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Zusammenfassung

Die Entwicklung des Erdklimas durfte eine der groten Bedrohungen fir Mensch
und Natur im 21. Jahrhundert sein, mit kaum vorhersehbaren und im Zweifel
auch irreversiblen Folgen fur zukinftige Generationen. Daher erscheint es uner-
lasslich, dass weltweit versucht wird, die sich abzeichnenden Herausforderungen mit
allen verfligbaren Mitteln anzugehen. Erhebliche Veréanderungen sind daher nétig,
insbesondere im Bereich des Ressourcenmanagements. Der Ubergang von fossilen
zu erneuerbaren Energien kann dabei eine wichtige Rolle spielen, einen Beitrag
zum Klimaschutz durch drastische CO, Reduzierungen zu leisten. Ein Schltssel ist
hierbei, die charakteristischen Eigenschaften der variablen erneuerbaren Energien
(VRE) unter gegenwartigen und zukunftigen kilmatischen Bedingungen besser zu
verstehen, um einen neuen Weg in Richtung CO,-freie Energiesysteme und eine
insgesamt nachhaltigere Welt einschlagen zu kdnnen.

Das damit einhergehende Forschungsfeld ist hochgradig komplex und interdiszi-
plindr. Energy Transition and Climate Change, ein Projekt der Universitat zu
Kdln, zielt beispielsweise darauf ab, einen interdisziplindren Rahmen fiir die Durch-
fuhrung verschiedenster Forschungsarbeiten in diesem Bereich zu schalend, aktuelle
Fragen zu beantworten und Neue zu erarbeiten. Die vorliegende Arbeit, als Teil
dieses Projekts, profitiert insbesondere vom Wissensaustausch zwischen dem Fach-
bereich der Meteorologie und der Wirtschaft. Im Rahmen des Projekts ergeben sich
drei Hauptstudien, die sowohl der Dissertation, als auch Teilen von Publikationen
dienen.

Studie | zielt darauf ab, die Licke bezliglich verfligbaren, zuverléassigen und um-
fassenden Windenergie-Datensatzen zu schlielRen, die fur sich anschlieBende Model-
lierungen des Energiesystems von Bedeutung sind. Hierflr wird ein neuer Langzeit-
datensatz simuliert, der Zeitreihen aller europaischen Windkraftanlagen beinhaltet.
Als Grundlage dient hierbei eine hochauflosende Reanalyse (COSMO-REAG6) des
Deutschen Wetterdienstes. Hierdurch soll zur Verbesserung und Vertiefung des
aktuellen Wissensstands bzgl. der einzigartigen VRE-Merkmale beigetragen und
deren mogliche Rolle fur Européische Energiesysteme besser verstanden werden.
Die Analyse der neuen Daten zeigt fur Europa und Deutschland eine starke Variabil-
itat der jahrlichen Windenergieproduktion, sowie der Auftretenswahrscheinlichkeit
von Extremsituationen. Dariber hinaus deuten die Ergebnisse auf hohe Potentiale
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von Ausgleichse ekten innerhalb Europas und insbesondere Deutschland hin. Dies
unterstreicht das vielversprechende Potenzial von VRE, um bei der Realisierung
einer Europaischen Energiewende zu helfen.

Reanalyseprodukte, wie beispielsweise COSMO-REAG, werden hau g als mete-
orologische Grundlage fur sich anschlieyende Energiesystemstudien genutzt, bei de-
nen hohe Anteile an VRE Technologien eine Rolle spielen. Da Reanalysen zum Teil
erhebliche Fehlerbereiche aufweisen, kommen Fragen nach deren Auswirkungen auf
Energiesystem-Modelle auf. Studie Il zeigt, dass sowohl die Energieumwandlungs-,
als auch Energiesystem-Modelle sehr sensitiv auf Anfangsfehler in den meteorol-
ogischen Eingangsdaten reagieren. Das gilt insbesondere bei hohen Anteilen an
VRE. In diesem Zusammenhang, konnen starke Auswirkungen auf die generelle
Zusammensetzung des deutschen Stromsystems, sowie Allokationse ekte von VRE-
Kapazitaten beobachtet werden. Eine solche Fehleranalyse ist neu im Bereich der
Energiesystem-Modellierung.

Schlieylich untersucht Studie Il die Auswirkungen des Klimawandels auf ein
vereinfachtes Europaisches Stromsystem, unter strengen Dekarbonisierungszielen,
zum Ende des 21. Jahrhunderts. Dabei liegt der Fokus auf E ekten in Bezug
auf VRE-Technologien. Hierfur werden Simulationen durchgefiihrt und verglichen,
die auf historischen und zukunftigen Klimabedingungen basieren. Datengrundlage
bilden hier Ausziige aus dem EURO-CORDEX Projekt. Die Simulationen zeigen,
dass sich das Gesamtsystem zum Einen an den Klimawandel durch ausgepragte
Verschiebungen der Anteile innerhalb der VRE-Technologien anpasst. Zum An-
deren konnen erhebliche lokale raumliche Verschiebungen von VRE-Kapazitaten
beobachtet werden, die das System umsetzt, um die Nachfrage bei gleichzeitiger
Erfullung des CQO-Ziels zu erflillen. Die Ergebnisse zeigen weiterhin, dass, obwohl
die europaischen VRE-Potenziale und ihre Variabilitat im Klimawandel-Szenario zu-
nimmt, keine wesentlichen Veranderungen im sonstigen Gesamtsystem (Systemkosten,
Verhaltnis zwischen VRE und Nicht-VRE Kapazitdten, Strompreis) statt nden.
Diese Anpassungsstrategie verdeutlicht die Notwendigkeit ausreichender Investitio-
nen in Netzkapazitaten, die Dringlichkeit eines gemeinsamen und gemeinschatftlichen
Europaischen Ansatzes als auch entsprechende notwendige Maynahmen in diesem
Bereich umzusetzen.



Abstract

The development of the Earth's climate is expected to be one of the greatest threats
to mankind and nature in the 21st century, with hardly predictable and perhaps
irreversible consequences for future generations. Hence, it appears essential that
societies worldwide try to tackle the emerging challenges with all possible means
and need to undergo substantial changes, in particular, for resource management.
Energy transition from fossil-based to renewable energies may play a major role
contributing to climate change mitigation via drastic CQ, reductions. Here, a key

is to better understand the variable renewable energies' (VRE) characteristics for
present and future conditions, in order to strike a new path towards COfree energy
systems and a more sustainable world.

The emerging corresponding research eld is highly complex and interdisci-
plinary. The Energy Transition and Climate Changeproject, hosted by theUniver-
sity of Cologne aims to establish an interdisciplinary framework to tackle various
research questions as well as to raise new ones. The present thesis is embedded
in the project and bene ts in particular from the exchange of knowledge between
meteorology and economics. Three main studies are related to the project and are
subject to this thesis, as well as in parts to publications.

Study | aims to reduce the gap of available, reliable and comprehensive wind
power data sets for follow-up investigations by generating a novel long-term Euro-
pean wind power time series based on a high resolution reanalysis by tRerman
Weather Service(COSMO-REAG). Hereby, the improvement of a comprehensive
understanding of the unique VRE power characteristics and their potential role for
energy systems in Europe is supported. Analyzing this data base reveals strong vari-
ations in annual wind productions as well as of frequencies of extreme situations in
Europe and Germany. In addition, results show high potentials of balancing e ects
within Europe and in particular for Germany, emphasizing the promising potential
of VRE to help realizing the energy transition.

Reanalyses products, such as COSMO-REAG, are often used as a meteorological
basis for subsequent energy system studies including high shares of VRE. Since
reanalyses contain considerable biases, the question of their impact to energy system
models arises. Study Il shows that energy conversion as well as energy system
models are highly sensitive to initial errors associated with the meteorological input
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data, in particular under high shares of VRE. In this context, impacts on the
overall composition of German electricity system as well as allocation e ects of
VRE capacities are observed. Such an uncertainty evaluation is a novelty in energy
system modeling.

Finally, Study Il investigates the impact of climate change on a simpli ed Eu-
ropean electricity system under strong decarbonization targets until the end of the
21st century. Here, the focus is on e ects with respect to VRE technologies. For
this purpose, simulations based on historical and future climate change scenarios,
under strong CGQ emission assumptions, from th&aURO-CORDEX project are
compared. Simulations exhibit, that the system on the one hand adapts to cli-
mate change by pronounced shifts within VRE capacities and on the other hand by
substantial local allocation adjustments, in order to ful Il the demand side while
meeting the decarbonization target. The outcomes further show that, although Eu-
ropean VRE potentials decline and their variability increases in the future climate
change scenario, no substantial changes in the overall system (costs, ratio between
VRE and non-VRE, electricity price) can be observed. This adaption strategy em-
phasizes the need for su cient investments in transmission capacities, the urgency
of a common and joint European approach and corresponding adequate actions
from this day forward.



Chapter 1

Introduction

1.1 Climate change risks & the role of variable re-
newable energy

Following the Intergovernmental Penal on Climate Change (IPCC, 2014), one of
the biggest challenges and threats for mankind in the 21st century appears to be
the change in observed and predicted climate conditions. Numerous recent and
ongoing research suggests that climate change leads to consequences concerning
many aspects of ecosystems as well as socio-economic related questions and may
cause irreversible damage (IPCC, 2014; Tobin et al., 2016). Increased risks of
climate change impacts, such as species extinction (Paci ci et al., 2015), ecosystem
shifts (Pecl et al., 2017), impairment of human health (Watts et al., 2015), sea level
rise (Neumann et al., 2015), intensi cation of extreme weather events (Forzieri et al.,
2016), e.g. heat waves (Schar, 2016), droughts (Teuling, 2018) and oods (Madsen
et al., 2014), are to some extent relevant on the global but also on the local scale.

The combination of global economic and population growth in the 20th cen-
tury and beyond are estimated to be the main drivers for the large increase in
the atmospheric greenhouse gas (GHG) emissions with respect to pre-industrial
decades (IPCC, 2011). This leads to the highest concentrations ever observed,
mainly for carbon dioxide (CQ,), methane (CH,;) and nitrous oxide (N,O) (IPCC,
2014). While e ects assigned to population growth remained constant in recent
years, the contribution allocated to economic growth experience a strong enhance-
ment. According to the IPCC (2014), it is extremely likely that the increase in
anthropogenic GHG emissions represents the dominant cause (more than 50%) of
the observed global warming since the mid-20th century (1951-2010). Pervasive sup-
ply of energy services has substantially contributed to these historical and present
changes in GHG emissions. The IPCC nds that, in particular, fossil fuel combus-
tion accounts for the majority of these anthropogenic changes (IPCC, 2014).

A continuing evolution of current GHG emissions is expected to foster further
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global warming in the future, leading to associated perseverative changes for all
climate system components with an increased likelihood of severe and irreversible
impacts and risks for human systems as well as ecosystems (IPCC, 2014). In con-
sequence, substantial near future changes, such as sustained pronounced reductions
of GHG emissions, are necessary in order to limit future climate change and a li-
ated impacts and risks, as claimed for example by the International Energy Agency
(IEA, 2011). For instance, a successful realization of the Paris climate agreement
which aims "to strengthen the global response to the threat of climate change by
keeping a global temperature rise this century well below 2 degrees Celsius above
pre-industrial levels" appears to be a distant prospect, since under current mitiga-
tion ambitions annually averaged global temperature is expected to rise by 28

3.4 C towards the end of the 21st century (in relation to pre-industrial conditions)
(IPCC, 2018).

Several recent studies highlight the possibility and various pathways towards
fully renewable and sustainable energy systems (Pleymann et al., 2014; Connolly
et al., 2016; Papaefthymiou and Dragoon, 2016), which may potentially contribute
to the required adaptions in order to mitigate climate change and its consequences.
Hereby, power generation by variable renewable energy (VRE) technologies, such as
wind and solar power plants may play a key role for the mitigation solution (Deng et
al., 2012; Connolly and Mathiesen, 2014). Additionally, Bloomberg (2018) mentions
that cost-optimal electricity systems are increasingly based on VRE generation
technologies, triggered by recent cost reductions of VRE power plants as well as
enhanced awareness and regulation of environment related aspects.

VRE based power generation is highly exible and exhibits pronounced vari-
ability on multiple spatio-temporal scales due to the highly variable nature of the
associated resources, being near surface wind speed and solar radiation (Perez et al.,
2016; Ueckerdt et al., 2015; Monforti et al., 2016; Sta ell and Pfenninger, 2016).
Therefore, with rising shares of VRE power supply, the dependency of power pro-
duction on weather and climate related aspects increases signi cantly. Enhanced
variability of large parts of the power supply side sharpen the challenge concerning
security of supply and system reliability (Lund et al., 2015; Peter and Wagner,
2018). Hence, it appears crucial to understand VRE characteristics on short to
long-term scales in order to estimate their potential contribution to an energy tran-
sition triggered by policies regarding decarbonization targets. Furthermore, on one
hand climate change is a major motivation for large VRE expansions, on the other
hand it may in uence and alter energy yields from these renewable sources to a

LAt COP 21 in Paris (12 December 2015), the Paris climate agreement emerged within the
international environmental agreement United Nations Framework Convention on Climate Change
(UNFCCCQC), https://unfccc.int
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signi cant extent in the future. The conservation of the future energy systems'
capability implies an adequate adaptation to changing conditions and, therefore,
requires a sophisticated analysis of climate change related e ects on these systems
(Peter, 2019).

1.2 Contributions within this thesis

The following Sections contain an overview and a detailed introduction to the stud-
ies carried out in the scope of this thesis. They aim to contribute to existing research
by investigating VRE characteristics under historical and future climate conditions
in Europe.

Study |

This study is related to the publication inENERGY in 2018 with the title "The ben-
e t of long-term high resolution wind data for electricity system analysis{Henckes
et al., 2018).

As mentioned before, renewable energies such as wind and photovoltaics (PV)
are recently gaining major signi cance for energy systems world-wide. For example,
Europe's wind capacity increased from 41 GW (6% share) in 2005 to 154 GW (16.7%
share) in 2016 (WindEurope, 2017). To understand and anticipate future energy
systems, the VRE contribution and inherent unique characteristics, e.g. short- and
long-term variability, have increasing importance. For instance, regarding the reli-
ability of energy systems distinct low or high VRE power supply situations play an
important role. Low VRE generation cases trigger the need for conventional plants,
compensating the missing capacity for a stable demand satisfaction. In contrast,
very high VRE supply might lead to increased pressure on the electricity grid, forc-
ing transmission system operators (TSOs) to regulate the grid load by powering
down certain suppliers. Both cases contribute to additional cost and planning un-
certainties for all market participants (Hirth et al., 2015; Wu et al., 2015). A better
understanding of the VRE characteristics could reduce these cost and uncertainties
to a signi cant extent. Since wind and solar radiation are spatially highly variable,
it is crucial to derive high resolution data for accurate follow-up analyses such as
electricity dispatch and investment models, transmission grid expansion or security
of supply analyses.

