Ws Ws Ws W W Trw BM BM BM BM Sa Sa TrW Trw
5” 1996-05-08 1996-05-21 -15.96 -11.94 -7.01 NEz NEz NEz NEz NEz NEz NEz NEz HNz HNz HNz HFz HFz ™M
1996-10-05 1996-10-18 -15.75 - -25.85 BM BM BM BM BM BM Swa SWa Sz Sz Sz SEZ SEz SEz
2010-08-02 2010-08-15 -15.43 -9.48 -10.02 Trw ™ ™M ™M ™M ™ ™ BM BM W TW TrwW ™ ™
2007-09-30 2007-10-13 -15.23 - -25.74 BM BM BM BM BM HB HB HB HB BM BM BM BM HM
2007-05-24 2007-06-06 -14.27 -7.90 -10.61 BM Sz Sz ™ ™ ™ M TIM  HNFz HNFz HNFz HNFz HNFz HNFz
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Fig. 4. Weather patterns in 20 lowest 14-day power production events in Germany, including 10 events in winter and 10 events in summer. The beginning and ending dates
(inclusive) and anomalies (moving average 14 days). Half-year winter is 16 Oct—15 Apr, and half-year summer is 16 Apr-15 Oct. Anomalies are as deviations from their climatological
means (see Methods). The color denotes anomalies in intervals of 10%. Weather patterns colored in blue (red) have cyclonic (anticyclonic) characteristics. Sequences with stationary
weather patterns that last at least five days are highlighted in bright yellow rectangles. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

power production events of a duration of 14 days are characterized by
a stationary weather pattern for five or more consecutive days, marked
by yellow rectangles in Fig. 4. The characteristics of the stationary
weather patterns depend on the season of the event. Nine of ten events
in summer contain a stationary weather pattern, six among which
are associated with cyclonic patterns, e.g., TM, NEz, Wz, TrM, HNFz
(Fig. 4). These events are characterized by relatively low production in
both PV and wind power, simultaneously contributing to the anoma-
lously low total production, e.g., events in May 2016, May 1996, August
2010, and April 2002 with anomalies in PV and wind power production
of up to —11.7% and —17.2%.

Four of ten lowest production events in winter (December 1996,
December 2007, January 2011, December 2004) are associated with
stationary anticyclonic weather patterns, e.g., SEa, HM, HB, identi-
fied as atmospheric blocking with a known link to weather extremes,
e.g., cold spells, heat waves, and droughts [39]. These events involve
stationary high-pressure systems, resulting in low wind speeds and
cloud covers ranging from 60% to 72% over Germany, close to the
climatological winter mean for 1995-2017 (65%). The PV power pro-
duction was therefore close to the seasonal average (—0.3 to 2.5%).
Anomalously low total production is explained by the low wind speeds
which led to extremely low wind power production during these block-
ing events, with anomalies an order of magnitude lower than that of
PV power (up to —37%) (Fig. 4). High pressure over Central Europe
(HM) occurred as two blocking events in December 2007 and December
2004, consistent with the role of HM in low production for events
with a duration 120 h (5 days) in Germany as reported in a previ-
ous study [12]. Additionally, Anticyclonic South-Easterly (SEa) was
a stationary weather pattern in the December 1996 event, a pattern
known for 10-day low production events for both present-day and
future installations in Europe [13].

Some events occurring during the transitional times between the
winter and summer half-year exhibited the characteristics of events

in the other season. The transitional times are typically two weeks
around the dates of seasonal division, i.e. 15 April and 15 October [19].
For example, one event in late winter (April 2008) shares similar
characteristics with summer events with relatively low production in
both PV and wind power (—9% and —19%, respectively), whereas two
events in late summer (October 1996 and October 2007) share similar
characteristics with winter events with very low wind power produc-
tion (up to —26%) and slightly above average PV power production (up
to 1%) (Fig. 4).

3.4. Case studies

Two case studies were selected for further analysis of how the
meteorological development influenced the power production of PV
and wind power over time in Germany: (1) The event in December 2007
represents the third lowest 14-day total production event in winter
with a significant impact in the simulation of Germany’s electricity
system [10]; (2) the event in May 2016 was selected because of its
representative meteorological conditions during summer events with
the lowest anomaly of total production (19.7%, Fig. 4). Figs. 5 and 7
show the sequences of weather patterns, the development of the meteo-
rological variables 2m-temperature, mean sea level pressure, 10m-wind
speed, and surface irradiance, and the associated anomalies in the
power production. We show the development for seven days before and
seven days after the central date of the events, resulting in a total of 28
days. It allows us to assess the weather conditions ahead of the extreme
events and the subsequent recovery of the production. To explore the
possibility of importing electricity during shortages in Germany, we
include time series of the corresponding power production anomalies
in the neighboring countries France and Denmark, two of the countries
trading energy with Germany most frequently [8]. Similar figures for
the ten lowest production events for each season (as in Fig. 4) are
shown in Supplementary Figs. S5 and S6.
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3.4.1. Winter event: December 2007

On December 8, 2007, a low-pressure system formed in the North
Atlantic, resulting in increased Westerly wind and cloud cover (72%)
over Germany, leading to higher wind power (44%) and slightly lower
PV power production (—3%, Fig. 5). The system moved southeast-
ward with the center located over Germany, decreasing wind power
production in Germany (—13%), initiating the 14-day low production
event on December 10 (Fig. 6¢). This system formed a cyclonic flow
with Northeasterly wind (NEz) over the eastern coast of Great Britain,
increasing wind power production in the southwestern tip of Germany,
France, and the northern part of Spain (Fig. 6d). Additionally, from
December 12 the Northeasterly wind directed cold air from the Arctic
to Germany, increasing the energy demand for heating [10] (Fig. 5a).
Simultaneously, a ridge formed in the south of Europe, with an axis
extending from the west coast of Spain to Iceland (Fig. 6¢). A stationary
high-pressure system formed over Central Europe (HM) lasting from
December 13 to 22. The high-pressure system was associated with
slightly higher PV power production up to 10% on December 15 due
to less cloudiness (cloud cover of 63%). However, the seasonally lower
irradiance in winter did not compensate for the very low wind power
production of up to —54% on December 14, resulting in an overall very
low total production of up to —25% on December 14.

In the middle of the event, on December 17, 2017, a small cy-
clonic system formed in the Mediterranean. At its intersection with the
existing high pressure over Central Europe, wind speeds increased in
southwest Germany, while low wind power production persisted in the
northeast of the country (Fig. 6g). A temporary increase in wind power
in southern Germany alleviated the power shortage on the 17th but this
recovery was short. Given that southern Germany currently has a lower
number of batteries and pumped storage compared to the north [40],
this brief recovery might not have been sufficient to replenish storage
during the prolonged low production event. By December 18, the
cyclonic system in the Mediterranean weakened and the influence of
the high-pressure system dominated in Central Europe, reducing wind
power production again on the 19th (Fig. 5).

The high-pressure system had a core pressure of more than 1025 hPa
and had the core over Central and Southern Europe. It weakened on
the 21st (Fig. 5) when a low-pressure system formed near Iceland. It
resulted in strong Southwesterly winds over the North Sea (Fig. 6k),
increasing wind power production in Germany on the 25th. This in-
creased wind power production spread from the northwestern coast
(Fig. 6]) to the rest of the country the following days, reaching the most
positive anomalies of total production on the 29th (37%, Fig. 5) before
decreasing again with the new weather condition (BM). The Southwest-
erly wind brings milder temperatures above zero degrees Celcius from
the south of Europe to Germany. The higher temperatures would have
also reduced the energy demand for heating, further alleviate the stress
on the German electricity provision.

3.4.2. Summer event: May 2016

The meteorological development of the summer event in May 2016
was characterized by cyclonic weather patterns with a surface low-
pressure system over Central Europe, including a stationary Cut-Off
Low over Central Europe (TM) for six days from May 29 to June 3,
along with Scandinavian High, Trough Central Europe (HFz) and High
Scandinavian-Iceland, Trough Central Europe (HNFz) (Fig. 7).

On May 21, a low-pressure system north of Great Britain moved
southeastward, weakened, and formed a trough over Germany on May
22. At the same time, a high-pressure system located in Eastern Europe
(Fig. 8c). The pressure gradient between the two pressure systems
increased the wind speeds, leading to higher wind power production in
the north and west of Germany. The regional above-average production
balanced the low wind power production in eastern Germany (Fig. 8d),
resulting in a German wind power production close to the climato-
logical mean on May 22 (Fig. 7e). Also along the pressure gradient
between two pressure systems, increased cloud cover led to reduced
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Fig. 5. Meteorological development during the 14-day low production event in
Germany in the winter 11-24 December 2007. Shown are meteorological variables
including 2-m temperature (a), mean sea level pressure (MSLP) (b), wind speed at 10 m
and 100m (c), and irradiance (downward short-wave direct and diffused radiation) (d),
and normalized anomalies of energy variables including PV, wind power onshore (e),
total production for scale-2019 and scenario-2050 installations (f), and total production
of Germany and two neighboring countries Denmark and France (g). The figures
are shown with moving averages of 24 h to smooth the diurnal variation. Vertical
dotted lines mark three selected times to show the spatial variations of meteorological
conditions and power production anomalies in Fig. 6. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

surface irradiance and hence below-average PV power production in
France on May 22 (Fig. 8a,b). In the following days, the area between
two pressure systems moved eastward, affecting Germany, leading to a
very low PV power production with daily anomalies of up to —48%
on May 25. The positive anomaly of wind power production (20%)
did not balance the very low PV power production, resulting in a very
low total production anomaly of —73% on May 24. By May 26, the
trough dissolved with a higher pressure area arriving from the west of
Germany, and PV power returned closer to the climatological mean at
—11% (Fig. 7).

