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ABSTRACT

Power systems worldwide are transitioning towards a more sustainable
electricity supply based on renewable energy sources. At the same time,
other sectors, like heat and transport, are electrified to move away from
fossil fuels to renewable electricity. This major transition comes with new
challenges, opportunities, and players, some of which are addressed in this
thesis. The focus is power system flexibility, a key enabler for renewable
power systems, and the newly emerging sources of decentralised flexibility
in households, whose role is changing in the transitioning power system.
Traditionally, they acted as passive consumers, drawing electricity from
the grid whenever needed. Nowadays, more and more households are
equipped with photovoltaic systems, often in combination with battery
storage, electric vehicle chargers and heat pumps. With their own electricity
generation, storage and flexible demand of electric vehicles and heat pumps,
the opportunity for a more active participation in the power system and
flexibility provision by households arises.

This thesis provides tools and insights for integrating household flexibility
into renewable power systems. In the first part, the flexibility from the
decentralised flexibility options owned by households is estimated in terms
of temporal availability, available power and flexible energy. Flexibility is
important to various aspects of the power system, and different flexibility
needs exist because electricity generation and demand need to be balanced
temporally and geographically. In the second and third parts, the contribu-
tion of decentralised flexibility to the supply of geographic flexibility needs
in German distribution grids and to the supply of temporal flexibility needs
of a 100 % renewable German power system is estimated. The last part of
the thesis deals with the activation of decentralised flexibility by economic
incentives of electricity tariffs and how far well-designed tariffs can help
supply geographic and temporal flexibility needs.

The results show a large flexibility potential from decentralised flexibility
options. At the same time, the available flexibility depends on many as-
pects, like the time and location or consumer willingness to adapt their
behaviour. Another factor is which flexibility needs should be supplied.
The geographic flexibility needs in German distribution grids, measured
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by reinforcement needs and resulting costs, can be significantly reduced
by a flexible operation of decentralised flexibility options. However, they
can not be fully avoided, and the distribution grids must be reinforced to
a certain degree to incorporate high shares of decentralised photovoltaic,
electric vehicles and heat pumps.

On the other hand, the temporal flexibility needs of a fully renewable
German power system, supplied by photovoltaic and wind only, can be net
decreased by deploying decentralised flexibility. Electric vehicles, especially,
significantly reduce short- to medium-term flexibility needs if shifting
between standing times and vehicle-to-grid is enabled. The total flexibility
needs, their division into short-, medium- and long-term energy shifting,
and the influence of decentralised flexibility also depend on the generation
mix. A carefully chosen mix of photovoltaic and wind can thus reduce the
temporal flexibility needs. Generally, decentralised flexibility options can
supply short- to medium-term but not long-term flexibility needs. These
would have to be supplied by other sources in future renewable power
systems.

The right economic incentives can help to untap the potential of decen-
tralised flexibility. Therefore, this thesis investigates the effect of different
electricity tariff designs on geographic and temporal flexibility needs. The
investigated tariffs are combinations of energy-based and capacity-based
network tariffs with constant or time-varying suppliers” costs. The results
show that if designed well, electricity tariffs can reduce geographic and
temporal flexibility needs. On the other hand, time-varying purely energy-
based tariffs pose the danger of synchronisation and increase in temporal
and geographic flexibility needs, especially at high penetrations of decen-
tralised flexibility. Capacity-based components on peak load and feed-in
can counteract these effects and decrease the flexibility needs.

The supply of flexibility needs is not the only criterion electricity tariffs
must fulfil. To this end, this thesis develops and applies a comprehensive
evaluation framework with the criteria of an efficient grid, fairness and cus-
tomer acceptance and consistency with other political objectives. The evaluation
shows that purely energy-based tariffs overall perform worse than tariffs
including capacity-based price components. It is therefore recommended to
include capacity-based prices in future electricity tariffs.