At least two major challenges arise. First, while wind and PV employment ex-
perience rapid expansions, the availability of historical VRE production data for
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analyses and predictions are insu cient. Necessary empirical long-term observa-
tions of VRE production for large numbers of installed capacities are scarce. Data
for individual production sites might be publicly available. However, time series
for a high share of the wind and especially PV eets in an entire country like
Germany or even the European Union are unfortunately missing for such analyses
and research. Therefore, simulations of VRE time series are required incorporat-
ing long-term and high resolution meteorological input with current and expected
future wind and PV plant eets. However, this in turn leads to the second issue.
Historical meteorological observations of wind speed and solar radiation are lacking
either high spatio-temporal resolution, the long-term scale or sparse spatial coverage
(Sta ell and Pfenninger, 2016; Henckes et al., 2018; Cannon et al., 2015). Perform-
ing simulations at locations matching exactly with operation sites even complicates
the data supply, since observation and production sites usually would not coincide.

A variety of recent studies are applying wind input data from di erent reanalysis
products to tackle these issues (Gunturu and Schlosser, 2012; Cosseron et al., 2013;
Hallgren et al., 2014; Ritter and Deckert, 2017; Sta ell and Pfenninger, 2016). They
are systematic approaches to generate long-term data sets on a homogeneous grid
for climate research by combining assimilation schemes for historical observations
with atmospheric circulation models. However, most studies focus only on single
countries, reveal comparably low resolutions or lack an advanced level of detalils, in
particular, concerning the energy conversion process. Sta ell and Pfenninger (2016)
for instance use the Modern-Era Retrospective Analysis (MERRA) by the National
Aeronautics and Space Administration (NASA) to model long-term wind power
time series in Europe. Besides a su ciently high temporal resolution (hourly) for
VRE related aspects, the MERRA reanalysis has a comparably coarse spatial grid
of approximately 50 km in Europe, since sub-grid scale e ects might be important
to local wind and solar conditions (Liléo et al., 2000; Carvalho et al., 2014).

The work carried out in the scope of this thesis contributes by developing a novel
energy conversion model and its application to a unique state-of-the-art reanalysis,
bringing along a high spatio-temporal resolution and a long time horizon of 20
years. In combination with a location speci ¢ European wind park data set, a high
resolved long-term wind power time series is generated on a high level of details.
The resulting database allows to further address the following questions in Study |I:

How is the European wind power characterized? Is it possible to determine a
representative wind power year for further investigations?

How pronounced is the potential of balancing e ects related to wind power in
Europe and on a national scale in Germany?
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Study Il

This study is subject to the article "Uncertainty Estimation of Investment Models
under High Shares of Renewables using Reanalysis Data" by Henckes et al. (2019)
submitted to ENERGY in April 2019 and will closely follow this work.

As outlined previously, to tackle the issue of the insu cient availability of reliable
long-term VRE power production data, many studies are making use of reanaly-
sis products serving as the meteorological basis for VRE representation in energy
system modeling (Andresen et al., 2015; Bett and Thornton, 2016; Ritter and Deck-
ert, 2017). Besides the advantages of reanalyses, questions about e ects of their
potential errors on modeling outcomes arise.

As it has been observed in many studies (Bollmeyer et al., 2015; Kaiser-Weiss et
al., 2015; Sta ell and Pfenninger, 2016; Rose and Apt, 2015) and con rmed by this
study (Section 3.1.2), reanalysis products show signi cant uncertainties (e.g. biased)
to di erent extents, depending on the estimated quantity. Sta ell and Pfenninger
(2016) for instance highlight the urgency for wind power production studies to
consider calibration with respect to reanalysis biases. However, when it comes to
energy system modeling, these errors are usually omitted (Peter and Wagner, 2018;
Huber et al., 2015; Dolter and Rivers, 2018) and, hence, their potential impact to
model results is not considered. The topic gains even more importance for future
energy systems, since VRE expansion and shares are expected to strongly increase.
In general, the matter of uncertainties in a sense of error estimation in this eld of
research appears to leave room for several further investigations and improvements.

Therefore, the approach of this study has the objective to give rst insights
on potential uncertainties introduced by reanalysis errors and their impact on the
a liated model chain. The approach follows the idea of focusing on the overall
range of potential errors rather than quantifying uncertainties of actual real case
scenarios. The analyses related to Study Il attempts to answer on three main
questions:

What are potential error sources associated with VRE power modeling?

What are the sensitivities of the applied power conversion models (wind and
PV) with respect to these estimated errors? What are the most dominant
parameters?

What are the impacts of these uncertainties on future energy system simula-
tion results regarding the dominant parameters?
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Study |11

This branch within the framework of this thesis has the objective to comprise the
developed methods in order to simulate projections of future energy markets in
Europe under high shares of renewable energies. As recent economic and political
developments world-wide and, in particular, in Europe reveal, contributions of re-
newable energies to the total energy mix will play a central role (e.g. Connolly et al.,
2016). With expansion of VRE technologies, however, uncertainties for the energy
system increase due to the variable nature of wind and PV energy (Boyle, 2009;
Beaudin et al., 2010; Bessa et al., 2014). In consequence, this leads to stronger
challenges regarding energy system related aspects, for instance, security of supply.
At the same time, global climate is expected to go through signi cant changes in the
future, as described earlier. Since these changes might vary essentially between con-
tinents or single countries (e.g. IPCC, 2014), some regions could experience strong
implications to their potentials of wind and solar related energy generation. As
such, the world-wide wind energy potential is expected not to change signi cantly
on average, but climate projections indicate an overall decrease for Europe (e.g. To-
bin et al., 2016). In addition, the variability on di erent time scales is also expected

to change, a ecting, for instance, the need for conventional backup capacities. With
respect to these assumptions, the following question emerges: what is the potential
impact of local climate change to the European energy markets?

The topic combines complex processes from various research elds. Therefore
the aim of this study is to keep track on the overarching goal to combine mete-
orological and economical aspects without getting lost in details and to keep the
entire framework as simple as possible in order to focus on the impact of climate
change to VRE sources. For instance, various studies examine the impact of climate
change on wind or PV energy sources in detail only for single European countries
(e.g. Najac, 2014; Nolan et al., 2012; Cradden et al., 2017) or even for the entire
European continent (e.g. Reyers et al., 2016; Tobin et al., 2016; Moemken et al.,
2018), but would not investigate the subsequent implications for the local energy
markets. This has been done by some recent studies, applying future projections
from global climate models to energy system modeling (e.g. Tobin et al., 2018; Pe-
ter, 2019). However, they concentrate on the economical point of view and try to
implement as many details of the entirety of the energy system as possible, while
meteorological details are slightly neglected.

This study, in contrast, aims to give rst insights on the potential impact of
climate change on Europe with a focus on VRE sources as well as the a liated
electricity sector. Here, the main objective is to analyze potential future changes
with respect to each step of the necessary model chain in detail from changes in
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wind speeds and solar radiation over their impacts on European VRE potentials
to nal changes in the European energy system. For this purpose, the modeling
approach is kept as simple as possible. By intentionally omitting certain processes
and details, the resulting signals are further isolated, so that cause and e ect can be
related more easily. For instance, climate change might also a ect other aspects of
the energy systems as pointed out by (e.g. Peter, 2019), such as cooling water avail-
ability for thermoelectric power plants (Tobin et al., 2018), hydro power potentials
(Schlott et al., 2018) or electricity demand (Wenz et al., 2017).

The overall approach of Study Il is to compare future European energy systems
under both, present-day climate and future changing climate conditions. For this
purpose, VRE time series for both climate conditions are generated by applying the
developed energy conversion model to outcomes of global climate model simulations.
By the development and application of a clustering scheme, as well as an energy
system model, the impacts of climate change on the European electricity system
towards the end of the century are examined.

Structure

Research and analyses within this thesis are closely related to tBeergy Transition

and Climate Change (ET-CC)project?, being part of the Institutional Strategy of

the University of Cologne funded by theExcellence Initiative Since the subject

of renewable energies with respect to energy transition triggered by future climate
changes and their impact on energy markets requires cooperation of various di er-
ent research elds and disciplines, the ET-CC project aims to provide an interdis-
ciplinary framework, which contributes to relevant ongoing research. Hereby, the
objective is not only to work on open research questions, but also to understand the
connection between the various participating disciplines and, from this, to address
emerging questions concerning renewable energies, energy transition and climate
change which can only be answered in close collaboration between, for example,
meteorology, economics and informatics. For that matter, the project brings to-
gether expertise from various institutions, such as thinstitute for Geophysics and
Meteorology (IGM)? and the Institute of Energy Economics (EWI)*. With the out-
lined studies, this thesis tries to contribute to the projects interdisciplinary research
by three major topics:

Study I: What are the present main characteristics of wind power in Europe
and Germany?

2http://et-cc.uni-koeln.de/project.html
3http://www.geomet.uni-koeln.de/home/
“http://www.ewi.uni-koeln.de/
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Study II: What is the impact of VRE uncertainties on outcomes of energy
system models?

Study IlI: What are the climate change impacts on European energy markets
by the end of the 21st century under high shares of VRE?.

All three investigations share and apply parts of tools and methods developed
and described in Chapter 2. Chapter 3 outlines the combination and application
of these tools and methods as well as the necessary input data sets used for the
respective study. This is followed by Chapter 4, describing the respective results
for Studies I-11l. Chapter 5 concludes with a discussion of the emerging results and
provides an outlook.
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Chapter 2

Theory

2.1 Renewable Energy Output Model

In the scope of this thesis, the Renewable Energy Output Model (REOM) is devel-
oped: A tool which creates historical and future VRE power production data sets
for given wind speed and radiation data and installed plant capacities in a certain
domain. Applying the model to high resolution input data sets such as meteorolog-
ical reanalysis leds yields spatially and temporally accurate VRE generation time
series. Section 3.1.2 discusses reanalysis data sets in detail. REOM is highly exible
at any stage of transition from input resource quantity, i.e. wind speed and solar
radiation, to the actual power generation output by a certain power plant eet.
For instance, it is possible to switch between di erent interpolation schemes or to
choose the level of details considered for the calculations. Another key feature of
the model is the ability to handle any level of spatial and temporal resolution. The
following Sections 2.1.1-2.1.2 depict the model Equations, structure and di erent
settings as well as all crucial details of REOM.

2.1.1 Energy conversion

The REOM model core incorporates one wind and one PV model to derive the
conversion from the environmental quantity to electrical power supply of a given
plant facility. These are processed for every plant and time step contained in the
simulation.

Wind model

Following Henckes et al. (2018), the power outpuP,, of a single wind turbine at
a known location for given instantaneous wind speeds at hub heigh,, is derived
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by the Equation 2.1, also called power curve:

8
0; Vhub < Vin;
} 2Cp hub Vi v Vi <V
- u hub? in u rs
Pout = _ 2 (2.1)
% Cplant ; Vy Vhub < Vout s
’ 0; Vhub Vout -

On the meteorological side, the power output depends on the wind speegd, and
air density py, at hub height of the rotor. The rotor diameter R, e ciency c,,
capacity Cyane, cut-in wind speedvi,, cut-out wind speedv,, as well as rated
wind speedv, are determined by the specic turbine type. Equation 2.1 shows
that a wind turbine produces energy as long as wind speeds at turbine hub height
Vhup Fange between the cut-in and cut-out point. With wind speeds higher than the
rated speedv, this is accomplished at a maximum rate the capacity of the turbine.
Between cut-in and rated speed the power production is mainly proportional to the
cubic wind speed at hub height. Below;, the unit would not produce any power
due to the mechanical inertia of the turbine. Also, it stops for wind speeds higher
than v, due to technical limitations and security issues.

Due to the cubic dependency of the power output to the wind speed at hub
height in Equation (2.1), it is crucial to have highly accurate wind input data.
The wind input data is obtained on a consistent grid de ned by the meteorological
input data set. As the grid points on the horizontal and vertical level usually do
not coincide with the wind park position and hub height, three steps are necessary
to get the wind speed at the speci ¢ turbine spot. First of all, the absolute values
at each grid point need to be calculated from the horizontal componentx and vy
of a gridded wind eld by

i=1;::m
q -
Vigk = WGy + VY2 j=1;:5n (2.2)
k=1;:p

wherei, j and k are the grid points in X, y and z-direction. As a second step the
absolute wind speeds are horizontally interpolated from adjacent grid points to the
exact speci c turbine or wind park location. Di erent interpolation schemes are
o ered in REOM. Beside a bilinear interpolation, the inverse distance weighting
method (IDW) is featured. For the studies designed in Sections 3.1-3.3 the latter
is applied accounting for the exact distance of the known grid point values to the
unknown wind park location values, using distance weights. The interpolated wind
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speedv at point P is given by

8 P N
v(p) = Ly W(pi) - d(pip) (2.3)
" Vv(p) ,d(p;p) =0

with

q
dip;p) = (Px  Pxi)?>+(py  Byi)?

being the distance between the interpolation poinp and the gridded sampling
points p;. The corresponding weight is expressed by

w = d(p;p)

where , the power parameter, is set to 2.

Finally the horizontally interpolated wind speeds need to be vertically interpo-
lated, respectively extrapolated to the adjacent hub height. This can be obtained
in various ways. The two most common approaches apply the logarithmic wind
pro le or the Hellmann exponential law (power law) to extrapolate near surface
(e.g. 2m or 10 m) wind speeds to the desired height (Andresen et al., 2015; Hueg-
ing et al., 2012; Reyers et al., 2016; Tobin et al., 2014). The vertical wind pro le
may only in some cases follow a logarithmic pro le depending, for instance, on the
atmospheric stability conditions. A resulting disadvantage is therefore the inher-
ent inability to reproduce the vertical wind pro le at any time and time scale due
to di erent prevailing atmospheric stability conditions (Stull, 1988; Kaimal and
Finnigan, 1994; Motta et al., 2005). Extending the logarithmic pro le by stability
correction terms would be a possible solution to this problem (Stull, 1988; Manwell
et al., 2009; Rose and Apt, 2015). However, in addition to the wind elds, several
other variables would be necessary to account for atmospheric stability, increasing
the model complexity signi cantly (Stull, 1988). The second approach, the power
law, is widely used for engineering and wind energy applications due to its mathe-
matical simplicity: the ratio between the wind speeds,, at hub height and v, at
a reference height near the surface are equal to the ratio of these heights raised to
the power of the Hellmann exponent :

Zhub
Vhub = Vref . (2-4)
ref

According to Emeis and Turk (2007), Equation 2.4 o ers a nearly perfect t to the
corrected logarithmic wind pro le under stable conditions for certain surface rough-
ness conditions and a good approximation under neutral and unstable conditions
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in the limit of very smooth surfaces. REOM features both extrapolation schemes,
bringing along the advantage of moderate input data requirements (e.g. only one
level of 2-dimensional wind speeds necessary). As a third option, REOM o ers the
possibility to use a vertical interpolation between di erent wind speeds at di erent
model layers obtained from the input data set. For this purpose, wind speeds of the
rst vertical levels are taken as sampling points for a 3rd order t, which is used
for an interpolation from the closest level to the actual hub height. Certainly, in
order to apply the latter scheme the meteorological input data set needs to contain
vertical resolved wind speed data.