In the middle of this 14-day low production event, the German
total production temporarily increased on May 30. This was caused
by a cut-off low-pressure system over Central Europe (TM) on May
29 (Fig. 8b). This low-pressure system remained stationary until June
4. Its strong pressure gradients led to high wind speeds and therefore
high wind power production along the North Sea and the border of
Germany near France, balancing the low wind power production in
the southern parts of Germany (Fig. 8g,h) and leading to an above
average wind power production in Germany on May 30 (Fig. 7). Cloudy
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Fig. 6. Meteorological conditions in three selected times during the winter event December 2007 marked by dotted lines in Fig. 5. Four columns show (left to right) surface
irradiance (%, shaded), anomalies of PV power production (%), wind speed at 10m (shaded) with mean sea level pressure (contour), and anomalies of wind power onshore
production (%). The numbers shown on top of the first-column panels are mean cloud cover (%) for Germany. The other numbers show the corresponding mean values for
Germany. The title for each row shows the weather patterns and the anomalies of total power production of Germany at 12:00 on that day. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

conditions associated with the low-pressure system reduced the PV
power production across Germany below average and dampened the
effect of increased wind power production on May 30, thus the total
production was still below average in scenario-2050. In the following
days, the low-pressure system moved westward and dissolved on June
4, again reducing the wind power production in Germany leading to
the continuation of the prolonged low production event (Fig. 7).

The extreme event ended on June 4, when a high-pressure system
formed over Iceland with a ridge extending over Central Europe (HNa),
resulting in reduced cloudiness (53%) and increased surface irradiance.
PV power increased accordingly, starting from northern Germany on
June 5 (Fig. 8j) and affecting the entire country until June 10. Wind
power production remained nevertheless relatively low during this
period with anomalies of up to —22% on June 7.

4. Discussion

The regional differences in power production anomalies have im-
plications for the future possibility of the transmission and storage of
electricity. The direction of a pressure system development influences
the spatial distribution of power production anomalies in Germany and
the neighboring countries, here shown with the example of France and
Denmark. The winter event in December 2007 (and the start of the May
2016 event) began with a high (low) pressure system forming over the

North Atlantic in the northwest of Germany. In both cases, the pressure
systems moved southeastward to Germany before continuing eastward
over land and eventually dissolved. Following these developments, the
negative anomalies of wind (PV) power production initiated in the
northwest of Germany first, then expanding to Denmark, while France
maintained an average power production in these cases (Fig. 5g and
7b). The tempo-spatial development of the power production anomalies
poses a challenge since the west of Germany has industrial areas with
high electricity demand and storage [40]. The North-South electricity
transmission would be less useful in this case, particularly when wind
power production in the North Sea and Denmark is simultaneously
below average (Fig. 5g, 6d,h). Instead, the West-East electricity trans-
mission line between France and Germany would be more helpful in
balancing the extremes in power production.

In contrast, the Cut-off low-pressure system (TM) from May 29
to June 3, 2016, moved from the southwest to Germany. Negative
anomalies of PV power production initiated in the south of Germany
and France, while wind speeds increased in Denmark in the north
of the Cut-off Low. Consequently, from May 29 to June 5, Germany
and France had similar negative anomalies in total production, while
Denmark had positive anomalies due to high wind power production on
May 30 before returning to the climatological mean. In such situations,
the North-South electricity transmission lines in Germany could be
beneficial by importing surplus electricity from Denmark to the regions
with electricity shortages in the south.
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Fig. 7. Meteorological progression during a low production event in May 2016. Similar
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Interestingly, amongst 20 extreme events in Fig. 4, the winter event
in Dec 2004 characterized the pattern HM from Dec 4-6, similar to
the event in Dec 2007, but the low pressure system north of Great
Britain moved southeastward made the North-South transmission lines
from Denmark to Germany more beneficial (Supplementary Fig. S7a—
d). On the contrary, the summer event in May 2007 characterized
TM on May 30 to June 1, similar to the event in May 2016, but the
low pressure system formed in France moved northeastward made the
West-East transmission line from France to Germany more beneficial
(Supplementary Fig. S7e-h). Nevertheless, the other 16 events did not
include similar weather development and therefore, it is difficult to
draw a definite conclusion. More studies with a larger number of events
and weather conditions are thus required to understand the relationship
between weather development and the role of transmission lines.

The total production in scenario-2050 may experience an alleviation
of extremely low power production intensity during winter events but
an exacerbation during summer events, relative to scale-2019. Over
the 14 days of the winter event in December 2007, the anomalies
of total production in scenario-2050 were moderate (closer to zero)
compared to scale-2019 (Fig. 5). This stands in contrast to the summer
event May 2016, where the total production in scenario-2050 has lower
anomalous values than in scale-2019 due to the stronger impact from
reduced PV power production on May 25 and 30 (Fig. 7). The need
for battery storage during low production events in summer therefore
increases in the future, as inflow for pumped storage is projected to
decrease in summer due to reduced Alpine snow melt in future climate
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change [41]. This may be especially critical for the electricity provision
since blocking high-pressure systems in summer may coincide with the
development of heat waves. Heat waves can lead to an increase in
the electricity demand for cooling during such low-power production
episodes, and both the frequency and intensity of heat waves are
projected to further increase with future global warming [18].

A notable observation is that the anomalies of total production did
not remain consistently low throughout the entire 14-day low power
production events. There were instances where wind speeds recovered
to near or slightly above the climatological mean in the middle of
the assessed events, such as around December 18, 2007, and May
30, 2016 (Fig. 5, 7). Similarly short increases in total production can
be seen in other 14-day low production events for each season in
Supplementary Fig. S5 and S6. However, these temporary increases in
total production anomalies rarely exceed 10% above the climatological
means, indicating that electricity shortages could be alleviated but not
fully recovered. Two exceptions are in December 1996 and May 2007
with positive anomalies of up to 20%. The variations in total production
during these events underscore the need to monitor weather conditions
to prepare electricity storage for an extended period of low power
production, even when the total production appears to recover briefly.
Including more offshore wind power would enhance the effect of wind
power. Therefore during these short recovery time from low wind
speeds, the total production might more quickly increase and reach
regional values that exceed the average total production values, which
would allow to store or transmit the surplus electricity to alleviate low
production days elsewhere.

5. Conclusion

We present a comprehensive comparison of extreme events for PV
and wind power production in winter and summer in Germany. To
that end, we simulated PV and wind power using present-day and
future installations, defined with an increased ratio of PV to wind
power installed capacity from 0.7:1 for the present-day installation
(scaled-2019) to 2:1 for the future installation (scenario-2050) in Eu-
rope, which corresponds to an increase from 1:1 to 2.5:1 in Germany.
We identified extreme anomalies in power production and compared
the meteorological conditions associated with these extreme events
using synoptic weather pattern classification with 29 patterns [19] for
Germany.

The results show distinct characteristics in weather patterns as-
sociated with the lowest and highest total production events. High
production events are predominantly associated with cyclonic weather
patterns with 77% and 68% for present-day and 2050 installations,
respectively. In particular, Cylonic Westerly (Wz) and Cyclonic North-
Westerly (NWz) account for half of the days with high production
events with a total of 51% in present-day installation. The seasonal
differences in high-production events show no clear dependence on
the installations, suggesting that conclusions for future high-production
events can be drawn from results with present-day installations. In
contrast, low production events are mainly associated with anticyclonic
weather patterns with 63% in the present-day installation and are
more influenced by an increased share of PV power installation. With
the simulated future installation, low production events occur almost
equally frequently with anticyclonic (53%) and cyclonic weather pat-
terns (47%). This is due to the increase in the frequency of low
production events occurring in summer associated with cyclonic pat-
terns, driven by the higher influence of anomalously low PV power
production on the total production.

Our analysis indicates an increased likelihood of extremely low
production occurring in summer, rising from 5% to 25% of the total
of 150 extreme events when we go from the present-day to the 2050
installation. In addition, the 14-day summer event in May 2016 shows
lower anomalies in total production in the future installation compared
to the present-day installation, indicating a potential exacerbation of
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extremely low production events in summer in the future. With climate
change, the peak demand for cooling in summer will define the annual
maximum load in Germany by 2100 [41]. The combination of low
power production and high electricity demand in summer can therefore
pose extra stress on the energy supply system.