This thesis highlights the importance of decentralised flexibility in renew-
able power systems. It shows that geographic flexibility needs in German
distribution grids can be significantly reduced by an optimised operation of
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residential electric vehicles, heat pumps and battery storage, and costly rein-
forcement measures delayed. Furthermore, decentralised flexibility options
can supply temporal flexibility needs, especially short- and medium-term
energy shifting on time scales up to a month. The right electricity tariff can
help a system-friendly operation but must be designed carefully so as not
to aggravate the effects of increased penetrations of decentralised flexibility
options. The provided decision and simulation tools, which are all available
open source, can help an informed choice.
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ZUSAMMENFASSUNG

Die Transformation des Energiesystems hin zu einer nachhaltigen Energie-
versorgung ist eine der grofsen gesellschaftlichen Herausforderungen der
heutigen Zeit. Sie umfasst den Umbau des Stromsystems hin zu erneuerba-
ren Energien, aber auch die Elektrifizierung anderer Sektoren, wie Transport
und Warmeversorgung, um fossile Brennstoffe durch erneuerbaren Strom
zu ersetzen. Dieser weitreichende Umbau birgt Herausforderungen, aber
auch Chancen und neue Player, von denen einige in der vorliegenden Ar-
beit untersucht werden. Der Fokus ist dabei Flexibilitdt im Stromsystem,
ein Schliisselelement fiir ein erneuerbares Stromsystem, und dezentrale
Flexibilitatsoptionen in Haushalten, die die Rolle der Endverbraucher im
sich wandelnden Stromsystem verdandern. Traditionell agierten Haushal-
te als passive Verbraucher. Heutzutage sind immer mehr Haushalte mit
dezentraler Photovoltaik, oftmals in Kombination mit Heimspeichern, Elek-
trofahrzeugen und Warmepumpen ausgestattet. Mit eigener Erzeugung,
Speichern und flexiblen Lasten erdffnet sich die Moglichkeit fiir eine aktive
Partizipation der Haushalte im Stromsystem und das Potenzial, Flexibilitat
bereitzustellen.

Die vorliegende Arbeit beinhaltet Tools und Erkenntnisse zur Integrati-
on von Haushaltsflexibilititen in ein erneuerbares Stromsystem. Der erste
Teil behandelt Flexibilitatsoptionen und deren Flexibilitatspotential und
bewertet das Flexibilitdtspotenzial dezentraler Haushaltsflexibilitdten im
Hinblick auf zeitliche Verfiigbarkeit, abrufbare Leistung und flexible Ener-
gie. Flexibilitét ist relevant fiir unterschiedliche Aspekte im Stromsystem
und der benétigte Ausgleich von Stromerzeugung und -verbrauch fiihrt
zu verschiedenen Flexibilitdtsbedarfen, da der Ausgleich sowohl geogra-
fisch als auch zeitlich gewéhrleistet sein muss. Im zweiten und dritten
Teil der Arbeit wird der mogliche Beitrag der Haushaltsflexibilitdten zur
Deckung des geografischen Flexibilitatsbedarfs in deutschen Verteilnet-
zen und des zeitlichen Flexibilitatsbedarfs in einem 100 % erneuerbaren
deutschen Stromsystem untersucht. Der letzte Teil der Arbeit behandelt
okonomische Anreize durch angepasste Stromtarife und inwieweit solche
Tarife zur Deckung von geografischem und zeitlichem Flexibilitatsbedarf
beitragen konnen.
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Die Ergebnisse zeigen ein hohes Flexibilitdtspotential seitens dezentraler
Flexibilitdtsoptionen. Gleichzeitig ist das verfiigbare Potential stark abh&n-
gig von verschiedenen Faktoren, wie Zeit und Ort oder der Bereitschaft der
Kund*innen, ihr Verbrauchsverhalten anzupassen. Ein anderer relevanter
Faktor fiir die Effektivitdt des eingesetzten Flexibilitdtspotentials ist, welcher
Flexibilitatsbedarf gedeckt werden soll. Der geografische Flexibilitatsbedarf
in deutschen Verteilnetzen, welcher in Netzausbaubedarf und den resultie-
renden Kosten gemessen wird, kann durch eine optimierte Fahrweise der
dezentralen Flexibilitdtsoptionen signifikant reduziert werden. Allerdings
kann der Netzausbaubedarf fiir hohe Durchdringungen von Photovoltaik,
Elektrofahrzeugen und Warmepumpen in Haushalten nicht vollstindig
vermieden werden.