PV model

Following Quaschning (2011) the ideal power output of a PV modulBg igeas CaN
be estimated by the product of the module's areA 4, € ciency and the global
solar radiation on a tilted plane Gl :

Pout;ideal = Amod Giicl)tt: (2.5)

Due to various e ects of energy loss, the power yield of a PV module is actually
lower in reality as depicted in Equation 2.5. Amongst others, Quaschning (2011)
mentions the following e ects contributing to the power loss:

e ciency decline due to module warming and part load operation,
re ection losses,

change of e ciency due to spectral e ects,

soiling and snow,

shading,

conduction and diode losses.

Thus the so called performance ratio of a PV modulB; is implemented to yield
the real power output Poytreal :

Pout:real = Pr Pout;ideal - (2.6)

Multiplication of the module area by the e ciency stc of the module at Standard
Test Conditions (STC) and the global solar radiationGit. yields the theoretical
capacity of the moduleC:

- tilt
C= Amod STC GSTC
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Equations 2.5 and 2.6 can then be rearranged to

2 3
tht
Poutiea = Pr 4C Gtitl?t > (2.7)
STC STC

The e ciency depends on the module's actual temperatur€,,,q and the temper-
ature at Standard Test ConditionsTstc (Mack et al., 2013):

= gtc 1 Tmod  TsTC (2.8)

where is the temperature coe cient in units of C . In Equation 2.8 it describes
the loss in e ciency, and hence power loss, the module is facing pet increase in
temperature. Troqg IS @ function of the global solar radiation on the tilted plane and
the ambient air temperature T,,, and given by:

tilt

G
Tmod = Tom + Cr Gti}?t (2.9)
STC

The proportionality factor cr is a constant temperature and depends on the speci c
location of the PV module ranging from 22C for complete elevation free spots
to 55 C for facade integrated non-ventilated solutions (Quaschning, 2011). It can
be seen as the temperature surplus the module faces compared to the STC case
(Equation 2.9). Actually ¢cr depends on the ambient wind speed accounting for
a cooling of the module by the wind. For simplicity and the fact that the local
situation and speci ¢ module characteristics are often unknown in large PV facility
data sets, the same is set for all data set members.
Finally, Equation 2.7 requires the feed-in of the global solar radiatio{ on

the tilted plane, which is de ned by the sum of the two solar radiation compo-
nents, direct Gl and diuse G, as well as a part re ected by the surfaces!t
(Quaschning, 2011).

Gt = Gar *+ Gii + Gres (2.10)

ref

First, the direct radiation on the tilted plane in Equation 2.10 can be calculated
given the direct solar horizontal radiationGf%", an estimate of the solar incident
angle on the tilted plane ; as well as the actual sun's zenith angle:

COS it

Gtilt — hor
sin ¢

dir — dir

(2.11)

The incident angle on the tilted plane can be estimated by using the sun's zenith
s and azimuth angle ¢ as well as the module's tilt angle ,, and azimuth angle
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fit = arccos COS sSin cos( s m) +Sin §COS

Second, the estimation of the diuse fraction on a tilted plane in Equation
2.10 is more complex than for the direct part. According to Quaschning (2011)
an anisotropic approach reveals signi cantly increased accuracy in contrast to the
rather simple isotropic ones. They take into account that the radiation density
might vary substantially with di erent cardinal directions, in particular for clear-
sky cases. In Chapter 3, two di erent anisotropic schemes are applied and compared

one approach by Klucher (1979) and one by Perez et al. (1986). For the Klucher
model (KM), the di use solar radiation on a tilted plane is derived by:

Gt = Ghor 5 1+tcos m 1+F S|n37m 1+ Fcog g cos (2.12)

with 0 1
Gh_or 2
@ dif A :

F=1
Gl

The more accurate but also more computationally expensive approach compared to
Equation 2.12, is the Perez model (PM). First of all, the clear-sky index and the
lightness index are derived:

0 A A . 10 1,
Ggt' + G sin
e e e R VL B M 213)
I
G
= __ —df 2.14
sin ¢ Egq ( )
with the constant = 1:04], the incident angle on the horizontal plane o, and

the solar constantE,. By using Equations 2.13 and 2.14, both, the lightness index
for the horizon and for the sun's near ambience, can be calculated:

Fi=Fu()+ F() + Fui() ho
Fo=Fa( )+ F2() + F23()  hor (2.15)

The constants F;;-F,3 in Equations 2.15 are assembled in the Appendix, Table
C.1. Here, Perez et al. (1986) distinguish between eight di erent clear-sky classes.
Finally, the indices F; and F, as well as

a=max(0;cos )
b= max(0:087;sin )
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yield the di use solar radiation on the tilted plane:

. 1 _
Gir = Gai 5(L+cos m)(1 F1)+% Fi+sin n F (2.16)

Since analyses in Chapter 3 show that the di erences between the schemes of KM
and PM are neglectable concerning long-term energy production simulations and
by comparing their complexity, only the KM is implemented in REOM and used
for upcoming simulations.

Third, for the re ected solar radiation on the tilted plane G in Equation 2.10,
an isotropic approach is su ciently accurate:

tilt — hor
Gref - Gtot sfc

NI =

1 cosp: (2.17)

The surface albedo . is de ned as the ratio of re ected radiation to the received
radiation by the surface. Therefore, it's dimensionless value is determined by the
surface type and characteristics and ranges between 0.05 for certain forests and up
to 0.9 for fresh snow covers. If the surface type, and hence albedo, in the vicinity
of the PV module is unknown a value of 0.2 is commonly set over land.
Many available meteorological data sets only supply the total solar radiation on
a horizontal plane G{S'. However, to derive the total solar radiation on a tilted
plane required in Equation 2.7, it is necessary to di erentiate into direct and di use
radiation parts (see Equations 2.11, 2.12 & 2.16). This can be accomplished using
statistical relations (Quaschning, 2011). Using hourly values @{S" and the solar
constant Ey as well as the sun's zenith angles, the factor kr in Equation 2.18 can
be derived by
Ghor
k= ot
Eo sin ¢
The diuse and direct fractions are then estimated applying Equations 2.18 and
2.19:

8
g GO 1:020 0:254 kr +0:0123 sin § ; kr 03
Ghor = : Gl 1:400 1:749 kr +0:177 sin s ; 0:3<ky <078 (2.18)
TGl 0:486 ky  0:182 sin ¢ ; kr 078
Gir = Gt Gay (2.19)

To obtain radiation time series at all operation sites, the values incorporated in
the meteorological data set need to be interpolated from the underlying grid to the
speci ¢ locations. This is processed equivalent to the previously discussed wind
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model.

2.1.2 Model structure

As illustrated in Figure 2.1, REOM consists of ve main modules, namelCAPS,
GEO, FIELDS, INTP and ENERGY. A central con guration le controls which
modules to run as well as all input and simulation settings. The former three
modules gather and assimilate input data and settings, IINTP variables are inter-
polated and extrapolated, andENERGY builds the actual REOM core processing
the energy conversion.

Figure 2.1: Schematic illustration of the REOM model.

CAPS

This module prepares all necessary information for the VRE plant eets as out-
lined in Section 2.1.1. These include site coordinates, altitudes and locations (on-
shore/o shore), commission dates (date when a plant started to produce power)
and total capacity as well as the manufacturer and plant type. In addition, specic
turbine characteristics like rotor hub height and diameter, cut-in, cut-out and rated
wind speed are assembled in case of wind parks. Whereas in case of PV plants,
plane tilt and azimuth angle are set as well as the module's speci c temperature
factor, performance ratio, e ciency and temperature at Standard Test Conditions
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(STC). For all plant speci ¢ characteristics, it is possible to determine whether an
existing data base or constant values are processed. Furthermore, REOM provides
di erent handling options for missing data, i.e. whether to take average values or
prede ned constants. As part of the country loop,CAPS provides information and
characteristics of every individual VRE operation site for all countries set in the
con guration le.

GEO

In GEO the domain, geographical and meteorological 2-D elds are imported and
processed for every country. For instance, the meteorological grid is coupled to
the boundaries of participating countries to reduce all following input elds to the
required domain. Surface altitude, albedo and the vertical coordinate are also read
from the meteorological data set.

FIELDS

The next step is to read and prepare all the meteorological 2-D and or 3-D elds
of all required variables. These include the wind speed, surface temperature and
solar radiation. Depending on the chosen meteorological data set and vertical ex-
trapolation scheme, the wind components of either only the rst or the rst ve
vertical levels is read. Using Equation 2.2 yields the wind speed time series. In case
of radiation, the input data set determines whether the global horizontal solar radi-
ation on the horizontal plane is processed or the two components separately, being
direct and di use radiation. The con guration le determines the time horizon for
which REOM simulates the energy output. Hence, all variables are extracted for
the de ned time period and spatial domain (including all countries).

INTP

For both, the wind and solar radiation resourcéNTP interpolates the variables hor-
izontally from the meteorological grid to all operational sites using the interpolation
scheme according to the con guration le. In case of wind, a vertical extrapolation
scheme is applied afterwards yielding the wind speed at required hub heights.
Depending on the availability of the solar radiation quantities in the meteoro-
logical data set, Equations 2.12 and 2.11 might be applied to separate the radiation
fractions from the global solar radiation. Since radiation is so far referred to a hori-
zontal plane, the KM is used for the conversion to a tilted plane. This is followed by
derivations of the re ected part applying Equation 2.17 (incorporating the surface
albedo) and nally the global solar radiation on the tilted plane via Equation 2.10.
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ENERGY

This module is the main core of REOM since the conversion from the meteorological
resource to power output by a power plant is processed. For wind, the power curve
relation (Equation 2.1) is applied, whereas Equations 2.7-2.9 are used to model PV
modules.

REOM o ers the option to run a simulation in "live" or " xed" mode (set in the
con guration le). The former means that the actual commission dates are taken
into account for all time steps prior to the commission date of a plant the power
output is set to zero. In contrast, when the model runs in " xed" mode, a reference
date is prede ned in the con guration le by the user. In this case, only outputs of
plants which started prior to that reference date are taken into account. Therefore,
in " xed" mode the plant eet is the same for any given time step in the simulation.
This is very useful when di erent time steps or periods are compared, e.g. if the
question is whether 1995 was a rather good or bad VRE year compared to other
years: Since in 1995 there were almost no wind parks or PV plants installed in the
European Union (EU) compared to, e.g. 2014, the "live" mode would not be able
to generate comparable years.

Finally, the outcome of a full REOM simulation contains VRE (wind and PV)
output time series for each operation site in the pre-de ned spatial domain and
for the entire time period. Both, the maximum spatial and temporal resolution is
determined by the meteorological input data set, but might be decreased by the
user. REOM writes output les on a daily, monthly or yearly basis and for each
country separately. The model is implemented iMATLAB * and is able to run in
MATLAB's parallel mode (country loop).

As a very last step, the power production time series is converted to a time
series of so called capacity factors (CF). This quantity is obtained by normalizing
the total sum of power productionP of an operation site at all time steps with
its capacity value C multiplied by the respective considered time period t:

P
t Pt

CF=_—-—:
C t

The capacity factor is unitless (mostly given in %) and can be interpreted as a
measure of the e ciency and capacity utilization of a power plant. Hence it is a

very useful parameter for comparisons of di erent plants as well as di erent power
production technologies. Typically, investigations deal with yearly production val-

ues, which gives rise to another quantity of interest the so called full load hours

IMATLAB is developed by MathWorks. In the rst place it is a numerical computing environ-
ment and programming language. www.mathworks.com
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(FLH). The FLH value of an operation site estimates how many hours the facility
theoretically has to be operated at full capacity to gain the same annual power
yield: the capacity factor is simply multiplied by 8760 h to obtain the FLH of an
operation site. In conclusion, both parameters supply the same information.

2.2 Clustering algorithm

To model an energy market system for one entire year, the system of Equations (e.g.
see Section 2.3) is fed with time series of wind and PV energy as well as demand
for example, with an hourly resolution that would lead to three times 8760 of
data points. Investment models often even simulate time periods of several years
or decades, increasing the amount of data and hence set of Equations dramatically.
Applied to these kinds of systems, even a very simpli ed investment model would
need high amounts of computational costs. Therefore, in many cases it is crucial to
reduce the dimensions of the model (set of Equations). This can be accomplished

by decreasing the spatial and or temporal resolution of the VRE input data. For
instance, the resolution within a day can be reduced to 3, 6 or even 12h. Regarding
the spatial dimension, an option would be to decrease the number of horizontal grid
points taken into account. However, in many cases these solutions might not be
e ective enough. In addition, in most of the studies, wind and PV time series are
even accumulated for an entire country (e.g. Gils et al., 2017; Dominkovi¢ et al.,
2016; Cebulla et al., 2017). This might have a great impact on the computational
costs but at the same time signi cant uncertainties might be introduced concerning
VRE pro les due to the coarse accumulation step.

Hence the objective is to reduce the complexity of the system and at the same
time not to loose too much information regarding important characteristics con-
tained in the original input data. One way to tackle these problems is the appli-
cation of cluster algorithms (Merrick, 2016). Such an algorithm tries to nd a set
of unique clusters (characteristic subsets) inside the complete data set, containing
data points or time series (e.g. days) as similar as possible. In other words, the
complete data set is divided into groups with members of similar characteristics.
As a next step, one representative data point or time series needs to be derived
from each cluster. For instance, this can be the average of a cluster or one specic
cluster member.

In the scope of this thesis, cluster methods are developed for either, the spatial
and temporal scale as well as a combination of these. Figure 2.2 illustrates the
implemented method depicted in detail in the following. The spatial clustering is
supplied by a VRE time series with certain locations and for a de ned time period.
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Figure 2.2: Schemaitic illustration of the clustering method and its
pathways.

As an output of REOM, a VRE matrix would usually have the dimensions:

N locations N days N hours -

To process the algorithm, it needs to be reshaped so that the locations are still
represented by the rows (cluster dimension) and the time steps by the columns:

Nlocations Ndays Nhours :

The output of the clustering algorithm will be characteristic and unique groups
or clusters of locations which are similar to each other, i.e. a set of representative
regions. Note that the spatial clustering is applied separately for di erent VRE
sources leading to potential di erences in the regional partitioning concerning
wind and PV energy.