There are distinct differences between the 14-day low-production
events in winter and summer. In terms of the magnitude of anomalies,
summer events have relatively low PV and wind power production,
with a lowest PV power anomaly of —15% and a lowest wind power
anomaly of —19%. In contrast, during winter events, PV power pro-
duces slightly below the climatological mean up to —9%, while wind
power produces much lower amounts with anomalies up to —37%.
In terms of meteorological conditions, the majority (13 of 20) of 14-
day lowest production events are associated with stationary weather
patterns that lasted at least five days, with stationary anticyclonic
patterns being more prevalent in winter events, while stationary cy-
clonic patterns being more prevalent in summer events. There are
no repeating sequences of weather patterns during these prolonged
low production events; rather, the extremely negative anomalies come
from combinations of several patterns with low PV and/or low wind
power production. There are great uncertainties on how stationary
cyclonic and anticyclonic conditions vary with climate change in terms
of frequency, intensity, and duration [42,43]. How future changes in
stationary weather patterns can affect prolonged low-production events
can be explored in future studies. There is an increased persistence
of weather patterns compared in the 20th century (since 1881), espe-
cially in the 1970s-80s [44]. However, for climate projections in the

10

future, studies show high uncertainty on how atmospheric blockings
might change due to differences in definition and in representation in
numerical weather prediction models [43]. While the frequency and
duration of atmospheric blockings might decrease [42,43], rare but
high impact blockings such as those with extremely high intensity
(strong pressure gradient) and long duration are possible [43]. The
implication thus differs for the statistical 20 most extreme events and
for the most extreme events, i.e., the overall number of low-power
production events might decrease, but the most extreme low-wind
power production events would be intensified in terms of duration and
severity.

How these weather systems move during these events influences
which transmission lines between Germany and neighboring countries
Germany could be more helpful in electricity shortage. Our case studies
indicate that both North-South and West-East transmission lines are
needed during production shortfalls in Germany due to the differ-
ent propagation directions of the production anomalies during the
developments of different weather conditions.

Our findings highlighted that extreme events in PV and wind power
production, especially low power production events, may become more
frequent and more severe in summer for a plausible future power
installations in Germany. The results provide first insights for planning
the future energy system. To support the energy transition, future
studies need to explore extreme events in renewable power production
with additional simulations of the electricity demand and storage, such
as from hydropower and batteries, and the electricity transmission
from neighboring countries in Europe and elsewhere. To do so, more
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plausible future projections for PV and wind power production sites are
needed, since gridded data for installations are scarce and currently
hinder the advancement of the understanding of weather impacts on
renewable power systems.

CRediT authorship contribution statement

Linh Ho-Tran: Writing - review & editing, Writing — original draft,
Visualization, Validation, Software, Methodology, Investigation, For-
mal analysis, Data curation, Conceptualization. Stephanie Fiedler:
Writing — review & editing, Supervision, Resources, Project adminis-
tration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

The CLIMIX data was acquired from the author [14]. The code of the
Renewable Energy Model (REM) is available at [45]. The data of REM
are available at https://www.wdc-climate.de/ui/entry{a}cronym=DKRZ_
LTA_1198_ds00003.

Acknowledgments

This study has been conducted in the framework of the Hans-Ertel-
Centre for Weather Research funded by the German Federal Ministry
for Transportation and Digital Infrastructure, Germany (grant number
BMVI/DWD 4818DWDP5A). We thank the German Weather Service for
providing COSMO-REA6 data, P. James for the data for the weather
patterns, C. Frank for the code for photovoltaic power simulations, and
S. Jerez for the CLIMIX data.

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.solener.2024.112979.

References

[1] European Commission, European green deal : delivering on our targets,
2021, Directorate-General for Communication, https://data.europa.eu/doi/10.
2775/373022, (Accessed: 2023-03-21).

[2] BMBF, Federal Ministry of Education and Research, German energy transi-
tion, 2019, URL https://www.bmbf.de/bmbf/en/research/energy-and-economy/
german-energy- transition/german-energy-transition_node.html. (Accessed: 2023-
08-07).

[3] Umweltbundesamt, Energy target 2050: 100% renewable electricity sup-
ply, 2010, https://www.umweltbundesamt.de/sites/default/files/medien/378/
publikationen/energieziel 2050 _kurz.pdf, (Accessed: 2023-04-12).

[4] BMWK, Bundesministerium fiir Wirtschaft und Klimaschutz, Entwicklung
der erneuerbaren Energien in Deutschland im Jahr 2022, 2023, URL
https://www.erneuerbare-energien.de/EE/Navigation/DE/Service/Erneuerbare_
Energien_in_Zahlen/Entwicklung/entwicklung-der-erneuerbaren-energien-in-
deutschland.html. (Accessed: 2023-08-07).

[5] ISE, Net electricity generation in Germany in 2022: Significant increase in
generation from wind and PV, 2023, Press Release https://www.ise.fraunhofer.
de/en/press-media/press-releases/2023/net-electricity- generation-in-germany-
in-2022-significant-increase-in-generation-from-wind-and-pv.html,  (Accessed:
2023-04-12).

[6] Energy-Charts, Installierte Netto-Leistung zur Stromerzeugung in Deutschland in
2022, 2022, URL https://energy-charts.info/charts/installed_power/chart.htm?1=
de&c=DE&chartColumnSorting=default&year=2022. (Accessed: 2023-08-07).

[7] K. van der Wiel, L.P. Stoop, B. Van Zuijlen, R. Blackport, M. Van den Broek,
F. Selten, Meteorological conditions leading to extreme low variable renewable
energy production and extreme high energy shortfall, Renew. Sustain. Energy
Rev. 111 (2019) 261-275.

11

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Solar Energy 283 (2024) 112979

B. Burger, Offentliche Nettostromerzeugung in Deutschland im Jahr 2022,
2023, Presentation https://www.energy-charts.info/downloads/Stromerzeugung_
2022.pdf, (Accessed: 2023-04-12).

G.E.A. dena, Pumped-storage integrates renewable energy into the grid,
2015, URL https://www.dena.de/en/topics-projects/energy-systems/flexibility-
and-storage/pumped-storage/. (Accessed: 2023-08-07).

EWI (Energiewirtschaftliches Institut an der Universitédt zu K6ln), dena pilot study
“Towards climate neutrality”. Climate neutrality 2045 - Transformation of final
energy consumption and the energy system, 2021, Published by the German
Energy Agency GmbH (dena).

C.M. Grams, R. Beerli, S. Pfenninger, I. Staffell, H. Wernli, Balancing Europe’s
wind-power output through spatial deployment informed by weather regimes,
Nat. Clim. Chang. 7 (8) (2017) 557-562.

J. Driicke, M. Borsche, P. James, F. Kaspar, U. Pfeifroth, B. Ahrens, J. Trent-
mann, Climatological analysis of solar and wind energy in Germany using the
Grosswetterlagen classification, Renew. Energy (2020).

L. Ho-Tran, S. Fiedler, A climatology of weather-driven anomalies in European
photovoltaic and wind power production, Commun. Earth Environ. 5 (1) (2024)
63.

S. Jerez, F. Thais, I. Tobin, M. Wild, A. Colette, P. Yiou, R. Vautard, The CLIMIX
model: a tool to create and evaluate spatially-resolved scenarios of photovoltaic
and wind power development, Renew. Sustain. Energy Rev. 42 (2015) 1-15.
Eurostat, Eurostat renewable energy statistics, 2020, https://ec.europa.eu/
eurostat/statistics-explained/index.php?title=Renewable_energy statistics#Share_
of renewable_energy_more_than_doubled_between_2004_and_2020. (Accessed:
2022-04-14).

J. Wohland, D. Brayshaw, S. Pfenninger, Mitigating a century of European
renewable variability with transmission and informed siting, Environ. Res. Lett.
16 (6) (2021) 064026.

S. Perkins, L. Alexander, J. Nairn, Increasing frequency, intensity and duration of
observed global heatwaves and warm spells, Geophys. Res. Lett. 39 (20) (2012).
V. Masson-Delmotte, P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud,
Y. Chen, L. Goldfarb, M. Gomis, et al., Climate change 2021: the physical science
basis, Contrib. Work. Group I Sixth Assess. Rep. Intergov. Panel Clim. Chang. 2
(1) (2021) 2391.

P. James, An objective classification method for Hess and Brezowsky
Grosswetterlagen over Europe, Theor. Appl. Climatol. 88 (1-2) (2007) 17-42.
C. Bollmeyer, J. Keller, C. Ohlwein, S. Wahl, S. Crewell, P. Friederichs, A.
Hense, J. Keune, S. Kneifel, I. Pscheidt, et al., Towards a high-resolution regional
reanalysis for the European CORDEX domain, Q. J. R. Meteorol. Soc. 141 (686)
(2015) 1-15.