Im Gegensatz dazu kann der zeitliche Flexibilitdtsbedarf in einem erneuer-
baren deutschen Stromsystem, vollstindig versorgt durch Photovoltaik und
Windenergie, durch den Einsatz dezentraler Flexibilitdtsoptionen effektiv
verringert werden. Elektrofahrzeuge sind besonders geeignet, kurz- und mit-
telfristige Flexibilitatsbedarfe zu decken, wenn Verschieben des Ladebedarfs
zwischen unterschiedlichen Ladeevents und bidirektionales Laden moglich
sind. Der gesamte zeitliche Flexibilitdtsbedarf sowie dessen Unterteilung in
kurz-, mittel- und langfristiges Schieben von Energie hiangen auch von der
Zusammensetzung des Einspeisemixes ab. Ein sorgsam ausgewahlter Mix
aus Photovoltaik und Windenergie kann daher dabei helfen, den zeitlichen
Flexibilitdtsbedarf zu begrenzen. Dezentrale Flexibilitidtsoptionen kénnen
generell zur Deckung des kurz- und mittelfristigen Flexibilitdtsbedarfs
beitragen, nicht aber zum langfristigen Flexibilitatsbedarf. In einem zu-
kiinftigen erneuerbaren Stromsystem miissten andere Flexibilititsoptionen
dieses saisonale Verschieben von Energie decken.

Die richtigen 6konomischen Anreize kénnen dazu beitragen, das Flexi-
bilitdtspotential von Haushaltsflexibilititen zu heben und systemdienlich
einzusetzen. Aus diesem Grund untersucht die vorliegende Arbeit den
Einfluss von unterschiedlichen Stromtarifen auf den geografischen und
zeitlichen Flexibilitdtsbedarf. Die untersuchten Tarife sind Kombinationen
aus energie- und leistungsbasierten Netzentgelten und konstanten oder
zeitvariablen Strompreisen. Die Ergebnisse zeigen, dass gut designte Tarife
den geografischen und zeitlichen Flexibilitidtsbedarf reduzieren konnen.
Auf der anderen Seite konnen zeitvariable energiebasierte Preise bei hoher
Durchdringung von dezentraler Flexibilitat zu erhohten Gleichzeitigkeiten
und dem Anstieg von zeitlichem und geografischem Flexibilitatsbedarf fiih-



ren. Leistungsbasierte Preise auf die Spitzenlast und -einspeisung konnen
diesen Effekt verhindern und die Flexibilitdtsbedarfe reduzieren.

Zur Deckung der Flexibilitatsbedarfe beizutragen ist nicht das einzige Kri-
terium, was Stromtarife erfiillen miissen. Daher entwickelt diese Arbeit ein
umfassendes Bewertungssystem fiir Stromtarife, in denen die Kriterien einer
effizienten Netznutzung, der Fairness und Kundenakzeptanz and der Konsis-
tenz mit anderen energiepolitischen Zielen quantifiziert und gewichtet werden.
Die Anwendung auf Systeme mit hohen Durchdringungen dezentraler
Flexibilitdt zeigt, dass tiber die untersuchten Tarife solche mit leistungsba-
sierten Kostenkomponenten im Allgemeinen besser abschneiden als rein
energiebasierte Tarife. Es ist daher empfehlenswert, leistungsbasierte Preis-
komponenten in zukiinftige Stromtarife fiir Haushalte zu integrieren.

Zusammenfassend unterstreicht die vorliegende Arbeit die Relevanz dezen-
traler Flexibilitdtsoptionen in erneuerbaren Stromsystemen. Sie zeigt, dass
der geografische Flexibilitdtsbedarf in deutschen Verteilnetzen signifikant re-
duziert, und kostenintensive Ausbaumafinahmen verzogert werden kénnen
mit einer optimierten Fahrweise von Elektrofahrzeugen, Warmepumpen
und Heimspeichern. Aufierdem koénnen dezentrale Flexibilitdtsoptionen
zur Deckung des zeitlichen Flexibilitdtsbedarfs beitragen, besonders zu
kurz- bis mittelfristigem Flexibilitdtsbedarf mit Verschiebebedarfen bis zu
vier Wochen. Ein gut designter Stromtarif kann systemdienliches Verhalten
der dezentralen Flexibilitdtsoptionen anreizen, sollte aber leistungsbasierte
Kosten beinhalten, um iibermassige Synchronisationseffekte zu vermeiden.
Die bereitgestellten offen verfiigbaren Entscheidungs- und Simulationstools
konnen zu einem informierten Entscheidungsprozess beitragen.
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INTRODUCTION

1.1 background and motivation

The transition of the energy system towards a sustainable energy supply is
one of the greatest challenges in Western society. This transition includes re-
placing conventional fossil-fueled and nuclear power plants with renewable
energy sources and electrifying the transport and heat sectors. With many
of these technologies installed at lower grid levels, the system becomes
more decentralised.