Concerning temporal clustering, the wind and PV as well as the energy demand
time series need to be merged in a rst step as the characteristics of each time step
are depending on all three quantities in energy system modeling. Similar to the
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spatial case, a reshape of the clustering matrix is necessary. In order to generate
typical characteristical days (from now on called typedays), the day-dimension is
object to the clustering algorithm. Therefore, this time rows represent days, leading
to the following matrix:

Ndays Nlocations I\lhours 3:

Note that the number of 3 appears due to the three time series merged in the
beginning. As a last step, the output matrix needs to be separated again yielding
diurnal time series for wind, PV and demand respectively. In other words, the
temporal clustering generates distinct typedays containing diurnal pro les of all
three quantities.

The clustering routine is developed in MATLAB and provides, as indicated in
Figure 2.2, three pathways:

i. temporal clustering only!  full location grid & typedays,
ii. spatial clustering only!  region cluster & entire time series,
iii. spatial & temporal clustering !  region cluster & typedays.

For the latter, the output of the spatial clustering step is serving as an input for
the temporal clustering. In all cases, the actual algorithm can be selected between
ward and k-means (MATLAB functions "ward" and "k-means"). They are set to
use the Euclidean distance as a measure and, in cas&-ofieans a maximum of 100
iterations is chosen. Both schemes provide the possibility to pre-de ne the actual
number of clusters (i.e. typedays or regions). Therefore, the clustering routine
o ers two options using either xed cluster numbers or identifying the optimal
cluster numbers (only valid for spatial clustering). The latter is implemented by
evaluating the silhouette scores while iterating the number of clusters (MATLAB
function "eval"). The higher the score, the closer to the optimal number of clusters.
As mentioned before, the developed routine provides two ways of extracting a

representative R of each clusterc, namely "average" and "closest". The former
takes the mean ofN cluster membersM :

1 Xe

R¢ = N Mi; for c=1;::; Nouster :
c =1
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whereas for the second way the most similar cluster membidr to the cluster mean
is determined by an estimation of the minimum of the standard deviation:

0 Y] 1
X M; o C)ZA; for c=1;:::; Nejuster

j=1 Ne

An advantage of the latter is that it keeps the inherent variability of the time series,

in contrast to a damping due to the averaging process.

Furthermore, the routine checks for the feasibility of the system is a sample
size too small, the entire sample is considered as one cluster. This becomes essential
for the spatial clustering, since certain smaller domains (in combination with the
spatial resolution) contain only a few grid points. For instance, a country like
Luxembourg and a horizontal resolution of 44 km (as in Section 3.3) provides only
two sample points for the routine. Hence the clustering looses its classical meaning.
In this example, only one region is assigned to Luxembourg consisting of all grid
points in the country. The feasibility is given when

sample size
k-means: sample siz > 2 and
Ncluster
ward: sample size 2

Comparing the characteristics of a set of clusters with its original data set some-
times shows signi cant deviations, even for the mean of the quantity. Obviously
this can be a problem, e.g. concerning the overall level of energy production of a
VRE quantity in a speci c region or country. Therefore, after all a scaling process
is implemented in the end of the clustering routine to ensure that the production
levels are at a similar magnitude in the set of cluster representativesF,s; and
the original data CF,q. This is accomplished by a comparison of mean values in
both data sets yielding a factorf

_ mean(CF orig) .
mean(CF clust) .

which is then used to scale the cluster representatives:

CFou = CFeoust f;

clust

CFglust(CFglust >1)=1:
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The scaling might generate capacity factors greater than 1, a 100% capacity utiliza-
tion, which is obviously impossible and therefore corrected. The scaling is iterated
until the factor is converging to 1 within a pre-de ned precision rangep; (e.g.
p=0:00):

1 p<f< 1+p:

The nal output of the clustering routine is a set of cluster representatives (either
regions, typedays or a combination of both) with the aim to capture the main
characteristics of the original data set while realistically representing the overall
level of energy production rates as well as demand levels. To be able to reconstruct
the original data set or parts of it, the output is complemented by the occurrence
frequencies of each cluster. For instance, to generate one year of VRE production
and demand from a typeday data set, the respective occurrence frequency needs to
be applied to each typeday and the result multiplied by the number of days, in this
case 365.

2.3 Renewable Power System Model

Given a system of various power generating technologies, each with di erent char-
acteristics such as fuel costs, e ciency or carbon dioxide (C{ emissions, and a
determined power demand: what would be the favorable composition of capacity
assets to be able to serve the demand at minimum costs for every time step in a
certain period of time? This question implies that a sort of optimization is neces-
sary to solve the problem, i.e. a minimization of costs under certain assumptions
and constraints. Numerous optimization models were developed to tackle similar
problems some more complex than others, depending on the exact objective and
research question.

Such an optimization model is developed to approach the speci c problems of
this thesis. From now on, this model is called Renewable Power System model
(RPSM). Compared to other investment models used for energy system studies,
the RPSM is in most parts a rather simple model since it lacks some characteristics
of a realistic reproduction of the energy market system. For instance, the RPSM
only considers the electricity sector of the energy system, ignoring that energy in
the form of heat might play a major role as well. Also the electricity net within a
country as well as storage and diversi ed plant technologies are neglected. However,
the energy system model is kept to a lower complexity on purpose to be able to
isolate crucial processes for an easier interpretation of the outcomes.
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2.3.1 Model Equations

The RPSM core contains a linear programming model, which minimizes the overall
costs of the energy system for a certain domain and time period. It is considered a
perfect foresight model the optimization scheme knows all relevant information as
well as future processes and developments are anticipated. For example, the model
might decide to invest in a certain asset in the beginning of the time period due to
the knowledge of future needs.

The main Equation in linear optimization also called objective function in
the RPSM, which needs to be minimized, is the total sum of all costS in the
system arising from all regionsR, technologiesT and time steps (years)Y:

_ X X X . .
min C = Crty + Crty + Crgy (2.20)
r2Rt2T y2Y
where

Clty, = P oy 2:21)
r;)i;y = Pretxyll Ct?(y dty; (2.22)

X X
C;’f‘; = Grty:dih C‘l’ir fq dty 365 (2.23)

d2D h2H

The investment costsC™ are determined by the product of the technology speci ¢
investment costsc™ and the total amount of capacities added to the systerR 24
(Equation 2.21). Similarly, xed costs for operation and maintenance (FOML * of
the assets are derived by multiplying the existing installed capacities of a technology
at a time step by its speci ¢ FOM costsc* (Equation 2.22). Since FOM costs are
usually given per year, the amount of years between two simulation time steps
need to be considered hered(y = Y(y) Y(y 1)). In contrast, the so called
variable costsCY® are the total sum of generation costs composed of the power
generation G of a technology and the associated fuel cost$* (Equation 2.23).
In the rst place, this product is calculated for all time steps (for more details on
time steps see Section 2.3.2), however in case of applying typedays (see Section
2.2) an upscaling towards an entire year of production is derived with the typeday
occurrence frequencies during a yeéy, the amount of days in a year and the hourly
resolution

All regional installed existing capacitiesP®' of each technology and time step
consist of the installed capacities from the last time stey 1, which can be
complemented by additional capacities2% or subtractive capacitiesPs*® by the
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model;

exi — exi add sub .
rty Pr;t;y 1t Pr;t:y + Pr;t;y' (2'24)

For the rst time step, in Equation 2.24, P® aty 1is de ned by the exogenous
prede ned existing assetsP®:€°  |n most European countries, the river-runo
potential is either exceeded or rather small. Therefore the initial existing capacities
of that technology are taken as its threshold for the whole simulation period:

Pr?;(timo Wy Pr(;e;(lij;neci(o: (2'25)
The total European power production from biomass is limited by its available re-
source amounts. This is imposed by the sum of exogenous biomass capacity bounds

and the exogenous prede ned existing biomass capaciti®s$*:®° for the entire
model domain (e.g. EU) serving as an upper bound:

exi X X and + Pexi;eXO . (2.26)

r; biomass;y r; biomass r; biomass;y -
r2rRy2Y

Looking at wind and solar energy capacities another constraint is considered to
be important large-scale expansion of wind and PV parks require non-negligible
amounts of land and/or sea area. Equation 2.27 shows the implementation in
RPSM:

Pexi

ritres;y Pr??rzss : (2.27)
The maximal possible installed capacityPs* of each VRE technology serves as
an upper bound to the respective existing capacities at each time step and region.
Section 2.4 illustrates how the potential available areas are estimated.

Additional capacity investmentsP2% can be either exogenous (pre-determined,
pPnv:exo) or endogenous (model decisio®®™ ) induced. However, expanding eets

endogenously is prohibited for the rst model year (depending on model setup):

8
Inv ;exo. = .
paca = = Y= Y, (2.28)
ty T Pinv 4 piEo y sy (1):

In addition, the model has the option to account for possible phase-outs of certain
technologies, such as for nuclear and coal. This for instance, should nd consider-
ation in Germany, where politics recently decided a nuclear phase-out and coal is
currently subject to debates and negotiations. In these particular caseR?% is set
to zero for participating regions and any given time step.

In future scenarios where VRE technologies are expected to gain more and more
signi cance in the European energy mix, e.g. due to policy making, the invest model
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would tend to build excessive VRE capacities. However, recent years have shown
that fabrication capacities of VRE plants have their limitations. Hence, in order to
consider more realistic extensions of VRE eets, these technologies are subject to
investment boundsP294Pd  de ned per year as depicted in Equation 2.29:

add add;bnd.
I:)r; tres;y Pr; tres;y - (2 . 29)

Equation 2.30 represents all subtracted capacitie®s"® in each technology and
time step. The rst term represents exogenous prede ned subtractionBsu?ex°,
The second term stands for endogenous subtractions induced by lifetime limitations
for each technology. It is calculated using investe®2% in earlier time steps in
combination with the respective lifetime :

8
sub;exo. '
pun < P Yoo YO (2:30)
G : ) .
URETeRE Ly YO

Equation 2.20 is object to several further constraints determining the behavior
of the system. The most important condition is the energy balance constraint
the total electricity demand L needs to be satis ed by the overall sum of power
generationG of all technologies and the import and/or export~ of a region at any
given time step. That leads to

X X X e
L raihiy Gry:dh Freoyan + Fronyan (2.31)
t2T r2RO r2R
The power generationG is de ned by the product of existing capacities of a tech-
nology and its respective generation pro leg:

Grtydin Pr?t);()i/ Grity:din - (2.32)

Furthermore, Equations 2.31 and 2.32 are complemented by the fact that the maxi-
mum possible total electricity generation in the system is restricted by its availability
or capacity valuecv and needs to exceed the yearly peak demalhq)',’ , expressed
in Equation 2.33: « |

Ly Py CVi: (2.33)

2T

The energy transmission or tradd= between one regiorr 2 R to another region
r’°2 R%in Equation 2.31 is bounded by the net transfer capacitieR™¢:

Fr;r Oy:d:h Prr;]rt%;y: (234)
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Transportation of power is linked to a certain energy loss represented by the
multiplication with the net transfer capacity e ciency ¢,

Emissions, in particular CQ, recently gained more and more signi cance for
energy market systems, since they play a major role for climate change discussions
and policy making. To account for CQ policies, an emission caft“’ per year
and region is introduced with Equation 2.35. It constrains the total sum of all
conventional (CO, emitting) power generations in one entire year multiplied by
the technology specic CQ emission factor" (Equation 2.36). Since these factors
are usually provided in tons of CQ per thermal MWhy,, the net e ciency (unit
MWh¢/MWh ) of a technology needs to be applied.

Ey EZ (2.35)

X X X Grreonved-
Er’y = M "tcon fd 365 (2-36)
tcon2T d2D h2H teon
That concludes the system of equations contained in RPSM. In the following, details

concerning model resolution and th&reen eld mode are explained.

2.3.2 Spatio-temporal resolution

The RPSM contains several levels of temporal resolution. First of all, the investment
simulation time step is in the order of years to decades. That means the model
can adjust the installed capacities only for these points in time. For instance, as
a result Equation 2.21 is calculated at the coarsest resolution level. In contrast,
energy generation and demand are object to a ner resolution, namely intra-annual
(e.g. daily or monthly) and intra-daily (e.g. hourly or 6-hourly). Thus, Equation
2.31 is, for example given for days and hours and the variable costs need to be
accumulated from hourly values to the time period between two simulation time
steps (e.g. year or decade). All resolutions can be pre-set in the RPSM, although
the intra-annual and intra-daily resolution is restricted by the input data sets.

When it comes to economical energy system modeling on a transnational scale,
the spatial resolution is market based. Since each of the countries in the European
Union has its own energy market, the spatial resolution is subject to the number
of considered countries. For simplicity and computational reasons, all Equations
are solved on this coarse segmentation. That infers that, besides the conventional
plants, also the VRE facilities can only be built based on one respective generation
prole. In order to account for more distinct generation pro les, di erent sub-
technologies are often implemented (e.g. by the EWI), e.g. the model can invest in
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several di erent wind park types (Firsch et al., 2013; Knaut et al., 2016). Most of
the times, these sub-technologies are applied to one to three country-based average
wind time series (Fursch et al., 2013; Knaut et al., 2016). In some studies by the
EWI, for instance, at least two di erent VRE regions per country are implemented

in order to account for the di erent wind climatology (e.g. Jagemann et al., 2013).
Yet, the averaged pro les for these regions are based on a weak data fundament (only
10 years of wind and solar data). However, this is certainly a rather gross approach
regarding the spatio-temporal variability of wind and solar radiation, in particular
concerning the recently fast increasing shares of VRE supply. Another problem with
this approach is that the model output would not contain any information about
the location of capacity allocation and related area availability questions within a
country. Therefore the objective in RPSM is to implement various distinct VRE
generation pro les, which cover the main characteristics for the spatio-temporal
scales with a su cient data basis to be more accurate and realistic.

In order to tackle these challenges, an improved spatial resolution concerning
VRE generation pro les is implemented in RPSM. The basis builds the horizontal
resolution of the CF input data from REOM, which is required to origin from
su ciently sized data basis. For each location in the CF pro le data set, a new
"sub-technology" is introduced to the model. By this, the RPSM is able to decide
where to build new VRE facilities (based on various pro les) and is constrained
by area availability (via area potentials). For instance, a 48km grid in Germany
results in about 150 wind and PV locations. At each grid point, information about
the diurnal CF time series and the available area is supplied to the model. Now the
RPSM can decide to extend the wind and or PV plant eets at the best respective
spot for a cost optimal solution as long as there is space.