S. Pfenninger, I. Staffell, Long-term patterns of European PV output using 30
years of validated hourly reanalysis and satellite data, Energy 114 (2016)
1251-1265.

I. Staffell, S. Pfenninger, Using bias-corrected reanalysis to simulate current and
future wind power output, Energy 114 (2016) 1224-1239.

L. Dubus, Y.-M. Saint-Drenan, A. Troccoli, M. De Felice, Y. Moreau, L. Ho-Tran,
C. Goodess, L. Sanger, C3S energy: A climate service for the provision of power
supply and demand indicators for Europe based on the ERA5 reanalysis and
ENTSO-E data, Meteorol. Appl. 30 (2023) e2145.

T. Huld, G. Friesen, A. Skoczek, R.P. Kenny, T. Sample, M. Field, E.D. Dunlop,
A power-rating model for crystalline silicon PV modules, Sol. Energy Mater. Sol.
Cells 95 (12) (2011) 3359-3369.

C.W. Frank, S. Wahl, J.D. Keller, B. Pospichal, A. Hense, S. Crewell, Bias
correction of a novel European reanalysis data set for solar energy applications,
Sol. Energy 164 (2018) 12-24.

Y.-M. Saint-Drenan, L. Wald, T. Ranchin, L. Dubus, A. Troccoli, An approach
for the estimation of the aggregated photovoltaic power generated in several
European countries from meteorological data, Adv. Sci. Res. 15 (2018) 51-62.
European Commission, Joint Research Centre (JRC), Global energy and climate
outlook 2020: Energy, greenhouse gas and air pollutant emissions balances,
2020, Dataset https://data.jrc.ec.europa.eu/dataset/1750427d-afd9-4a10-8c54-
440e764499¢e4. (Accessed: 2022-04-24).

K. van der Wiel, H.C. Bloomfield, R.W. Lee, L.P. Stoop, R. Blackport, J.A. Screen,
F.M. Selten, The influence of weather regimes on European renewable energy
production and demand, Environ. Res. Lett. 14 (9) (2019) 094010.

I. Tobin, S. Jerez, R. Vautard, F. Thais, E. Van Meijgaard, A. Prein, M. Déqué, S.
Kotlarski, C.F. Maule, G. Nikulin, et al., Climate change impacts on the power
generation potential of a European mid-century wind farms scenario, Environ.
Res. Lett. 11 (3) (2016) 034013.

I. Tobin, W. Greuell, S. Jerez, F. Ludwig, R. Vautard, M. Van Vliet, F. Bredn,
Vulnerabilities and resilience of European power generation to 1.5 C, 2 C and
3 C warming, Environ. Res. Lett. 13 (4) (2018) 044024.

W. Zappa, M. Van Den Broek, Analysing the potential of integrating wind and
solar power in Europe using spatial optimisation under various scenarios, Renew.
Sustain. Energy Rev. 94 (2018) 1192-1216.

R. Vautard, F. Thais, I. Tobin, F.-M. Bréon, J.-g.D. De Lavergne, A. Colette, P.
Yiou, P.M. Ruti, Regional climate model simulations indicate limited climatic im-
pacts by operational and planned european wind farms, Nature communications
5 (1) (2014) 3196.



L. Ho-Tran and S. Fiedler

[33]

[34]

[35]

[36]

[37]

[38]

GISCO: Geographical Information and Maps, EuroGeographics for the admin-
istrative boundaries, 2020, https://ec.europa.eu/eurostat/web/gisco/geodata/
reference-data/administrative-units-statistical-units. (Accessed: 2020-03-23).

T. Klaus, C. Vollmer, K. Lehmann, K. Miischen, R. Albert, M. Bade, T. Charissé,
F. Eckermann, R. Herbener, U. Kaulfersch, G. Knoche, K. Kuhnhenn, C. Lohse,
C. Loreck, U. Lorenz, B. Liinenbiirger, M. Memmler, C. Mordziol, A. Oster-
meier, B. Westermann, 2050 Energy Target: 100% Renewable Electricity Supply,
Umweltbundesamt, 2010.

O. Ruhnau, S. Qvist, Storage requirements in a 100% renewable electricity
system: extreme events and inter-annual variability, Environ. Res. Lett. 17 (4)
(2022) 044018.

P. Zschenderlein, G. Fragkoulidis, A.H. Fink, V. Wirth, Large-scale Rossby wave
and synoptic-scale dynamic analyses of the unusually late 2016 heatwave over
Europe, Weather 73 (9) (2018) 275-283.

M. Rothlisberger, L. Frossard, L.F. Bosart, D. Keyser, O. Martius, Recurrent
synoptic-scale rossby wave patterns and their effect on the persistence of cold
and hot spells, J. Clim. 32 (11) (2019) 3207-3226.

D. Barriopedro, R. Garcia-Herrera, A.R. Lupo, E. Herndndez, A climatology of
northern hemisphere blocking, J. Clim. 19 (6) (2006) 1042-1063.

12

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Solar Energy 283 (2024) 112979

L.-A. Kautz, O. Martius, S. Pfahl, J.G. Pinto, A.M. Ramos, P.M. Sousa, T.
Woollings, Atmospheric blocking and weather extremes over the Euro-Atlantic
sector—a review, Weather Clim. Dyn. 3 (1) (2022) 305-336.

J. Figgener, C. Hecht, D. Haberschusz, J. Bors, K.G. Spreuer, K.-P. Kairies, P.
Stenzel, D.U. Sauer, The development of battery storage systems in Germany: A
market review, 2023, https://battery-charts.rwth-aachen.de/.

G. Totschnig, R. Hirner, A. Miiller, L. Kranzl, M. Hummel, H.-P. Nachtnebel, P.
Stanzel, I. Schicker, H. Formayer, Climate change impact and resilience in the
electricity sector: the example of Austria and Germany, Energy Policy 103 (2017)
238-248.

T. Shaw, M. Baldwin, E.A. Barnes, R. Caballero, C. Garfinkel, Y.-T. Hwang, C.
Li, P. O’gorman, G. Riviére, I. Simpson, et al., Storm track processes and the
opposing influences of climate change, Nat. Geosci. 9 (9) (2016) 656-664.

T. Woollings, D. Barriopedro, J. Methven, S.-W. Son, O. Martius, B. Harvey, J.
Sillmann, A.R. Lupo, S. Seneviratne, Blocking and its response to climate change,
Curr. Clim. Chan. Rep. 4 (3) (2018) 287-300.

J. Kysely, P. Domonkos, Recent increase in persistence of atmospheric circulation
over europe: comparison with long-term variations since 1881, Int. J. Climatol.
26 (4) (2006) 461-483.

L. Ho, S. Fiedler, S. Wahl, PV and Wind Power Dataset for Europe, 2023, URL
https://www.wdc-climate.de/ui/entry?acronym=DKRZ_LTA_1198_ds00003.



4.3 EXTREMES IN ENERGY DEMAND SECTOR - THE DENA STUDY

4.3 EXTREMES IN ENERGY DEMAND SECTOR - THE DENA STUDY

The following section is part of the study from EWI (2021). Here I summarise
the meteorological perspective that I contributed to that study, translated
into English from the original document in German in EWI (2021).

The study from EWI (2021) examines critical situations that can chal-
lenge the electricity system in Germany. It was developed in coop-
eration between the Institute of Energy and Economics (EWI) and
the Institute of Geophysics and Meteorology (IGM), University of
Cologne. In this study, the energy system model includes different
types of energy sources, e.g., coal power plants, PV and wind power,
hydropower pump storage, and trading with neighbouring countries.
The critical situations are defined with residual load, i.e., the electric-
ity demand minus the electricity generated. An event with high resid-
ual load means the electricity supply could not meet the demand and
requires electricity transmission from other countries.

This study identifies two events with the highest residual load for
the period of 168h (7 days) and 336h (14 days). Their central dates
are on 1997-01-08 and 2007-12-17, respectively. PV and wind power
in Germany produced very low amounts during these two events.
Fig. 4.1a,b illustrate the potential capacity factors of these two en-
ergy sources during the two events, and their climatological mean for
three winter months (DJF) during the period 1995-2014 for reference
(Fig. 4.1a). The potential capacity factor for PV power is calculated for
Standard Test Condition (STC, 25°C, 1000W/m?), while estimated for
wind power using wind speed at 100m.

In the synoptic weather conditions for Europe, winter typically fea-
tures a westerly wind with isobars parallel to the latitudes (EWI,
2021). The cold and dry air masses are usually over the North and

East of Europe, in contrast with the warm temperatures in the Mediter-
ranean region. The contrast creates distinctly different characteristics

between the north and south of Europe, and partially in Germany

(Fig. 4.1a). Specifically, Europe has high wind power potential (with

a capacity factor CF > 0.5) in the Northern part, and moderate poten-
tial for wind and PV power in the Southern half (0.25 < CF,yina <

0.5,0.15 < CFpy < 0.3).