While renewable generation from biomass and hydropower plants is dis-
patchable, a large share of the generation in a future renewable power
system will be covered by variable renewable energy sources (VRES), par-
ticularly solar and wind generation [ 1], [2]. These sources depend on
intermittent weather conditions and are hard to predict [ 2], [3]. Since power
generation and demand must always be balanced for a stable system opera-
tion, the intermittency and uncertainty of generation from VRESincreases
the need for exibility [ 4]. Therefore, power system exibility is a key en-
abler for implementing high shares of renewable energy [ 1], [4]. Flexibility
can be provided by many different sources and has always been a crucial
part of power system planning and operations [ 2], [4]. Possible sources are
the supply-side, demand-side, storage and sector coupling [ 2].

Traditionally, large-scale assets, like dispatchable power plants and pumped
hydro storage, were the main provider of exibility to balance supply
and demand. However, conventional power plants, as one of the primary
sources of exibility, are being replaced by renewable generation [ 5]. Other
technologies, like pumped hydro storage, have geological requirements and
therefore a natural limit regarding possible expansion [ 6]. Therefore, the in-
creasing need for exibility faces a decrease in provision from conventional
sources of exibility, thus requiring more exibility from other sources [ 2],

(5].

Such possible sources include small-scale assets, like residential battery
energy storage systems BESS and sector coupling technologies such as
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introduction

electric vehicles (EVs) and heat pumps (HPs) equipped with thermal en-
ergy storage (TES). All these technologies are increasingly installed in the
system [7]—-{9].

While the primary goal of sector coupling technologies is the more ef -
cient and sustainable use of energy in the non-electricity sector (i.e. heat
and transport), these technologies also exhibit exibility in their opera-
tion [2]. EVs are often parked much longer than the charging process takes
place, and their electricity demand could therefore be shifted in time. If
incentivised accordingly, they could even change the charging location,
geographically shifting their demand. The thermal latency of buildings
allows for shifting of the demand of HPs in time, and TES could further
increase the shifting times. Thermal storage is usually cheaper than BESS
and could pose a viable alternative [ 10].

Nevertheless, the costs for BESShave drastically decreased over the last
years, and more and more BESSare installed in households alongside
photovoltaics (PV) power plants [ 11]. Furthermore, the primary purpose
of BESSis exibility provision, and they can therefore contribute to many
different system services [12], [13].

EVs, HPs and PV systems with BESSare increasingly being introduced to

households, changing their role from passive consumers to prosumers ac-
tively interacting with the system. Figure 1.1 shows the recent development
of decentralised exibility options in Germany [ 14]-[16]. The numbers of
EVs, HPs and BESSare increasing, and the growth shows an acceleration
in the last years.

EVs HPs BESS
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Figure 1 .1: Numbers of installed distributed energy resources ( DERS) in Germany
in the last years, own representation with numbers from [ 14].
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Figure 1 .2: Peak load (left) and storage energy capacities (right) with a 100%
DERs penetration in Germany. The current values for peak load and
storage capacity are obtained from [20] and [21].

With these technologies comes a massive increase in installed capacities
at the lower grid levels but also in available storage. Figure 1.2 shows the
increase in peak load (left) and storage energy capacity (right) for a 100%
penetration of EVs, HPs and BESSin Germany, i.e. all private vehicles
(48.8Mio.) are electri ed ! and all residential buildings ( 19.2Mio.) own a HP
and BESS. The increase in peak load assumes a simultaneous operation
of all units, which is unrealistic but still an interesting extreme case to
consider. It shows that the newly installed capacities exceed the current
peak load by more than vefold. Similarly, the storage capacity of the
decentralised exibility options is not always available for load shifting
and can therefore not be directly compared to existing large-scale storage
capacities. The comparison still highlights that especially EVs introduce
massive amounts of electrical storage into the system, which could be used
to provide exibility services. So, on one hand, EVs, HPs and BESSwill
increase the installed capacities, especially in lower grid levels, thus posing
signi cant stress on the grids. On the other hand, they also introduce
massive amounts of storage and exible demand into the system, holding
the potential to help integrate VRES if incentivised accordingly.

The EVs, HPs and BESSthat are the focus of this PhD research are owned
and operated by households. In contrast to larger exible assets, like con-
ventional power plants or large-scale storage units that directly interact
with the market, these smaller assets are not yet incentivised to balance
electricity supply and demand in the system. One possibility for using
their exibility are time-varying prices, but they also pose the danger of

We assume a medium battery size of 70kWh and slow charging at 3.7kW chargers in this case.
The mean power capacities are assumed to be3kW [17] and 5.8kW [ 18] and energy capacities
of 16.0kWh [19] and 8.6kWh [ 18] for HPs with TES and BESS.
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increasing simultaneities and peak loads in lower grid levels, requiring
more grid reinforcement [ 22], [23]. Economic incentive systems, such as
time-varying prices, should therefore try to nd the right balance between
the temporal exibility needs of the whole system and the geographical
exibility needs of local distribution grids to achieve a system-friendly
operation.