2.3.3 Green eld mode

As an additional option, the RPSM can be run inGreen eld mode. Basically, it
means that the model is initiated without any existing installed capacity or ex-
ogenous planned expansion strategies. Instead, only the model itself decides en-
dogenously which technologies to invest into and to what extent, for any given time
step, including the beginning of the simulation period (initial conditions). Applying
this mode might be useful depending on the objective and research question corre-
sponding to the simulation. For instance, in case of simulations of end-of-century
scenarios, this approach can be reasonable as existing present-day capacities would
not a ect the development until the point of interest. These capacities would be
already removed by the mid-century. Therefore, it is crucial to determine whether

a point of interest in time is a ected or not by the systems "memory".
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But what precisely is modulated in the RPSM withGreen eld enabled? There
are some aspects adjusted concerning the input as well as the model Equations.
Since exogenously pre-de ned installed capacities are omittel ™ and Py
are set to 0 (aects Equations 2.24, 2.30, 2.25 and 2.26). Capacity expansion
strategies are represented by Equation 2.28. i@reen eld mode, it simpli es to

Py = Py
In addition the VRE extension bounds in Equation 2.29 are disabled since the model
must be able to expand the VRE technologies immediately within one simulation
time step.

2.4 Area potentials

As depicted in Section 2.3.1, the available area for VRE expansion needs to be
taken into account as an additional constraint. In Equation 2.27 the maximum
possible installable VRE capacityP P°s° works as an upper bound and depends on the
available area for constructions. The following Section illustrates the methodology
to obtain these areas, comprising several basic steps.

2.4.1 Spatial tessellation

Meteorological elds are given on spatially equally spaced grid points in a certain
domain. Since the RPSM is able to invest in VRE capacities on each of these points,
it is necessary to consider their potential area for VRE plants. One approach is to
partition the entire domain into areas associated to the grid points. By this, the
surroundings of each grid point are considered, accumulated and hence concentrated
in that point. In the RPSM, countries are treated separately concerning their en-
ergy production and hence also their VRE capacity expansions. Therefore political
borders need to be implemented. The rst step is, hence, to clip the meteorological
grid to shapes of the political borders. The geographic information system software
ArcGIS is able to solve this and is also used for the following tasks.

In a second step the partitioning is processed, which can be accomplished by
spatial tessellation of the entire domain in combination with the underlying grid. In
ArcGIS the tessellation is realized by usinghiessen Polygongalso calledVoronoi
Diagram or Dirichlet Tessellation). This results in equally expanded areas associ-
ated with the grid points. However, due to the clipped borders, some of the polygons
located close to the edge are smaller than others located on the inside of a country.
These polygons are adjusted to the exact shape of the adjacent border. Yet, at this
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point of the method, di erent area values are obtained. Figure 2.3 illustrates the
resulting tessellation and polygons at this step of the process. Note that countries
as well as on- and o shore regions within a country are treated separately.

Figure 2.3: O shore and onshore poylgons as a results of the spatial
tessellation for Germany. Dots are onshore (orange) and o shore
(red) centroids.

2.4.2 Area restrictions

So far only the extent of a country and the grid characteristics are considered.
However, the potential areas for VRE capacity expansion are restricted for various
reasons, e.g. di erent land uses, buildings, nature reserves and technical limitations
such as hill slopes. McKenna et al. (2015) face similar challenges when analyzing
the cost potential of VRE in the EU. They apply a successive procedure to account
for these restrictions. The applied method in this work follows their approach.

First of all, the total potential European area is reduced stepwise by subtract-
ing unsuitable land use types. For this purpose, th€orine Land Cover 2000
(CLC2000) Version 16 provided by the European Environmental Agency (EEA),
is used as a basis. The data set contains 44 di erent land use types with a hori-
zontal resolution of 100 km covering the European domain. The exclusion criteria

the criteria which land use type would not contribute to the area potentials
and o set distances are applied following the German Federal Ministry of Environ-
ment, Nature Conservation & Nuclear Safety (BMU). Note that the criteria are not
changed by country, but kept to the German guidance for simplicity. In Table C.2
in the Appendix both the CLC2000 land use categories by the EEA as well as the
corresponding distances to plants from the BMU are assembled (McKenna et al.,
2015).
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Secondly, additional area restrictions due to protected areas and technical lim-
itations are considered evaluatingNATURA 2000, the National Designated Areas
(CDDA) and the Shuttle Radar Topography Mission (SRTM)deliver information
about protected areas. NATURA 2000 is a continuous network of protected areas
which has the objective to secure natural reserves in the EU. Via the CDDA data
set, the EEA delivers "individual nationally Designated Areas and corresponding
Protected Site spatial features in EEA member and collaborating countries”. The
SRTM is operated by the NASA and taken as a source for hill slope data. Here,
the applied criterion discards areas with hill slopes exceeding 20As an exam-
ple, Figure 2.4 shows the onshore and o shore area restrictions in Germany when
combining step one and two.

Figure 2.4: Resulting o shore and onshore area restrictions in Ger-
many.

In contrast to McKenna et al. (2015), transport infrastructure (e.g. viaOpen
Street Map’) as well as suitability factors are not considered due to simplicity and
computational reasons. Note that the estimated areas are taken for wind and PV
sites seperately. For the applications examined in this work the available areas
for VRE expansion need to be implemented on a rather coarse level of detalils.
Therefore, the depicted approach seems su cient and reasonable.

2.4.3 Area conversion: area power densities

Certainly, the resulting area potentials in Section 2.4.2 might lack further restric-
tions due to other aspects not considered here. Therefore, the sum of area potentials
at grid points P in a country is compared to area potential values for that country

2www.openstreetmap.de
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from literature (Al',.s). That yields a factor which can be applied to further reduce
the available areas for VRE expansionA.y.s) in the country:
All
A% s = Artres % (2.37)
p=1 r;trest
with NP the number of grid points in a country. Sources for the total area values
of European countries are McKenna et al. (2015) for onshore wind, EEA (2009)
and WindEurope (2017) for o shore wind and Schmidt et al. (2016) for PV. Note
that for the latter, potential areas for roof PV and base PV are accumulated. After
this last step, realistic area potentials for any grid point and VRE technology in
a certain country are obtained or in other words: the estimated area potentials
show realistic total amounts on a country basis and are horizontally resolved at the
same time.

(@) (b)

Figure 2.5: Area potentials[GW] on a 44x44 km grid in Germany
and neighboring countries, for wind energy (A) and PV energy (B).

In RPSM the area potentials are implemented regarding maximal possible ex-
pansion potential for VRE capacities with respect to an area corresponding to a
certain grid point (see Equation 2.27). Thus, area potentials in kfresulting from
Section 2.4.2 need to be converted to area potentials in GW. For this purpose so
called area power density factorsi2 are introduced and applied to the area po-

tentials yielded from Equation 2.37:

Plies = A7 foe (2.38)

r;tres tres
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The area power density in Equation 2.38 is technology specic values are set
following EEA (2009) to 8 MW km 2 for onshore and 12 MW km? for o shore
wind sites. In case of PV, &% is set to 25 MW km 2 (Ong et al., 2013). Figure
2.5 shows an example for obtained area potentials in Germany and neighboring
countries on a 48x48km grid. Note that for o shore areas only territorial waters
belonging to the respective countries are considered.
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Chapter 3

Application & data

This Chapter presents the application of developed methods (depicted in Chapter
2) and data sets to investigate various research questions in the scope of this thesis.
They can be precised to three principal parts related to the Studies I-lll. First,
Section 3.1 explains the generation process of a long-term wind power data set
to analyse wind power characteristics in Europe with a focus on Germany (Study
). Second, Section 3.2 outlines the methodology used to estimate uncertainties
in energy market models when applying long-term VRE time series as created in
Section 3.1 (Study II). Third, to investigate the impact of climate change on future
European energy markets, a combination of all developed methods and tools is
required. The emerging model chain and input data is examined in detail in Section
3.3 (Study Il1). Results and analyses to each of these topics are discussed in an
identical structure in Chapter 4.

3.1 Generation of a long-term wind power data set

The following Section is related to Study I. As outlined in Section 1, to understand
future energy systems it is essential to recognize the unique characteristics of wind
power production. Due to the lack of su cient historical data sets concerning high
resolution long-term wind power time series in Europe, such a data set is generated
by model simulations. For this purpose, the novel VRE power model REOM is
applied to the combination of a unique high resolution reanalysis product (Section
3.1.2) with a location speci c European wind park portfolio (Section 3.1.1). The
generation process and applied data sets to obtain a realistic historical time series
for Europe as well as further analysis are described in the following. Results can
be found in Section 4.1. Note: this part is associated with the publication in
ENERGY in 2018 with the title "The benet of long-term high resolution wind
data for electricity system analysis"(Henckes et al., 2018).
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3.1.1 Wind park data

The conversion from energy contained in wind speed to power output by a wind
turbine is represented by its power curve. Equation 2.1 shows the requirement of
two data sets: On the one hand, the rotor diameteR, e ciency ¢,, capacity C, cut-
in wind speedvy,, cut-out wind speedv,,; as well as rated wind speed, need to be
covered by a European wind park data set. On the other hand, the meteorological
side requires the wind speed,,, and air density ,, at hub height of the rotor.
Besides the parameters in Equation 2.1, the park data set needs to provide two
additional information. First, the exact location (coordinates) is necessary to assign
the wind park's operation site to adjacent grid points of the underlying meteorologi-
cal grid. Second, to simulate a consistent time series of power production by a wind
park, its commission date (date when a park started operation) is required. In order
to yield realistic estimates of wind power production in Europe the actual installed
operation sites need to be supplied to REOM. Here, an extract of the database from
The Wind Power is used (The Wind Power, 2016) It is a worldwide data set for
installed wind turbines and parks including about 1050 di erent turbine types and
more than 18600 wind park sites in Europe.

Table 3.1: Wind park speci c parameter availability for all wind
parks in Europe. The databaseThe Wind Power serves as the basis.

Parameter Availability [%] Default value

Location 100 -
Commission date 100 -
Number of turbines 100 -
Hub height 60.6 80m

Rotor diameter 37.5 70m

Cut-in 66.8 3.5ms?
Cut-out 66.8 26 ms?
Rated speed 66.8 12ms

In order to be able to compare di erent years of weather and hence wind power
production, the European wind power park eet at the end of 2014 is used as the
basis for the long-term wind power production simulations. Th&€APS module
in REOM (Section 2.1.2) is responsible for a pre- ltering of the wind parks due
to gaps in the data set. Facilities with either missing location, production status
or commission date information are dismissed. This results in 15400 European

ILast updated in April 2016
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parks contributing to an overall installed capacity of 119.85GW by the end of
2014. However, some parameters are still lacking to di erent extent. For instance,
for more than half of all parks in Europe the rotor diameter is unknown and for
roughly 40% the exact hub height is lacking. In these cases default values are set.
Table 3.1 comprises the parameter availability for all remaining operation sites in
Europe and Figure D.1 shows their distributions. This is important to be aware of
when using the data for analysis, and it leaves room for improvements.

Figure 3.1: Country-wise accumulated installed wind power capac-
ities [GW] in European countries by the end of 2014. The database
The Wind Power serves as the basis. Parks with either missing loca-
tion or commission date are excluded. Source: Henckes et al. (2018).

Figure 3.1 shows that the installed wind power capacities accumulated by Eu-
ropean countries is largest for Germany (35.19 GW), followed by Spain (22.24 GW)
and Great Britain (12.08 GW). The facilities' spatial distribution can be examined
in Figure 3.2. Since the wind resource is most abundant in coastal regions by trend,
capacities are concentrated at the North Sea (Germany, France, Britain) and the
Atlantic (Spain, Portugal). One of the biggest wind parks worldwide is found in
the North Sea. Since April 2013 the British o shore siteLondon Array supplies
630 MW capacity with 175 turbines. Nevertheless, in certain countries like Germany
and Spain a signi cant amount of operation sites is located inside the country. With
347.5 MW the largest onshore wind park in the data set is located in Romania.

Histograms of the turbine speci c parameters of the data base are depicted in
Figure D.1 and their statistics summarized in Table 3.2. It is evident that a typical
European wind turbine (status at the end of 2014) is about 80 m high with a rotor
diameter of 72m. Most likely the non-linear range of the power curve is located
between 3ms?! and 12ms?! and the turbine can operate until 26 ms?.
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(@) (b)

Figure 3.2: Spatial distribution of installed wind power capacities

by the end of 2014 for Europe (A) and Germany incl. neighbors (B).

Larger circles represent higher capacities. The databasthe Wind

Power serves as the basis. Parks with either missing location or
commission date are excluded.

3.1.2 Wind speed data

Following Section 2.1 a meteorological data set is necessary to derive wind speeds
Vhuo @nd air density . at hub height and thus the power output of a wind tur-
bine. To calculate the wind power productions with high accuracy for a whole
region, country or continent, it is crucial to precisely know the wind speeds at the
speci ¢ wind park locations. Therefore a long-term data set is required which cov-
ers a large domain and at the same time features high spatio-temporal resolution.
However, historical meteorological observations are not always su ciently spatially
distributed and available for long time spans. Recently, a promising solution is
frequently used to tackle this challenge: taking advantage of regional or global
reanalysis products, providing long-term and homogeneously distributed meteoro-
logical data. Reanalysis is a systematic approach to generate long-term data sets on
a de ned homogeneous grid for climate research applications by combining data as-
similation schemes for historical observations with a certain atmospheric circulation
model.

As pointed out in Section 1, recently a vast number of studies are applying var-
ious reanalysis data sets modelling wind power generation in di erent regions and
time periods. Most of the available reanalysis data sets have a coarse horizontal res-
olution (Sta ell and Pfenninger, 2016), such as the widely useluropean Centre for
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Table 3.2: Statistics of wind turbine specic parameters. The
database The Wind Power serves as the basis. Parks with either
missing location or commission date are excluded.

Parameter Unit Minimum Maximum Mean Median
Hub height [m] 16 160 75.03 80.00
Rotor diameter  [m] 10 164 66.70 71.87
Turbine capacity [MW] 0.0048 12 1.36 1.20
Cut-in [ms 1] 2 5 3.33 3.27
Cut-out [ms 1] 15 34 26.33 26.56
Rated speed [ms!] 9.6 15 12.17 12.22

Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA-Interimwith about

80 km in Europe, due to their global coverage and computational limits. This might
be a problem, in particular for mountainous regions, where the model is not able
to reproduce the underlying terrain and adequately capture wind speed variations
(Kaiser-Weiss et al., 2015). In order to reduce these inaccuracies, the high resolu-
tion reanalysis data set from theConsortium for Small-scale Modeling (COSMO)
by the Hans-Ertel-Zentrum for Weather Research (HerZand the German Weather
Service (DWD) is used, providing 20 years (1995-2014) of hourly wind speed data
in Europe on a 0.055 (approximately 6 km in mid-latitudes) horizontal grid spac-
ing with 40 di erent vertical layers. Certainly, reanalysis is a promising approach
meeting the expenses of long time periods, large domains and high resolution. For
further details on the reanalysis model and data set see Bollmeyer et al. (2015).
The COSMO reanalysis product is from now on referred to &0OSMO-REAG.