The 7-day extreme weather condition from 1997 is a Dark doldrum
event over the large part of Europe, i.e., both PV and wind power
produced significantly low amounts compared to the climatological
mean (CFpy < 0.15,CFing < 0.25) (Fig. 4.1b). From January 5th, a
stationary ridge of high pressure lay over the northern part of Central
Europe, directing cold air masses from the Arctic to Central Europe
(Fig. 4.2a). The ridge brought significant "doldrum" with a regional
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Figure 4.1: The potential capacity factor of PV and wind power hourly mean
for (a) the winter (DJF) 19952014, (b) for the event in January
1997 (7 days), (c) for the event December 2007 (14 days). Figure
from EWI (2021).

wind speed anomaly as low as —9 ms-1 on average for Jan 4-11%,

1997 (Fig. 4.2a). The estimates of wind energy potential show negative
anomalies in wind power in Germany, France, the United Kingdom,
the North Sea and Baltic Sea, and in parts of Eastern Europe and the
southern part of Scandinavian countries. Southern Europe and North-
ern Scandinavia showed relatively higher wind speeds than average.
The anomaly in irradiance occurred mainly in southern Europe (Fig.
4.2a) due to increased cloud cover. The irradiance was slightly above
average in the northeastern part of Germany, while below average for
the rest of Germany. The stationary cold air resulted in a prolonged
cold spell, leading to a 2-m temperature negative anomaly of up to
—-10°C compared to the long-term winter mean, see details in EWI
(2021). The simultaneous cold weather and low power production in
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Event 1 (1997-01-08, 168h) - mean DJF 1995-1999

Irradiance

Event 2 (2007-12-17, 336h) - mean DJF 1995-1999

MSL pressure (contour, hPa) Irradiance
' 5 7 T

-9 -6 -3 0 3 6 —-40 -20 0
Wind speed anomaly [ms-1] Radiation hourly anomaly [Wm-2]

Figure 4.2: Wind speed anomalies at 100 m (shadding), compared to the win-
ter mean (DJF) and the mean sea level pressure (contour) and ir-
radiance anomalies compared to the winter mean 19952014, for
two extreme events in (a,b) January 1997 (7 days), (c,d) December
2007 (14 days). Figure from EWI (2021).

western Germany characterises this event as a distinctive "cold dark
doldrum".

The weather condition during the 14-day event in December 2007
show a similar picture as in January 1997. A stationary high pres-
sure system formed over Central Europe during the period 13-21%
December 2007 (Fig. 4.2¢). The result was weak winds over the North
Sea and northern Germany, with the anomalies up to -8 ms™. Poten-
tial wind power is significantly lower than expected for the winter
months. The solar irradiance for Germany in this period was also
lower than usual for the winter mean (Fig. 4.2d), especially in south-
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ern Europe, similar to the January 1997 event. The differences com-
pared to the 1997 event are the higher values of positive anomalies
in wind speed and irradiance over France and parts of Eastern Eu-
rope. This situation favoured energy availability for importing to Ger-
many.



DISCUSSION AND CONCLUSION

Increasing the share of renewable energy is an important measure
to achieve Europe’s climate-neutral goals by 2050. Solar and wind
power production heavily relies on the availability of irradiance and
wind speed at specific locations. The temporal and spatial variability
of these two variables are extensively studied from a meteorological
perspective. However, their integration into the energy sector is lim-
ited due to disparities in methods and purposes between the two
fields.

This thesis bridges the gap by examining the associations between
synoptic weather patterns and anomalous power production in pho-
tovoltaic (PV) and wind energy in Europe. To achieve this, the Re-
newable Energy Model (REM) was developed at a 48 km horizontal
resolution, utilising the COSMO-REA6 reanalysis dataset. COSMO-
REAG6 has two benefits in PV and wind power simulations. First, it
provides suitable meteorological variables to simulate both PV and
wind power with temporal and spatial consistency, which is neces-
sary to combine them into total power production in Europe. Sec-
ond, the high spatial resolution of 6km in COSMO-REA can repre-
sent more regional variation of meteorological processes (Bollmeyer
et al., 2015), which is important in assessing the spatial variability of
anomalies in total power production (Frank et al., 2020a, 2018). The
gridded data output from REM also incorporates spatial distribution
of PV and wind power installations from the CLIMIX model. This ap-
proach has the advantage of showing finer spatial variation of power
anomalies that approaches using country-aggregated values lack of.
The weather pattern classification used in REM is well-established
and routinely monitored from the German Weather Service.

In the following sections, the main findings of this thesis are sum-
marized, highlighting two studies examining Europe and Germany.
Next, the assumptions and uncertainties relevant to these studies are
discussed. Finally, the significance of this thesis in applying meteo-
rological insights to the energy sector is presented, followed by an
outlook on future research possibilities to expand understanding in
this field.
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5.1 SUMMARY

5.1.1  Study I - A climatology of weather-driven anomalies in European
photovoltaic and wind power production

Study I (Section 4.1) addresses the first and second objectives of this
thesis (Section 1.2). Therein, it first conducts a comprehensive anal-
ysis of weather patterns associated with both anomalously low and
high power production for PV, wind power, and their total production
in Europe. Second, the study explores various perspectives, including
different event durations, seasons, regions in Europe, comparing be-
tween present-day and future installations.

The research questions posed in the Introduction (Section 1.3) are
addressed as follows:

1. Which weather patterns are associated with extremely anomalous power
production in PV and wind power in Europe? The study shows a clear
anti-correlation relationship between the two sources. High wind
power production is linked to westerly wind and/or cyclonic char-
acteristics, while high PV power production is associated with an-
ticyclonic characteristics. For instance, for hourly European power
production, the weather pattern Maritime Westerly, Block Eastern
Europe (Ww, cyclonic) exhibits the highest wind power produc-
tion and the lowest PV power production. In contrast, the pattern
High Scandinavia-Iceland, Ridge Central Europe (HNFa, anticy-
clonic) displays the highest PV power production and the fourth
lowest wind power production.

2. Are there any common characteristics in weather patterns associated with
extreme events in power production with different event durations and
seasons? The anti-correlation between PV and wind power damp-
ens the anomalies of their total production compared to individual
energy type. Specifically, the absolute values of anomalies in total
production (up to 22.4% for present-day installation) are smaller
than those observed for PV (up to 30.5%) or wind power (up
to 34.7%) across all 29 weather patterns. This effect is stronger
in the future installation, with anomalies up to 13.9% for total
production, indicating improved balancing between PV and wind
power with a 2:1 installation ratio compared to the present-day
ratio of 0.7:1. Weather patterns associated with the most anoma-
lous total production are similar to those for wind power in the
present-day installation, but differ in the future installation. The
weather patterns associated with the most anomalous total produc-
tion differ from those of individual energy types. The Wa (Anticy-
clonic Westerly) pattern exhibits the highest total hourly produc-
tion, ranked third in wind power production, and has a slightly
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negative anomaly in PV power production. The pattern with the
lowest total production for the present-day installation is HNa,
which also has the lowest wind power production. However, for
the future installation, the pattern Ws (South-Shifted Westerly) is
associated with the lowest total production, having the second low-
est PV power production and a slightly negative anomaly in wind
power production, indicating the greater impact of PV power in the
future installation. Ws belongs to the group Dark doldrum, charac-
terised by low PV and wind power production simultaneously, as
described in Study I (Section 4.1).

. How are the anomalies of power production distributed spatially during
these weather patterns For the patterns HNFa (High Scandinavia-
Iceland, Ridge Central Europe) and HNa (Icelandic High, Ridge
Central Europe), the anomalies in PV and wind power have the
same sign but vary in magnitude almost across Europe, except for
regions in Northern Scandinavia and the Southern tip of Iberia.
However, the total production anomalies exhibit a highly variable
spatial distribution across Europe, particularly in countries such as
Germany, France, and the Netherlands. For patterns Ws and Wa,
the low PV power production exhibits a similar spatial distribu-
tion across Europe but with different magnitudes. However, wind
power anomalies show distinct North-South differences for Euro-
pean regions with the opposite sign of anomaly. This results in
a strongly varying spatial distribution of anomalies in total pro-
duction for regions with high wind power production, namely
the Southern part of Europe during Ws, and the Northern part
of Europe during Wa. A comprehensive catalog of the spatial dis-
tribution of anomalies in PV, wind, and total production for both
present-day and future installations in all 29 weather patterns is
provided in Supplementary of Study I.

. How sensitive are the results to the installation with different ratio of
PV to wind power installed capacities? For low total production, the
associated weather patterns strongly depend on the ratio of in-
stalled capacity of PV to wind power. In the present-day instal-
lation, total production anomalies rank similarly to wind power
production due to the prevalent contribution of wind power. How-
ever, in the future installation, three out of five patterns with the
lowest total production belong to the Dark doldrum group, includ-
ing Ws, HNFz (High Scandinavia-Iceland with Trough Central Eu-
rope), and SEz (Cyclonic South-Easterly). Additionally, the associ-
ated patterns vary with the event duration. For events with the
same weather pattern lasting 10 days, SEa (Anticyclonic South-
Easterly) is associated with the lowest total production for Europe
in both present-day and future installations (-27% and —41%, re-
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spectively). On the contrary, for high total production, the asso-
ciated weather patterns remain consistent regardless of durations
and installations, characterised by cyclonic and westerly wind pat-
terns, such as Wz (Cyclonic Westerly) and NWz (Cyclonic North-
Westerly). Weather patterns associated with anomalous power pro-
duction for half-year winter and summer are similar to those ob-
served in the whole-year analyses. However, the values of anoma-
lies for low production events show larger differences between
summer and winter half-year means compared to that of high pro-
duction events.

5.1.2  Study II - More summertime low-power production extremes in Ger-

many with a larger solar power share

Study II (Section 4.2) addresses the third and fourth objectives of this
thesis (Section 1.2). Thereby, it investigates the differences in winter
and summer events with extremely anomalous PV plus wind power
production in Germany.

The findings in Study II address the questions posed in the Introduc-
tion (Chapter 1.1) as follows:

1. Do seasonal differences in extreme events in renewable energy change

between the present-day and future installation? Both the lowest and
highest production events occur more frequently in winter in both
present-day and future installations (95% and 78% for low produc-
tion events, and 82% and 84% for high production events). The
seasonal difference is more pronounced for the lowest production
events. Noticeably, in the future installation, there is an increase
in the lowest production events occurring in summer (22%), com-
pared to the present-day installation (5%). May exhibits the most
significant increase in the frequency of 7- and 14-day lowest pro-
duction events, attributed to higher frequencies of weather pat-
terns associated with low production in summer, such as NEz
(Cyclonic North-Easterly) and HNFz (High Scandinavia-Iceland,
Trough Central Europe). However, the highest production events
do not display a change in seasonal differences based on installa-
tion, with slightly more high production events occurring in winter
in the future installation compared to the present-day installation
(84% and 82%, respectively).

2. Are there different characteristics in weather patterns that involve ex-

treme events between winter and summer? For lowest production events,
cyclonic and anticyclonic weather patterns are nearly equally asso-
ciated in the present-day installation (51% and 49%, respectively).
In the future installation, the increase in likelihood these events
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occurring in summer are mostly associated with cyclonic patterns.
Winter events also show an increase in associating with cyclonic
patterns and a decrease in associating with anticyclonic patterns.
The overall effect is an increase in association with cyclonic pat-
terns in lowest production events in the future installation at 66%.
The highest production events are mainly associated with weather
patterns with a cyclonic characteristic but this association decreases
in the future installation (77% and 68% of the days, respectively).
Highest production events in winter occur more frequently with
anticyclonic patterns in the future installation (24%, compared to
11% in present-day installation).

3. Is there a difference in meteorological conditions when prolonged low
power production events progress in winter and in summer? There are

differences in meteorological conditions during prolonged low power

production events in winter and summer. 14-day lowest produc-
tion events in the winter half-year are primarily associated with
blocking anticyclonic weather patterns. During these events, PV
power is produced close to the climatological mean (with anoma-
lies up to —9%), while wind power production is significantly re-
duced (up to —37%). In contrast, typical summer events are mainly
associated with stationary cyclonic weather patterns, during which
PV and wind power are relatively low (up to —15% and —-19%, re-
spectively). The seasonal divisions of extreme events in renewable
energy in Germany (beginning of April and October) occur approx-
imately two weeks earlier than the weather pattern classification
(mid-April and mid-October). Additionally, 14-day lowest produc-
tion events in both winter and summer experience a short period
of around one day in the middle of the event, where wind power
production temporarily increased close to the climatological mean,
briefly alleviating stress on the electricity supply.

5.2 METHODOLOGICAL LIMITATIONS AND UNCERTAINTIES

There are three main sources that can contribute to the uncertainty
of the results from this thesis. They can arise from (1) the biases in
data used in simulations, (2) the decisions made while simulating PV
and wind power in REM, and (3) the impact of climate change on the
meteorological variables used.

In terms of data, reanalysis data used in the simulations have known
biases in radiation and wind speed (Borsche et al., 2015; Brune et al.,,
2021; Camus et al., 2019; Frank et al., 2020a, 2018; Niermann et al.,
2019). Radiation data from COSMO-REA6 show an overestimation
in cloudy conditions (by around 15 Wm~2) and an underestimation
in clear sky conditions (by around —50 Wm~2 compared to observa-
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tional data (Frank et al., 2018). Efforts have been made to mitigate
radiation data biases through post-processing methods (Frank et al.,
2018), but this algorithm alters the spatial patterns of irradiance data.
Thereby, the original data for short-wave direct and diffused radiation
from COSMO-REAG are retained in REM to preserve spatial variation
in PV power. In terms of wind speed data, COSMO-REA6 underes-
timates wind speed at night in all terrains due to misrepresenting
low level jets, mountain and valley breezes (Brune et al., 2021). Ad-
ditionally, challenges arise in weather pattern classification regarding
consistency, as similar meteorological conditions may be classified dif-
ferently (James, 2007). Certain patterns exhibit considerable similarity
and are grouped together, such as High pressure over Scandinavia-
Iceland with Trough (HNFz) or Ridge (HNFa) over Central Europe,
while some patterns with westerly flow lack distinct differentiation
(James, 2007). Such inconsistencies pose challenges in associating spe-
cific weather patterns with extreme PV and wind power production
events.

The simulation of energy production introduces further uncertainties.
The simulation of PV power is based on empirical methods, leading
to parameter definition uncertainties (Frank, 2019). The simulation
of wind power in REM uses the cubic law to convert wind speed
into wind power production. However, the actual power produced is
greatly influenced by manufacturer’s specifications for wind turbine
(Lydia et al., 2014). Furthermore, different energy models include vari-
ous components such as electricity demand and other energy sources
such as coal power plant, nuclear energy, and hydropower. Conse-
quently, the definition of extreme events in renewable energy may
vary depending on the specific energy model employed. Neverthe-
less, the studies in this thesis show agreement with some studies us-
ing different models, indicating a coherence in certain aspects of the
analysis. For example, the pattern High pressure over Central Europe
(HM) is associated with very low PV plus wind power production in
Germany (Drticke et al., 2020), as shown in Section 4.1.

Another source of uncertainty is using past data. The reanalysis dataset
COSMO-REAG6 is produced using data assimilation between regional

climate model and observational data for the period 1995-2017 (Bollmeyer

et al., 2015). This past dataset does not take into account the impact
of climate change on renewable sources in the future. Changes in so-
lar irradiance and wind speed due to climate change can significantly
influence PV and wind power production, which vary regionally and
affect how synoptic weather patterns interact with energy production.
For example, PV power potential from solar irradiance can increase in
Southern Europe in the future (Jerez et al., 2015b), while wind speed
can decrease (Vautard et al., 2010). Additionally, weather pattern clas-



5.3 SIGNIFICANCE AND OUTLOOK

sification relies on historical data since 1948 (James, 2007) to define
clusters of 29 patterns. Future changes in meteorological variables
(mean sea level pressure and geopotential height at 500 hPa) can re-
sult in changes in the frequency of occurrence of weather patterns
in the future. As a result, the association between extreme events in
renewable energy and weather patterns may differ in the future com-
pared to the associations defined in this thesis.

5.3 SIGNIFICANCE AND OUTLOOK

Motivated by the increasing interest in applying meteorological knowl-
edge to the renewable energy sector, this thesis aims to identify syn-

optic weather patterns that may pose challenges to the renewable en-

ergy system. The approach combines gridded data for PV and wind

power simulation with a well-established weather pattern classifica-
tion. The combination allows analyses in extreme power production

events associated with weather patterns at various spatial and tempo-
ral scales.

The significance of this study lies in its comprehensive analysis of
the impacts of synoptic weather patterns on PV and wind power pro-
duction in Europe. The research highlights that the pairs of weather
pattern-low production events are more sensitive to changing the in-
stalled capacity and the length of the event duration, whereas weather
patterns associated with high production events have consistent west-
erly wind direction. Furthermore, it draws attention to the increased
concerns in the future energy system regarding Dark doldrum weather
patterns, during which both PV and wind power produce below aver-
age amount. Additionally, it identifies Anticyclonic Southeasterly as
associated with the lowest 10-day production events for both present-
day and future installations.