As mentioned in Henckes et al. (2018), there are a few studies dealing with the
performance of the COSMO reanalysis product. For instance, Kaiser-Weiss et al.
(2015) compare statistical properties of wind speeds observed at 210 meteorological
stations across Germany with near-surface elds of COSMO-REA6, ERA-Interim
and ECMWF's reanalysis of the 20th century (ERA-20C)for recent years. For
96% of stations, they nd monthly correlations ¢) to be greater than or equal to
0.8 (80% withr  0:9) for COSMO-REAG®, in contrast to 82% (47%) for ERA-
20C and 89% (66%) for ERA-Interim. They state that the improved correlation
of COSMO-REAG is valid for daily, monthly and seasonal scale and add that
regional reanalysis improves monthly correlations [...] in areas with more complex
topography .

In order to further assess the wind speed quality, Henckes et al. (2018) eval-
uate COSMO-REAG6 (6 km grid), contrasting frequently used reanalysis products,
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namely ERA-Interim (80 km grid) and NASA's MERRA Version 2 (MERRA-2)

(50 km grid), by comparing them to observations. For this purpose, measurements
from Surface Synoptical Observations (SYNOP)rovided by the German Weather
Service (DWD) with a temporal resolution of 10 minutes (averages) are employed.
Note that when comparing with SYNOP stations, it is crucial to take only indepen-
dent observations into considerations. Hence, SYNOP stations lower than 100 m
above sea surface are omitted, since these observations are used for the COSMO
assimilation procedure yet. The observations are compared to the nearest grid
point of the respective reanalysis. As observations are compared to 10 m wind data
from reanalysis, only observations with measurement height between 8 and 12m
are taken into account. The DWD provides a spatial representativeness value for
every SYNOP observation site. To avoid comparisons with observations in uenced
by local obstacles, only sites with representative values greater than 500 m are con-
sidered.

Finally, 59 di erent SYNOP stations remain. Table 3.3 shows the bias, standard
deviation and Pearson correlation coe cient of COSMO-REA6, MERRA-2 and
ERA-Interim compared to SYNOP observations. Considered are hourly values from
2014. It turns out that COSMO-REAG6 represents the mean absolute wind speeds
best with a slight underestimation of -0.14 ms*. The other two reanalysis slightly
overestimate the wind speeds. Besides the smallest systematic error, COSMO-
REAG6 shows the lowest standard deviation and highest linear correlation coe cient.

In conclusion, COSMO-REAG6 performs best in representing absolute values of wind

speed observations. In addition, as part of the evaluation, Henckes et al. (2018) state
that COSMO-REAG also outperforms both reanalyses concerning processes on all
signi cant scales.

Table 3.3: Bias, standard deviation (STD) and Pearson correlation

coe cient (R) of COSMO-REA6, MERRA-2 and ERA-Interim com-

pared to 59 SYNOP observation sites in Germany for 2014. Source:
Henckes et al. (2018).

Bias[ms?!] STD[ms!] R

COSMO-REA6 -0.14 1.44 0.74
MERRA 0.53 1.76 0.67
ERA-I 0.17 1.65 0.67
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3.1.3 Energy conversion simulations

Two di erent simulations need to be executed by REOM one yielding the long-
term time series for further investigations and one using real existing power gener-
ations for evaluation purposes.

In order to evaluate the model performance, simulation results by REOM should
be compared to wind energy output observations for a su ciently long time period
and number of locations. Such model results are expected to represent the real
wind energy productions in the EU at a su cient quality for any given time step.
Therefore, the actual installed capacities need to be supplied to REOM for the
evaluation time period considered. However as mentioned before, publicly available
comprehensive data for VRE energy production are scarce. In particular, acquiring
production time series with operation site resolution covering the EU or Germany is
not possible. Since the validation of a model is essential, comparisons to two widely
accepted benchmarks are made. As shown in Section 4.1, these benchmark data
sets for evaluation purposes, one hourly-based by tlt®iropean Energy Exchange
platform (EEX) and one monthly-based by theEuropean Network of Transmission
System Operators for Electricity (ENTSO-E) comprise time series of 5 years (2010-
2014). Hence, the evaluation run is set up in "Live mode" to simulate hourly
wind power output from 2010 until 2014 for installed wind park sites in the EU
(complemented by Norway and Switzerland).

First, gridded wind speeds are obtained from COSMO-REA6 (Equation 2.2)
followed by a horizontal interpolation using the IDW scheme (Equation 2.3). Then,
for an accurate vertical extrapolation the level-based scheme of REOM is applied,
taking advantage of the vertical resolution of COSMO-REAG6. Air density is kept
constant since analyses hypothesize that di erences are negligible investigating large
time periods and domains (see Section 4.2). Furthermore this approach reduces data
and computational e orts.

For the actual objective generation of a high resolution long-term wind power
data set for Europe the entire reanalysis time period from 1995 until the end
of 2014 is simulated. All settings are adopted from the evaluation run, except for
commission date processing. Here, REOM is executed in "Fixed mode", meaning
that the European wind park eet is kept constant for every single time step. In
this case, the portfolio by the 31.12.2014 is applied (see Section 3.1.1). With this
approach, 20 years of hourly wind power production for each of the 15400 European
operation sites is obtained. Due to the "Fixed mode", all years are inter-comparable:
incorporating the same capacities while wind years appear with di erent and unique
characteristics.
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3.1.4 Bias correction

After applying REOM to the reanalysis and operation site data set, long-term time
series on a location speci c basis are derived for European countries. Sta ell and
Pfenninger (2016) point out that it is highly important to pay attention to inherent
biases of the underlying reanalysis data set. For similar previous studies of wind
power production using reanalysis products, they state "the need for calibration,
or bias correction, to bring simulated capacity factors in line with reality" as a
key factor. It appears that reanalysis products are able to adequately simulate the
temporal patterns, but lack accuracy capturing the total level and spatial variation
of wind power output regarding large regions (e.g. Europe). For instance, Sta ell
and Pfenninger (2016) nd signi cant variations concerning bias correction factors
for di erent European countries, showing the site dependency of such corrections.
However, for many investigations in this research eld, this overall power production
is highly relevant, in particular on a country basis. Therefore, the following sim-
ple and promising bias correction method is adopted from Sta ell and Pfenninger
(2016) using the bias of the simulated wind power output instead of directly taking
reanalysis wind speeds. This assumes that the main bias contribution to power
output originates from wind speeds rather than the applied conversion method.

In Equation 3.1, the bias of wind power output is expressed by a comparison
of observed to simulated capacity factors. Since facility-based observations of wind
power output for the entire European domain are not available, the calibration is
applied on a country basis. Note that in consequence all capacity factor values
within a country experience the same bias correction factor. The systematic error
(bias) pias for a country is given by

- CF obs
bias CFsim

(3.1)

with CF ,ps being the observed andCF g, the simulated capacity factors. A two-
parameter calibration scheme is used to obtain corrected wind speedsrom orig-
inal reanalysis valuesy:

0= bias( bias) V+  pias: (3-2)

For each country the factor a5 in Equation 3.2, which depends on the observed
CF bias, is estimated using the linear relation:

bias( bias) =0:6 pigs +0:2

The linear o set 55 is Obtained by an iterative search, de ning a nal threshold
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value for hi;s. When an adequate s is found for each country, the nal wind
speeds and energy outputs can be calculated.

In order to correct the modelled time series by the country speci c capacity
factor bias, the wind power production database from ENTSO-E is used as a basis.
This database contains observed monthly wind power capacity factors between 2010
and 2014 for all European countries. Although the spatio-temporal resolution of
this benchmark is rather coarse, it seems appropriate concerning the objective of
realistic total power productions on a country basis.

In line with ndings by Sta ell and Pfenninger (2016), estimated bias factors
show signi cant regional uctuations from 0.74 in Slovenia to 2.3 in Romania.
Through iterative search, linear o sets ( pias) between -0.78 ms! in Romania and
2.2ms ! in Austria are derived. These ndings underline the importance and re-
quirement of applying a country based correction. Finally, these calibration factors
are applied to outcomes from the simulations depicted in the previous Section
yielding bias corrected wind power production time series for all European wind
power parks for both, the 5-year evaluation and 20-year long-term run.

3.2 Towards uncertainty estimations for energy sys-
tem models

As outlined in the Introduction (Study I1), many studies are making use of reanal-
ysis products, which are expected to introduce certain uncertainties to the energy
system modeling. These uncertainties are mostly neglected though. Therefore, the
upcoming approach has the objective to give rst insights on potential uncertain-
ties introduced by reanalysis errors and their impact on the a liated model chain.
The approach follows the idea of focusing on the overall range of potential errors
rather than quantifying uncertainties of actual real case scenarios. The following
Sections outline the whole model chain related to this branch of the thesis, which is
applied to tackle the problem, including methodological details of the estimation of
input uncertainties. Results of the analysis can be found in Section 4.2. Note that
this research is object to the article "Uncertainty Estimation of Investment Models
under High Shares of Renewables using Reanalysis Data" by Henckes et al. (2019)
submitted to ENERGY in April 2019 and will closely follow this work.

3.2.1 Model chain

In Figure 3.3 the components of the entire model chain are illustrated. In order
to cover the whole range of potential uncertainties, three simulation scenarios are
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developed: one unperturbed and two maximally perturbed model runs. In contrast
to the unperturbed control run (CON), the time series from the COSMO reanalysis
are perturbed by subtracting estimated errors for thenegative scenario (NEG)
and adding errors for thepositive case (POS) Details of the error estimation of
COSMO-REAG6 quantities, their potential impact and application are discussed in
the upcoming Section 3.2.2. Thereafter, three major modeling steps are necessary
to simulate the energy system featuring high shares of VRE generation, namely
the conversion of wind and solar energy by REOM, the reduction of computational
complexity via clustering and the investment modeling by RPSM.

Figure 3.3: Schematic illustration of the model chain to estimate
the impact of VRE input uncertainties to energy system modeling.
Source Henckes et al. (2019).

In order to obtain long-term wind and PV power output time series from wind
speed and solar radiation input data, REOM is applied again to COSMO-REA®G in
a rst step. Except for some adjustments (details following), the generation setup
and process of the VRE data set is similar to Section 3.1. This time however, the
underlying VRE operation sites are not taken from an actual real plant database
but idealized plant facilities: at each grid point of the model, one pre-de ned unit
of capacity is theoretically installed. The modern state-of-the-art 4.2 MWEnercon
E-126 EP4 wind turbine is taken for onshore grid points. For o shore operations,
the Vestas V164 with 8 MW is set. Table 3.4 summarizes the respective essen-
tial turbine characteristics. In contrast to Section 3.1 where only wind power is
processed, the simulation is extended by PV power estimations. Similar to wind
power, each grid point contains one PV plant with a capacity of 1 MW. For every
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Table 3.4: Onshore and o shore turbine characteristics used for
idealized VRE plants. Source: Henckes et al. (2019).

Characteristic ~ Unit  Onshore O shore
Turbine type Enercon E-126 EP4 \Vestas V164
Capacity [MW] 4.2 8

Hub height [m] 135 114

Rotor diameter [m] 127 164

Cut-in [ms 1] 3 4

Rated speed [ms!] 14 13

Cut-out [ms 1] 25 25

module, the standard test conditions are de ned asstc = 0:14, Tstc =22 C and

P, is set to 0.7. Furthermore, the tilt ( ,) and azimuth angle ( ,) need to be
known (c.f. Equation 2.11). Since no objective speci cations are available for either
of these parameters, they are xed. The azimuth angle is set to @southerly) for
all facilities, assuming a perfect orientation of the PV module at any operation site.
To go along with this approach regarding the tilt angle, Henckes et al. (2019) de-
termined an optimal tilt angle (in terms of power production) for each location on
the COSMO-REAG grid. The procedure is explained in detail in Appendix Section
A.

In the scope of this investigation, it appears reasonable to focus the analysis on
a single country, reducing the complexity of the problem. Since Germany plays a
major role concerning VRE expansion in Europe, it is selected as the simulation
domain. In addition, constraining computational costs at the stage of the upcoming
error estimation (Section 4.2.1), only surface wind speeds are used for simulations
and hence the power law (Equation 2.4) is applied as REOM's extrapolation scheme.
Finally, REOM generates 20 years (1995-2014) of potential hourly wind power and
PV capacity factor time series on a 6 km x 6 km grid in Germany. The data set can
be seen as horizontal homogeneous distributions of CF potential pro les.

The second modeling step is to apply the clustering algorithm to the obtained CF
data set. The aim is to create a CF data set in Germany with a horizontal resolution
which is still manageable by the energy system model in terms of computational
costs. In order to be able to compare the perturbed simulations to the control run
as well as spatial distributions of investments, the grid is at least kept to a multiple
of the COMSO-REAG6 grid, i.e. 48km x 48km. This resolution leads to 151 wind
onshore and PV operation sites and 22 wind o shore locations.
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Regarding a reduction of the temporal dimension, the clustering routine follow-
ing Section 2.2 is applied. For this purpose the 20 years of hourly CF with 48 km
resolution in Germany and 5 years (2010-2014) of hourly ENTSO-E German load
(demand) data are subject to the clustering algorithm. In order to enlarge the data
basis for the algorithm, each of the 20 years is paired with each demand year, yield-
ing a total of 100 years of combined CF and demand patterns. Here tlkemeans
scheme is applied to generate 20 typedays containing characteristic daily pro les of
wind and PV capacity factors (on a 48 km grid) and demand, respectively. The clus-
tering output is complemented by an occurrence probability (frequency) for each of
the 20 typedays.

Third, the RPSM investment model is applied to simulate the resulting cost-
optimal development of the energy system until 2050. While the analysis concen-
trates on the time period from 2014 until 2050, simulations are extended to 2070,
due to potential boundary e ects at the end of the time frame. This ensures consis-
tent results and investment decision making by the model over the whole requested
time horizon. For instance, the model may tend to avoid investments associated
with long-living technologies at time steps when their lifetimes exceed the time
horizon, leaving unemployed but fully paid generation potential. The model time
step is set to 10 years which appears to be su cient for the examined problem.
Certainly, the rst time step is 6 years long, since simulations start in 2014. Note,
that for the rst model step, endogenous investments are prohibited, so that only
exogenous expansion strategies are realized.