This thesis also shows the new threat in the renewable energy sys-
tem: an increased frequency of low production events occurring in
summer in the future installation. Study II shows that the meteoro-
logical processes involved in such summer events are different from
those in the winter, with low production in both PV and wind power
up to —19% and associated with stationary cyclonic weather patterns.
While current literature primarily focuses on winter events, the study
emphasizes the importance of investigating these summer events, par-
ticularly considering the potential rise in heat waves due to climate
change. Such heat waves could lead to higher electricity demand for
cooling, potentially resulting in energy shortfalls during the summer
when electricity supply cannot meet the demand.
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DISCUSSION AND CONCLUSION

One valuable product from this project is the catalogue presenting the
spatial anomalies of power production associated with 29 weather
patterns. This catalogue allows for quick identification of expected
anomalies for specific weather patterns, locations, and neighboring ar-
eas without the need for complex energy modeling. Classification of
weather pattern is routinely provided and monitored by the German
Weather Service, with the potential to provide with weather patterns
in the up-coming days. A combination between this weather pattern
classification and the look-up catalogue can enable an early warning
of potential extreme situation in renewable energy.

For future research, it would be valuable to understand how weather
patterns change with climate change in terms of frequency, pressure
gradient, and seasonal differences. Investigating the extent to which
these changes impact the influence of weather patterns on renewable
energy, compared to the findings in this thesis, could be interesting
in further studies.

Additionally, considering various possible future scenarios for Euro-
pean renewable energy installations is essential, especially in terms
of spatial distribution and total capacities. This thesis uses the scaling
factor method to simulate the present-day installation from the fu-
ture installation. This approach highlights changes in weather depen-
dence with different ratios of PV and wind power installed capacity.
However, the regional impact of weather patterns can vary greatly de-
pending on the allocation of PV and wind power plants in different
scenarios. For example, having more wind power offshore plants in
the North Sea, beyond the one-grid-cell limit in CLIMIX, could am-
plify the impact of strong westerly winds on the renewable energy
system.

Furthermore, it would be interesting to examine if the impacts of
weather pattern influence simultaneously or have delay in time across
European countries. Such knowledge could guide neighboring coun-
tries in understanding how long problematic events may persist in
their regions, when to import or export electricity during extreme
events, and whether to prioritize energy storage or transmission based
on specific meteorological developments.
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Table S1. Anomalies (%) of PV and wind power and their total production as in Fig. 1 in the main text.

Anomalies (%) of PV and wind power production apply to both scale-2019 and scenario-2050 because the
two installed capacities are related by constant scale factors.

Mean anomalies in hour production [%]

Group Vglae;ter;(re]r Full name Total  Total PV Wind

2019 2050 power  power
Wa  Anticyclonic Westerly 22.3 13.9 -6.6 31.4
Wz Cyclonic Westerly 20.0 12.3 -6.2 28.2
SWz  Cyclonic South-Westerly 22.2 10.4 -17.9 34.7
u:gz SWa  Anticyclonic South-Westerly 22.4 81 97 234
NWz  Cyclonic North-Westerly 13.7 7.7 -6.8 20.1
Ww  Maritime Westerly (Block Eastern Europe) 21.0 5.9 -30.5 37.1
TB Low over the British Isles 9.5 4.3 -8.1 15.0
NWa  Anticyclonic North-Westerly 1.8 1.8 1.8 1.7
TrwW  Trough over Western Europe 2.1 0.2 5.4 -4.3
Mode- Sz Cyclonic Southerly -0.9 -0.1 2.0 -1.8
rate Nz  Cyclonic Northerly 0.5 -1.9 5.3 1.1
Sa Anticyclonic Southerly -5.2 -3.9 -0.9 -6.5
HFz  Scandinavian High, Trough Central Europe -7.1 -6.0 -3.4 -8.2
HNFa High Scandinavia-Iceland, Ridge Central -11.4 0.1 27.7 -23.5

Europe
BM  Zonal Ridge across Central Europe -5.3 -0.3 11.7 -10.6
TrM  Trough over Central Europe -9.3 -3.1 11.6 -15.7
HFa  Scandinavian High, Ridge Central Europe -7.6 -3.8 5.7 -11.9
™ Low (Cut-Off) over Central Europe -9.3 -5.2 4.6 -13.6
HNz Icelandic High, Trough Central Europe -15.0 -6.6 134 -23.7
High PV Na Anticyclonic Northerly -14.5 -6.8 11.7 -22.6
HM  High over Central Europe -13.2 -1.5 6.0 -19.1
HB High over the British Isles -15.1 -7.9 9.4 -22.7
SEa  Anticyclonic South-Easterly -12.7 -8.0 3.2 -17.6
NEz  Cyclonic North-Easterly -15.1 -8.9 6.0 -21.6
NEa  Anticyclonic North-Easterly -16.9 -10.2 6.2 -24.1
HNa Icelandic High, Ridge Central Europe -19.5 -10.3 11.8 -29.2
SEz  Cyclonic South-Easterly -9.2 -9.7 -11.0 -8.6
Dark High Scandinavia-lceland, Trough Central -13.1 -12.0 -9.5 -14.1
doldrum HNFz Europe

Ws South-Shifted Westerly -7.9 -12.1 -22.3 -3.3




Figure S1. As Figure 1 but for Germany. Shown are anomalies of photovoltaic (PV), wind power (stacked)
and their total production associated with weather patterns for Germany from (a) scale-2019 and (b)
scenario-2050. Differences in anomalies of total production by different installed capacities are shown in (c)
for scenario-2050 minus scale-2019 installation. Red in (c) marks weather patterns where the signs of
anomaly depend on the installed capacity. All three plots are sorted by increasing magnitude of total
production in Germany in scenario-2050 (b) from left to right. Note here the larger range on the y-axis
compared to Fig. 1 in the manuscript.
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Figure S2. As Figure 2 in the manuscript but for the four selected regions A—D shown in Figure 5.
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Figure S3. As Figure 1 but for a high-share PV power experiment for Europe, namely the installed capacity
of PV power is more than 5-fold that of wind power with the Europe-aggregated installed capacity of PV
power of 870 GW and wind power of 167 GW. Shown are PV and wind power production anomalies

(stacked) and their total production anomalies (%) relative to their climatological mean for 1995-2017
associated with weather patterns.
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Figure S4. Seasonal differences (%) of European PV and wind power production, sorted by increasing total
production from scenario-2050 in Fig. 1b. Anomalies for individual power sources are calculated relative to
the climatological mean from scale-2019 and scenario-2050 installations.
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Figure S5. Composite maps for 29 weather patterns in the same order as in Table S1: First column is the
composite mean of meteorological conditions with contours for mean sea-level pressure with 4 hPa
increments and shading for surface irradiance anomalies. Four following columns are their composite
anomalies (%) of total production from scale-2019 and scenario-2050, PV and wind power production.
Anomalies (%) of PV and wind power production apply to both scale-2019 and scenario-2050 because the
two installed capacities are related by constant scale factors.
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Figure S6. As Figure 5 but for the lowest and highest production extremes with the same weather patterns
that last at least for 2, 4, and 8 days. Blue marks weather patterns that are different between 2-,4-, and 8-day
compared to 1-, 5-, and 10-day durations in the manuscript, e.g., 1-day and 2-day durations are identical, but
8-day and 10-day extremes are often associated with different weather patterns.
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Figure S7. Probability density distribution of hourly capacity factors of PV power (first column) and wind
power onshore (second column) for the period 1995-2017, showing REM (filled in blue) compared to CDS
and Renewables Ninja (solid lines in black and red) for four European countries in a North-to-South order. A
threshold of 0.01 was applied to filter out very low values of PV power during nighttime. The r-values in
each box are the corresponding Pearson correlation coefficients between REM and CDS (Renewables Ninja)

in black (red).
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Figure S8. Frequency of yearly occurrence of events with the same weather patterns that last for 1, 5, and 10
days over the period 1995-2017. The trends calculated from linear regression are listed in brackets in the
legend. There is a total of 8401, 443, and 19 events of 1-, 5- and 10-day duration. There is a large year-to-
year changes in 10-day duration with none to four events (in 2014) in a year.
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Fig S1. (a) Spatial distribution of wind power in Europe for the scenario-2050 installation from
CLIMIX model (Jerez et al., 2015); (b) similar but masked for Germany, used in the manuscript; (c)
Installation of wind power without the masked area for Germany, shows wind power offshore that

was not included in the calculation for Germany in the manuscript.

a b C

(MW]
500

400
300
200

100




Table S1. Names of 29 weather patterns (James, 2007) and their three frequencies of occurrence
associated with extreme events with 1-, 7-, 14-day durations respectively, normalized by their

respective frequencies of occurrence over the period 1995—2017. For each weather patterns, the
percentages on the upper rows (in grey) are for winter and lower rows (in white) are for summer.

The statistics method is described in the Method section in the main text.

" Low extremes High extremes
gﬁggr Full name Scale-2019 | Scenario- | Scale-2019 | Scenario-
2050 2050
Nz Cyclonic Northerly 09,0.3,03 |0,0,0 2.8,0.1,0.5 | 1.8,0.1, 0.5
0,0,0 0,0,0 0,0.5,0.7 0,0,0.3
NWz Cyclonic North-Westerly 0.3,0,0.2 0.3,0.2,04 | 29,14,11 | 1.6,1.1,1.0
0,0,0 0,0,0 29,1.2,04 | 2.0,0.5,0.4
NEz Cyclonic North-Easterly 1.5,19,24 | 3.0,2.4,1.7 | 0,0,0.4 0,0,0
0,0,0.1 09,09,1.2 |10,0,0 0,0,0
Sz Cyclonic Southerly 0,09 14 1.3,0.9,0.7 | 0,0,0.1 0,004
0,0,0.1 0,0,0.4 0,0,0 0,0,0
SEz Cyclonic South-Easterly 5.9,4.0,31 |83,34,3.1 |0,0,0.2 0,0,0
0,0,0 0,0,0.1 0,0,0.1 0,0,0
SW2 Cyclonic South-Westerly 0,0.1,0.1 0.3,0.1,0.1 | 0.6,1.5,2.4 | 0.9,15,2.4
0,0,0 0,0,0 0.5,09,0.8 | 0,0.7,0.3
W Cyclonic Westerly 0,00 0.2,0,0 2.6,4.1,3.0 | 2.8,3.9, 2.7
0,0,0 0,0,0.1 1.8,0.8,0.4 | 1.4,0.6,0.3
o Ww Maritime Westerly (Block 0,0.7,0.3 0,0.6,0.2 0,0.5,0.3 0,0.1,0.3
g Eastern Europe) 0,0,0 0,0,0 0,0,0 0,0,0
E Ws South-Shifted Westerly 21,09,1.2 | 2.1,0.7,0.5 | 0,0.2, 0.4 0,0.2,0.1
© 0,0,0 0,0.6,0.3 0,0,0.1 0,0,0
TiM Trough over Central 0.6,0.6,0.6 | 0,0.8,0.6 0,0,0.1 0,0,0.1
Europe 0,0,0 0.3,0.2,0.4 | 0,0.1,0.1 0.3,0,0
TeW Trough over Western 24,11,09 | 18,1.6,09 | 0,0.3,0.3 0,0.3,0.5
Europe 0,0,0 0.4,0.5,04 | 08,05,0.2 | 1.1,0.5,0
TB Low over the British Isles 0,0,0.3 0,0,0.2 0,0,0.7 0,0,0.8
0,0,0 0,0,0 0,0,0.2 0,0,0.2
HNz Icelandic High, Trough 1.2,0.7,15 | 1.2,1.2,1.5 | 0,0.2,0.1 0,0.2,0.1
Central Europe 0,0,0 0,0.3,0.5 0,0,0 0,0,0
HNFz High Scandinavia-Iceland, 1.6,2.2,19 | 08,2.2,1.7 [ 0,0,0 0,0.2,0
Trough Central Europe 0,0,0.2 0.7,0.6,0.6 | 0,0,0 0,0.2,0.1
HF2 Scandinavian High, Trough | 0.9,1.6,1.8 | 1.7,1.2,0.5 | 0,0, 0.1 0,0.2,0.1
Central Europe 0,0,0 0,0.2,0.5 0,0,0 0,0.1,0
™ Low (Cut-Off) over Central | 0,0.3,1.9 24,21,14 10,0,0 0,0,0
Europe 0,0.1,0 0.8,0.4,0.7 1 0,0,0 0.8,0,0




Anticyclonic

HFa Scandinavian High, Ridge 1.6,1.6,2.0 | 0.8,1.0,1.1 | 0,0,0 0.8, 0.6, 0.5
Central Europe 0,0,0 0,0,0 0,0,0 0,04,0.1
HNFa H.igh Scandinavia-Iceland, 0,0.3,0.6 0,0.8,0.6 0,0, 0.6 1.9,1.7,0.1
Ridge Central Europe 0,0,0 0,0,0 0,0,0.3 0,0.5,0.3
HNa Icelandic High, Ridge 3.6,2.8,2.2 | 09,23,1.7 | 0,0,0 0,0,0.1
Central Europe 0,0,0 0.5,0.1,0.1 | 0,0.1,0 0,0.1,0.1
Na Anticyclonic Northerly 2.0,1.0,11 | 2.0,1.0,0.6 | 0,0,0.2 0,0,0.2
0,0,0 0,0,0 0,0,0. 0,0,0.1
NWa Anticyclonic North- 0,0,0.6 0,0, 0.5 0.5,0.5,0.8 | 1.0,0.7,1.1
Westerly 0,0,0 0,0,0 1.9,0.4, 0.6
NEa Anticyclonic North- 09,1.7,2.2 | 09,1.2,1.7 0,0,0
Easterly 0,00 0,0,0.3 0,00
Wa Anticyclonic Westerly 0,0,0.2 0,0,0.2 04,1.7,21 | 04,2.2,2.5
0,0,0 0,0,0 0.8,0,0.3
Sa Anticyclonic Southerly 21,1.6,1.2 | 0.5,1.0,0.7 | 0 0,0,0.3
0,04,0 0,04,0.1 0,0, 0,0,0.1
SWa Anticyclonic South- 0.3,0.4,0.4 | 0.3,0.4,0.5 | 0,0.4, 1. 0,0.5,1.3
Westerly 0,0.2,0.1 0,0.2,0.1 0,0,0. 0,0.3,0.3
SEa Anticyclonic South- 1.8,1.8,1.3 | 0.6,1.5,0.8 | 0,0,0 0,0,0
Easterly 0,0,0 0,0,0.2 0,0,0 0.5,0,0
HM High over Central Europe 1.7,3.0,2.2 | 04,19,19 | 0,0,0.2 0,0,0.2
0,0,0.1 0,0,0 0,0,0 0,0,0
HB High over the British Isles 1.2,1.5,1.7 | 19,1.8,1.6 | 0,0.1,0.1 0,0.2,0.1
0,0.3,0.2 0,0,0.3 0,0,0 0,0,0
BM Zonal Ridge across Central | 1.9,1.4,1.2 | 1.9,1.2,1.1 | 0,0.1,0.4 0,0.1,0.5
Europe 0,0.3,0.3 0.2,0.2,04 |0,0,0 0,0,0




Figure S2. Meteorological condition and anomalies of PV and wind power on 1996-05-11.
Percentages are average values for Germany.
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Table S2. Percentage of 50 lowest and highest total production events for Germany in proportion of
cyclonic (C) and anticyclonic (A), 3 numbers in order for 1-, 7-, 14-day events as shown in Fig. 3.
The percentages were calculated by the number of days with that pair of characteristics, e.g.,
cyclonic and summer, against the number of days in 50 events (50, 350, and 700 days, respectively).

Lowest production events Highest production events
Installation Scale-2019 Scenario-2050 Scale-2019 Scenario-2050
Summer | Cyclonic 0-0-1 10-11-17 36 -21-12 32-15-7
Anticyclonic 0-6-4 4-4-8 2-1-3 8§-5-5
Winter | Cyclonic 40 —34 - 37 48-37-29 58 -65-60 50-60—-56
Anticyclonic | 60— 60— 57 38 —48 — 46 4-13-25 10-21-31




Figure S3. Frequency of occurrence of lowest total production events associated with 29 weather
patterns normalised by the corresponding frequency of patterns during the period 1995--2017. 50
lowest production events were selected for each duration 1, 7 and 14 days in winter half-year (in
full colours) and summer half-year (in pale colours, stacked). Result is shown for scale-2019 (a),
and scenario-2050 installation (b), and the different between scenario-2050 minus scale-2019
installations in winter (c¢) and summer (d).

Lowest total production

a

— 81

X scale-2019

L, 69

2

O 4

=}

(o

£ 2

b

— 8—

X scenario-2050

~ 91

2

U 4

=

o

(AP =n

C ..

o

=254 Difference inywinter

>

(9]

=

()

3

O

8

u- T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

d _

o

=954 Difference in summer

>

(9}

500 l_l e B . mlim I_l_l__lj_l | B -

5

]

UL-_z.S_ T T T T T T T T T  § T T T T T T T T T T T T T T T T T T T
N N N N N N N ; w E [as] N N N Z o © © © © [°] @© © © © E [a1] z
2EUN Y2222 EER2LEFEL22502R2 83283

= o o5

Il 1-day B 7-day WEm 14-day



Figure S4. Same as Figure S2 but for 50 highest production events.
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Figure S5. Meteorological progression during ten events of 14-day low total production in
Germany in winter (including the event in the manuscript) that listed in Table 1 in the manuscript.
Their central dates at 00:00 UTC of the 8" days of the events are marked by vertical dotted lines.
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Germany, 05 Dec 2008 (-18.80%)
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Germany, 01 Dec 2004 (-18.71%)
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Figure S6. Similar to Fig. S6 but for ten events of 14-day low total production in summer including
the event in the manuscript. Note that there are missing data on 1996-05-04 to 05.
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Germany, 02 Aug 2010 (-15.43%)
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Fig. S7. Weather conditions during the event December 2004 (a--d) and May 2007 (e—h)
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