Incorporating a set of parameters and various constraints, the model is required
to satisfy the German electricity demand by electricity generations of available
installed capacities at any given point in time (Section 2.3). For the simulations in
this context, the following RPSM features are set:

CO, emission target : To ful ll Equation 2.35, the German CO, emission
capsEfSP need to be supplied for each model time step. The goal of a 90%
reduction by 2050 compared to 1990 (following the German Climate Action
Plan 2050) is taken as a basis. For the estimation of the COemission
cap until 2050, estimates of the German CPOemissions from the EEA are
used. However, simulated yearly total emissions would not automatically
show consistent values with the EEA estimates. Thus, simulated emissions
for 2014 are obtained before the actual simulation is processed. Afterwards
the bias between model and observations is obtained by comparing the values
for 2014. Applying the bias to the German EEA value for the reference year

2The Climate Action Plan 2050 from 2016 is a climate protection policy document by the
German government to tackle climate goals by the EU and the Paris Climate Agreement 2016
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1990 and linearly interpolating to 2050 (with 90% reduction) yields the CO
emission caps for all time steps.

Area potentials : The maximal possible capacityP s that can be installed
on each specic grid point (Equation 2.27) is constrained by the available
area and needs to be estimated following the approach outlined in Section
2.4. Figure D.3 in the Appendix shows the resulting potentials for wind and
PV power. Estimated values range between 0.21 to 4.2 GW (0.1 to 4.4 GW) for
onshore (o shore) and 0.22 to 3.9 GW for PV capacities. A considerably low
potential is observed for North Rhine-Westphalia. In total 320.2 GW (41 GW)
are available for German onshore (o shore) wind technologies, whereas PV
can be expanded to 250.7 GW.

Technology phase-outs : Due to recent political progressions in Germany,
further endogenous investments in nuclear, lignite and coal assets are pro-
hibited. Existing installed capacities of these technologies are dismantled
according to their lifetimes.

Technology speci c bounds : The constraints for the river-runo and biomass
technologies in Equations 2.25 and 2.26 due to natural restrictions as well as
the VRE investment constraint in Equation 2.29 are incorporated.

Demand : No demand di erences between model years are assumed. Hence,
daily load pro les (typedays) are the same for each model year and by that
also the total annual demand does not vary.

Initial plant eets : Exogenous initial capacities and expansion strategies
follow the GermanRenewable Energy Sources Act (EEG) 20i4yuideline.

Dimensions : Besides the model time step of 10 years, the intra-daily reso-
lution of the 20 typedays in RPSM is reduced to 6h to save computational
costs. Concerning the amount of potential VRE investment locations, the
simulations in this part comprise of 151 onshore wind and PV and 22 o shore
wind operation sites (or in RPSM sense: technologies).

Furthermore, to solve the system of equations depicted in Section 2.3 a set of
assumptions is required. These contain for instance technical characteristics of
power plants such as technical lifetime, net e ciency, availability, CQ emission

factors and area power densities as well as costs and EEG targets. In the Appendix,

3Capacity values assumed from theKraftwerksliste der Bundesnetzagentur state of 02.02.2018
(www.bundesnetzagentur.de).
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all assumptions and used sources are presented and Tables C.6-C.12 list all the
applied parameters.

As illustrated in Figure 3.3, all simulations (i.e. CON, NEG and POS) undertake
the previously explained model chain, yet with di erent VRE inputs. The outputs
can then be compared to estimate the range of uncertainties of an investment model
induced by meteorological input errors as explained below.

3.2.2 Perturbation of wind and PV power

The upcoming Section depicts the methodology for the error estimation of COSMO-
REAG6 quantities, their sensitivity to the wind and PV model, and how they are
nally applied to generate maximally perturbed VRE power time series.

Potential uncertainty sources

In order to derive maximal perturbed time series of wind and PV power output,
the rst task is to investigate potential sources for uncertainties in the respective
power conversion model. In case of wind power, Equation 2.1 of the wind model in
REOM shows that the electricity produced by a wind turbine depends on one hand
on technical properties of the turbine (e.g. its capacity, the rotor's hub height etc.).
Consequential, the quality of the provided wind park data set determines the e ect
to the accuracy of the model output. On the other hand, assuming that for all wind
assets su cient technical information is supplied, the air density and, in particular,
wind speed time series remain as potential sources for errors. As for wind, the
amount of energy produced by a PV panel is constrained by its physical properties
and the meteorological parameters, being direct and di use horizontal radiation,
surface air temperature, ambient wind speed and surface albedo. Following Huld
and Amillo (2015) the ambient wind speed has minor importance in this context.

Error estimation

In order to estimate the errors of the potential quantities associated with the mete-
orological input data set, time series of COSMO-REA6 are compared to measure-
ments in Germany. Using Equation 3.4 and 3.3, th&lean Absolute Error (MAE)
and Mean Absolute Relative Error (MARE) is derived for all quantities, except
for surface albedo. For this purpose, measurements from SYNOP by the German
Weather Service are used:

Surface wind speed: Since SYNOP sites located 100 m below sea level are
applied to the COSMO assimilation method itself, they can not be seen as
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independent. Hence, these stations are excluded from comparisons, so that
a set of 59 observation sites remains (Figure 3.4a). Instantaneous reanalysis
wind speeds for the time period of 2007-2013 are compared to 10 min averaged
site observations assuming the Taylor hypothesis The IDW interpolation
scheme is applied to match the four adjacent COSMO grid points to the
respective site.

Surface pressure & temperature: For these two assimilated parameters, a set
of 248 German SYNOP sites is taken to supply hourlytime series between
1995 and 2013.

Global & direct radiation error: In case of radiation, 118 observational stations
are compared to COSMO-REAG for the time period 2007-2013. They provide
hourly values for global and direct radiation on the horizontal plane. By re-
arranging Equation 2.18, the di use fraction can be estimated from these two
quantities. Following the de nition of the World Meteorological Organisation
(WMO) (World Meteorological Organization, 2008), all measurements of the
direct radiation below a threshold of 120 Wm? are expected to be a ected
by clouds and are therefore omitted.

Surface albedo: The error of the re ected radiation part is represented by
the error in surface albedo values. In contrast to the other parameters, the
SYNOP stations would not provide albedo data for comparison. Due to the
lack of observations, the approach for the surface albedo is di erent. The stan-
dard deviation of the 20-year COSMO-REA®6 albedo time series was derived
and taken as an uncertainty estimate instead. This seems to be a reasonable
approach to roughly trace out the range of uncertainties for this parameter.

Table 3.5 summarizes the applied observation data sets, while Figure 3.4a shows
the distribution of SYNOP sites in Germany used for this analysis. As an error
measure for a given COSMO-REA6 parametek, the MARE is evaluated for N
bins using

MAE (K);
MARE (k) = ——— 3.3
(o mean(Ksim )i (3:3)
with the MAE de ned as
MAE (k)i = mean(jksim  Kobs])i (3.4)

4An assumption that advection contributed by turbulent circulations themselves is small and
that therefore the advection of a eld of turbulence past a xed point can be taken to be entirely
due to the mean ow, http://glossary.ametsoc.org
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andi the index of the considered bin. It is expressed as the ratio between the MAE
of simulated valueks;,, compared to observed valudsg,,s and the mean of simulated
wind speeds. For each parameter the bin size and range is speci ed, e.g. for wind
it is set to 0.1 ms ! between 0 and 30ms'. Results for the error estimation are
presented in Section 4.2.1.

Table 3.5:  Overview of hourly SYNOP observations provided

by the DWD, which are used for error estimations of dierent

COSMO-REA®6 parameters required for VRE power conversion mod-
els. Source: Henckes et al. (2019).

Parameter Number of sites Time period

Global & direct radiation 118 2007 - 2013

Surface temperature 248 1995 - 2013

Surface wind speed 59 2007 - 2013

Surface Pressure 248 1995 - 2013
(a) (b)

Figure 3.4: Distribution of SYNOP stations by the DWD in Ger-

many used for the error estimation of COSMO-REA6 quantities (A)

and for sensitivity study concerning VRE power output models (B).

Di erent colors represent the applications regarding di erent quan-
tities. Source: Henckes et al. (2019).
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Sensitivity study

After deriving error estimates of all important quantities, the question is which
of these have major impact (sensitivity) on the conversion models with respect to
energy output of a certain power plant.

For the purpose of wind model sensitivities, th&nercon E-126 EP4is applied
as a reference wind turbine to a set of 19-year time series (1995-2013) from 60
SYNOP stations in Germany (see Figure 3.4b). The 10 m wind speed observations
are extrapolated to the rotor hub height via the power law while air density at
hub height is estimated from the observed surface pressure in combination with the
barometric approximation. Using the power curve, yearly averaged total energy
outputs are calculated for each of the observational sites and used as a reference for
the sensitivity study. Then, each of the parameters (surface pressure & wind speed)
is perturbed by its previously estimated error while the other stays unchanged.
Finally, the di erence of the total yearly energy generated by the reference and
the perturbed case gives insights about the sensitivity of the wind model to the
respective parameter.

A similar approach is used for the sensitivity study concerning the PV model:
each parameter is disturbed by its uncertainty and the total yearly energy output
is compared to the reference. For this analysis, a PV panel with an area of 3, m
a southerly orientation and an optimal tilt angle (see Appendix A) is assumed.
Besides sensitivity estimates for the contributing parameter, the question about the
potential impact of the choice of the radiation models, KM and PM, arise. Thus,
the study is extended by a sensitivity estimation of the PV model with respect to
the applied radiation model by keeping all parameters unchanged but substituting
the radiation models.

3.3 Simulations of future European energy markets

This branch within the framework of the thesis (Study IIl) has the objective to
comprise the developed methods in order to simulate projections of future energy
markets in Europe under high shares of renewable energies. The following Sections
review the necessary model chain applied to implement the simulations, their setup
as well as details about the used data sets. A schematic illustration of the sequence
of methodologies and components for the modeling procedure are provided in Figure
3.5. The main structure appears very similar to that in Section 3.2, however, several
essential details are adjusted and explained here.

The overall idea is to compare historical and future European energy genera-
tion patterns in order to investigate the impact of inherent climate change in the
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Figure 3.5: Schematic illustration of the model chain to simulate
future energy system with high VRE shares.

projection scenario. For this purpose, the rst modeling step is to simulate two
distinct 30-year time series of historical and future European VRE power produc-
tions. For that matter, REOM is applied to process the energy conversion of the
wind and solar radiation source by wind turbines and PV panels. As for Section
3.2, idealized VRE plant eets are set up, instead of taking real installed capacities.
The dimensions of the resulting historical and future VRE time series are reduced
by a spatio-temporal clustering before they serve as the basis for the energy system
modeling under high shares of VRE by the RPSM. Investigations of the di erences
in simulation results are presented in Section 4.3.

3.3.1 Wind and solar radiation time series

In this Section, the meteorological data basis, used for Study I, is presented. Here,
a single member of an ensemble of combinations gibbal climate models (GCM)
and regional climate models (RCM)is taken. The choice as well as its validation is
further discussed.

The EURO-CORDEX project

A major di erence to the simulation setup in Section 3.3 is the meteorological in-
put data. Here a subset of theEURO-CORDEX project is used. TheCoordinated
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Downscaling Experiment (CORDEX)initiative by the World Climate Research Pro-
gramme (WCRP) started in 2009 and aims to provide a coordinated model evalu-
ation framework’. An ensemble of regional climate change projections is generated
by making use of various downscaling technigues driven by multiple GCM from the
Coupled Model Intercomparison Project Phase 5 (CMIPS)(Giorgi et al., 2009).
Consequently, EURO-CORDEX represents the European branch of the CORDEX
project.

The still coarse spatial resolutions of modern GCMs, being usually in the order of
100-300 km, bring along uncertainties due to unresolved sub-grid processes (Viner,
2002; Pan et al., 2001; Knutti and Sedlafgek, 2013; Weisse and Feser, 2003). For in-
stance, weather phenomena a ected by topography and other regional details such
as land-sea distribution may be poorly represented. One way to tackle this problem
is to apply di erent downscaling schemes to obtain a higher resolution, e.g. dynam-
ical. For the dynamical approach, a RCM with resolutions typically between 10 and
50km is forced by a GCM on a much smaller domain to keep the computational
costs maintainable. The EURO-CORDEX project provides data for ensembles of
various combinations of multiple GCM and RCM, since numerous studies showed
the signi cance of inter-model variability (e.g. Strandberg et al., 2015; Reyers et al.,
2016). However, in order to reduce the amount of data and complexity of analyses
for the subsequent model chain, it is refrained from applying several GCM/RCM
con gurations. When using large ensemble data sets, it is common to obtain and
apply the ensemble mean (Tebaldi and Knutti, 2007; Semenov and Stratonovitch,
2010). This however would dramatically decrease the variability, in particular, with
respect to inter and intra-daily time scales being essential for VRE energy related
concerns. Therefore, one set from combinations of two RCM with four GCM is
selected by evaluating the di erences in climatology and variability compared to a
reference simulation.

Considered ensemble members include tB&RM-CM5, EC-EARTH , HadGEM2-
ES, IPSL-CM5A-MR and MPI-ESM-LR as GCMs and theRCA4 and CCLM4-8-17
as RCMs. All data sets are publicly available via the EURO-CORDEX project. Ta-
ble C.3 summarizes all details about model con gurations and simulations used in
this context while Table C.4 of the Appendix gives further information about the full
model name and the corresponding institution. Note that there are no realizations
of the IPSL model in combination with the CCLM available. The respective RCM
scales each coarse globally coverage GCM down to 0.{dbout 12 km in Europe)

Swww.euro-cordex.net
5The widely known Fifth Assessment Report AR5 from the Intergovernmental Panel on Climate
Change (IPCC) is also based on results from the ensemble data set CMIP5.
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horizontal resolution on the comparably small European domain (~2K-72 N and
22 W-45 E).

Choice of model setup

For the purpose of decision making with respect to the adequate model combina-
tion within the EURO-CORDEX project, the historical simulations of RCA4 and
CCLM4 driven by each GCM are compared to the respective ERA-Interim driven
evaluation runs. Results forced by the reanalysis are assumed to serve as a bench-
mark, since it can be seen as the best guess of atmospheric states at any time
step and equally distributed grid points over the large domain of Europe. Taking

a reanalysis as a benchmark means comparing two model results, implying that a
guantitative evaluation is rather di cult. But the reference choice is still reasonable
concerning spatio-temporal variability due to the relative nature of comparisons in
the upcoming analysis (Section 4.3).

Table 3.6: Root mean square error of residuals between multiple

GCM driven historical and ERA-Interim driven evaluation simula-

tions with two RCM, for the mean, standard deviation (STD) and

trend of the respective wind speed climatology. Red numbers repre-
sent the respective two smallest values.

Mean [ms?!] STD[ms '] Trend [ms ?] 10 ©

RCA4

CNRM-CM5 0.33 0.17 2.10
EC-EARTH 0.14 0.07 2.86
HadGEM2-ES 0.23 0.10 3.90
MPI-ESM-LR 0.14 0.10 2.52
IPSL-CM5A-MR  0.25 0.12 3.01
CCLM4-8-17

CNRM-CM5 0.33 0.17 8.67
EC-EARTH 0.14 0.06 7.40
HadGEM2-ES 0.18 0.08 5.27
MPI-ESM-LR 0.33 0.13 7.53

Since analyses within the scope of this thesis focus more on details concerning
wind energy than PV, the evaluation is only undertaken for surface wind speeds.
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Additionally, as for example mentioned by Jerez et al. (2015), climate modeling still
faces traditional extensive problems regarding solar radiation estimations.

Table 3.6 summarizes the di erences of spatio-temporally averaged mean, stan-
dard deviation and trend values of 3-hourly surface wind speeds for all model con g-
urations and the ERA-Interim driven setups. Red numbers indicate the two small-
est values for each metric. In addition, the mean, standard deviation and trend
as well as horizontal distributions of the residuals (GCM minus ERA-Interim) are
depicted for all simulations in the Appendix, Figures D.9-D.11. It is evident that
the model chain of EC-EARTH forcing RCA4 appears to be most similar to results
from the ERA-Interim driven RCA4 evaluation run. The con guration is found
to be under the two best candidates for the mean and standard deviation. Also
the spatial patterns are reproduced comparably well. The CCLM-ECEARTH and
RCA4-MPI combination also appear to be reasonable options. However, in contrast
to RCA4-ECEARTH, the other two realizations show larger di erences in o shore
areas, in particular for the North Sea around Britain (c.f. Appendix, Figure D.11d),
the German coast and the Baltic Sea (c.f. Appendix, Figure D.10j). Haas and Pinto
(2012), Born et al. (2012), Haas et al. (2014), and Reyers et al. (2016) also observed
this behavior. Since these regions play a key role concerning European wind power
production, the decision in favor of the RCA4-ECEARTH realization is made.

Validation of model setup

According to Strandberg et al. (2015) RCA4 is generally able to replicate the ERA-
Interim large scale circulation and shows good performance. Although they note
problems of the downscaled GCM simulations with representation of the large scale
circulation, there is no evidence of an impact to surface wind speeds (Moemken
et al., 2018; Kjellstrom et al., 2005; Nolan et al., 2012; Tobin et al., 2016).

Results of the historical simulation by RCA4-ECEARTH are further evaluated
with respect to RCA4-ERAI in Figure 3.6. Signi cance is quanti ed via t-Tests
(95% con dence level). Spatial patterns of the wind speed climatology are captured
quite promising, in particular, in regions with high importance for wind power re-
lations, such as onshore areas in Germany, France, Spain and Britain as well as
o shore regions in the North and Baltic Sea (Figure 3.6b). In contrast, signi cant
overestimation can be observed at the Finish coast, the coast of Portugal and in
the North-West of Britain of about 0.6 ms ! (8%). The latter two are of minor im-
portance, since prevalent water depths exceed the technical limitations of modern
o shore wind park facilities. Furthermore, the simulation exhibits some consider-
able biases in the Northern Adria (up to -0.7 mst, 12%) and the Greek coast (up
to -0.43ms !, 6%). In general, the model tends to underestimate the magnitude of



60 Chapter 3. Application & data

@) (b)

(© (d)

Figure 3.6: Climatology of mean surface wind speed from RCA4

driven by ERA-Interim (A) and the residual to RCA4 with EC-

EARTH (B). Further, intra-annual variability (winter minus sum-

mer) for RCA4 driven by ERA-Interim (C) and the residual to RCA4

with EC-EARTH (D). Residuals are de ned as RCA4/EC-EARTH
minus RCA4/ERA-Interim).

surface wind speeds over land, for instance in vast parts of northern Germany the
di erence is found to be below 1% and below 2% for the southern more mountainous
regions. This is in line with ndings by Kjellstrém et al. (2005) and Nolan et al.
(2012) concerning the previouRCA3 model version.

Besides the climatological mean, the intra-annual variability is of major impor-
tance. Here, it is determined by the di erence of winter (December-February) and
summer (July-August) climatology of the wind resource. Figure 3.6d highlights
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the residual of RCA4-ECEARTH minus RCA4-ERAI, exhibiting substantial biases
mainly in the Baltic Sea between 1 and 2 mg (up to 60%). This yields a more pro-
nounced di erence between winter and summer wind power generation potentials
for the respective areas. Vast parts of eastern Europe and the Mediterranean ex-
perience slight underestimations for the GCM driven run. In most parts of Europe
and the Atlantic however, the simulation shows acceptable performance. The trend
in Appendix Figure D.10f shows biases of the same magnitude as the climatology.
These magnitudes are negligible though.

Regarding the shortwave downwelling solar radiation at the surface, the spa-
tial distribution of the climatological mean is well reproduced, yet overestimated
in most parts of Europe, with decreasing di erence for the Mediterranean regions
(c.f. Appendix, Figure D.12). For Germany this results in less than 8% devia-
tion to ERA-Interim, probably leading to slightly increased PV potentials. Almost
the exact same pattern with a reversed tendency is observed for the intra-annual
variability (c.f. Appendix, Figure D.12) decreasing the seasonal dierences of up
to 20Wm 2 for northeastern Germany. The GCM con guration shows generally
a good performance regarding the spatial patterns for the long-term surface tem-
perature mean. Nevertheless, from Figure D.13b it is evident that the simulation
signi cantly underestimates the temperature over the entire domain, with values up
to -2.2 K. The di erence between winter and summer months is substantially more
pronounced, in particular for the Mediterranean (c.f. Appendix, Figure D.13d).

Historical and future simulation

Finally, after deciding in favor of the RCA4-ECEARTH con guration, two data sets
are used as input for the subsequent model chain (c.f. Figure 3.5): one historical
long-term simulation from 1970 until 1999 and one simulation following a GHG
emission scenario with the time horizon of 2070 until 2099. Amongst others, such
scenarios are de ned in th&Representative Concentration Pathways (RCPysed for
the Fifth Assessment Report (AR5)by the IPCC. They are based on assumptions
concerning the future greenhouse gas emissions acting as a trigger for di erent
radiative forcing and hence climate changes. Three pathways are available for the
present model combination, de ned with respect to the radiative forcing in Wn?
(IPCC, 2014):

RCP 2.6: peaks at 3Wm? within the 21st century and declines afterwards;

RCP 4.5: stabilization after the 21st century at 4.5Wm?;

RCP 8.5: increased radiative forcing exceeding 8.5Wrat the end of the
21st century.
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In the scope of this thesis, the RCP 8.5 scenario is applied, since recent developments
and investigations suggest that the inherent GHG emission scenario appears to have
an increased likelihood (Sanford et al., 2014; IPCC, 2014). Present emissions seem
to follow or even exceed the assumed GHG trajectory in the most extreme of all
scenarios (Sanford et al., 2014). The latest IPCC report AR5 estimates the increase
of global mean surface temperature to be likely between 2@ and 4.8C when
comparing the periods 1986-2005 and 2081-2100 for the RCP 8.5 scenario.

Both, the historical and projection data sets used from RCA4-ECEARTH (from
now referred to aHIST and RCP85) provide 3-hourly surface wind speeds, surface
temperatures and global solar radiation at the surface for the 0.1gridded EURO-
CORDEX domain.

Bias correction

The previously mentioned studies as well as the evaluation of the RCA4-ECEARTH
historical simulations with respect to RCA4-ERAI results show essential biases
which may a ect signals in climate change analyses. In particular this seems to
be the case for wind speed applications (Moemken et al., 2018). Therefore, a
bias correction is applied to the HIST simulation as well as the RCP85 projection,
assuming that the bias patterns for this speci ¢ model combination are constant
over the whole time horizon until 2100.

For this purpose an probabilistic approach following Haas et al. (2014) and
Michelangeli et al. (2009) is adopted (see also Moemken et al., 2018). First, Weibull
distributions are tted to the original time series of the historical RCA4-ECEARTH
and evaluation RCA4-ERAI run. The scale (") and shape (') parameter are
estimated using the cumulative distribution function of wind speeds (Haas et al.,

2014): .
Vv

F(v)=1 exp —wbi

(3.5)

Applying Equation 3.5 to both time series yields two sets of parameters, namely
Wbl whl for RCA4-ECEARTH and WP/ Wbl for RCA4-ERAI. Secondly, by equal-

eval’ eval

izing the Weibull distributions Fgm (Vsim) Of the historical (HIST) or projected
(RCP85) simulation and Feya(Veva) Of the evaluation simulation (RCA4-ERAI),
a transfer function is determined which yields the bias corrected wind speedg,
from the estimated sets of parameters (Michelangeli et al., 2009):
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The bias correction of Equation 3.6 is applied prior to the energy conversion pro-
cessing by REOM (c.f. Figure 3.5).

3.3.2 Setup for the energy system modeling

Now, the processing of input data in the subsequent modeling chain and details
about the RPSM model setup are explained. In addition, results with respect to
area potential estimations for European countries are presented.

Towards VRE time series

In the next step of the modeling chain the HIST and RCP85 time series are object
to REOM vyielding wind and PV power generation. Uni ed wind and PV operation
facilities are distributed on the underlying meteorological grid. By that VRE time
series are assigned to each point in space for 28 European countries including on-
shore and o shore (only wind) areas. The exact same plant types and REOM setup
as presented in Section 3.2.1 are employed, including the application of an optimal
tilt angle obtained for the entire European domain.

As for Section 3.2, besides the azimuth angle of equally distributed PV panels
(which is again set to 0), the tilt angle at each grid point of the underlying mete-
orological data set needs to be supplied. Similarly as depicted in Section A in the
Appendix, the optimal angle for each grid point is determined, this time extended
to Europe instead of only Germany.

This approach yields the optimal tilt angles for each grid point in Figure 3.7. As
expected, a clear North-South pattern can be observed for the whole domain due
to the dependency of the direct radiation to the grid points latitude. The inherent
di erence between magnitudes of latitude and tilt angle of about 10appears to
be the di use radiation contribution. The optimum ranges between 30in Spain
and Italy, and 45 in Norway and Sweden. Deviations within regions of the same
latitude appear perhaps for two main reasons: rst, certainly the optimal angle
needs to be adapted for sites with di erent altitudes, as evident for example in the
Alps and Pyrenees. This, however, does not explain variations within the Atlantic
for instance. Here, di erent climatology of cloudiness are expected to be present.
More clouds decrease the direct radiation contribution to the power yield by a PV
panel and consequently altering its latitudinal dependency.

The dimensions of the resulting 30 years of VRE generation, are then reduced by
applying the clustering algorithm. For this purpose, combinations of ve ENTSO-E
demand years (for each European country), and 30 years of wind and PV capacity
factors (yielding a total of 150 source years) are serving as the basis. The a liated
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Figure 3.7: Optimal tilt angle for southerly oriented PV panels

in Europe, determined using Klucher model (KM). COSMO-REA6

radiation data serves as a basis and an uniform albedo of 0.2 is as-
sumed.

output comprises a set of 20 typedays of characteristic demand, wind as well as
PV power production patterns with a 3-hourly resolution. The spatial clustering
ensures that grid points showing similar characteristic within a country are merged
to a maximum of ve groups per country for onshore and two for o shore areas. The
respective number of clusters per country is determined via the evaluation feature
mentioned in Section 2.2.

Figure 3.8 illustrates the spatial distribution and cluster a liation using the
example of Germany (c.f. Appendix, Figure D.7 for Europe). Note that since the
outcome of the clustering routine highly depends on the VRE power time series,
the spatial patterns and number of clusters for HIST and RCP85 as well as wind
and PV may vary to a certain extend within a country. In addition, o shore grid
points are omitted for water depths exceeding 250 m, accounting for technology
limitations.

For Germany, the o shore wind grid points are clearly separated for the North
Sea and Baltic Sea in both simulations, revealing a distinct climatologic di erences
between both regions with respect to surface winds. Regarding onshore winds, the
routine suggests three clusters: North-West, North-East and South. The outcome
suggests that there are almost no di erences between the periods. Interestingly the
algorithm produces very similar patterns for PV, although suggesting to zonally
divide the southern region for the future data set.
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(@) (b)

(© (d)

Figure 3.8: Spatial distribution of capacity factor cluster in Ger-

many, in (A) for wind and (B) for PV in the HIST simulation and in

(C) for wind and (D) for PV in the RCP85. Grid points of the same
color within a graph belong to the same cluster.

RPSM framework

The setup for energy system related simulations via RPSM is very similar to Study

Il (Section 3.2.1), leaving some basic di erences for the following assumptions:

Green eld mode : All exogenous installed capacity parameters are set to
zero, since the model starts from scratch developing the necessary power plant
composition endogenously within the rst time step (see Section 2.3.3). To
accomplish this, the fabrication bounding of renewable energies by Equation

2.29 is disabled.
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CO, emission target : Equation 2.35 is satis ed by CQ emission caps for
each European country. Consistently with Section 3.2, the emission target
of 90% compared to 1990 serves as a guideline and is extracted from the
EEA data base for each country. Here however, no calibration of the model
is necessary, since initially installed capacities are not existenG(een eld
mode). The emission threshold is kept constant for all simulation time steps.

Technology phase-outs : In line with recent developments further invest-
ments in nuclear plants is prohibited for: Austria, Belgium, Germany, Italy,
Sweden and Switzerland. Regarding coal, the phaseout is extended to the
whole set of countries.

Net transfer capacities : In order to account for the incorporation of mul-
tiple regions in RPSM and in consequence of inner-continental interactions,
the last two terms of the balancing constraint (Equation 2.31) gain relevance
regarding the energy import and export by a country. Hence, net transfer ca-
pacities acting as trade constraints between countries need to be provided (see
Equation 2.34). For this purpose, a data set for 2020 provided by ENTSO-E
is applied'.

Dimensions : The simulation covers the time span of 2100-2180 with a 20 year
simulation time step. The focus of subsequent analysis in this part of the thesis
lies only on 2100. With theGreen eld setup, further time steps would not be
necessary. However, the additional 80 years prevent potential boundary e ects
regarding the lifetimes of the considered technologies. For computational cost
reasons, the horizontal resolution is reduced to 48 km (a multiple of the EURO-
CORDEX resolution) as well as the intra-daily resolution to 6 hours.

Costs & technology speci cations  : Values for 2050 from Tables C.6-C.12
in the Appendix are assumed to hold for 2100.

Area potentials

In addition to the previously mentioned assumptions, area potentials for the entire
European domain are examined for each grid point and used as VRE expansion con-
straints. Consistently, values for grid points belonging to a certain spatial cluster
are accumulated and the respective mean is assigned for each cluster member. Fig-
ure 3.9a presents the resulting potentials in GW for European wind power, Figure
D.4 in the Appendix for PV, respectively.

’NTC scenario data sets available at https://www.entsoe.eu
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