In summary, decentralised exibility options, i.e. residential BESS EVs
and HPs, introduce large storage capacities into the system, thus hold-
ing the potential to provide exibility. However, the available exibility
depends on the location and time, and consumer comfort should not be
compromised. Under these considerations, it is not yet clear how much
decentralised exibility options can contribute to exibility supply and
how to accurately incentivise a system-friendly behaviour. This research
contributes to overcoming these challenges by answering the following
research questions:

« What is the exibility need in a renewable German power system?

* What share of this exibility need can be supplied by decentralised
exibility options?

« Which economic incentive systems are most suitable to stimulate a
system-friendly operation of decentralised exibility options?

It therefore develops models to quantify the temporal and geographical
exibility needs in future power systems with high shares of VRES It
furthermore investigates the in uence of decentralised exibility options on
these exibility needs. Lastly, different economic incentives are evaluated
on their suitability to help integrate VRES and decentralised exibility
options.

1.2 thesis outline and contributions

This thesis investigates the contribution of decentralised exibility in re-
newable power systems. It is divided into four parts, as visualised in
Fig. 1.3. The rst part focuses on exibility options, i.e. technologies that can
adapt their power output or consumption in response to an external signal.
Furthermore, the exibility potential of decentralised exibility options is
estimated, meaning the available range of power and energy values that
the exibility option can take. The second and third parts investigate the
geographical exibility needm distribution grids and temporal exibility needs
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Part I: Flexibility Options &
Flexibility Potential

Part Il Part Il :

Geographic Flexibility Needs & Temporal Flexibility Needs &

Geographic Flexibility Supply Temporal Flexibility Supply
Part IV :

Economic Incentives

Temporal exibility Geographic exibility

Figure 1 .3: Structure of dissertation.

in the German national system. Flexibility needsarise from a mismatch of
electricity generation and demand. These mismatches can occur in the geo-
graphicdimension, requiring transport capacities of electricity grids, and in
the temporaldimension, requiring shifting of generation or demand in time.
For both dimensions, it is investigated in how far an optimised operation
of decentralised exibility options can reduce the exibility needs, in other
words contribute to the exibility supply . The last part investigates economic
incentives to stir geographic and temporal exibility supply and achieve a
system-friendly operation of decentralised exibility options. Furthermore,
social and political implications are included in the nal evaluation of
the investigated incentives since these in uence the practicability of the
proposed measures.

All models and tools that were produced in the course of this PhD re-
search are available open source for further use and re nement. They are
introduced in the respective parts of the thesis, which are further detailed

below.
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121 Part I: Flexibility Options and their Flexibility Potential

Part one deals with the modelling of exibility options and the estimation
of their exibility potential.

Chapter 2 gives the theoretical background on the modelling of exibility
options and examines their representation in existing open energy mod-
elling tools. Therefore, it introduces a new classi cation for exibility and

in uencing factors and extracts and examines key factors of exibility rep-
resentation in the current modelling landscape. It furthermore provides an
evaluation algorithm for decision support in choosing the right modelling
tool for different research questions.

Chapter 3includes the chosen models and formulations for decentralised
exibility options used in this thesis, i.e. models for the sizing and opera-
tions of EVs, HPs and BESS Furthermore, linearised models are provided
for all investigated exibility options. Such linear model formulations are
important for studies with high geographic and temporal resolution, e.g.
large-scale grid studies to investigate geographic exibility needs.

In Chapter 4, the exibility potential of decentralised exibility options

is estimated. The chosen concept accounts for the temporal availability
and provides the mean available power and average exible energy of
the different exibility options. It is used to approximate the exibility
potential for representative distribution grids and entire Germany for  100%
penetration of decentralised exibility options.

1.2.2 Part Il: Geographic Flexibility Needs in Distribution Grids

Part two investigates geographic exibility needs in distribution grids to
incorporate increasing shares of renewable energy and sector coupling
technologies, measured by curtailment and grid reinforcement needs. It fur-
thermore assesses the potential of an optimised operation of decentralised
exibility options to decrease these geographical exibility needs.

Chapter 5 introduces the theoretical background and gives an overview of
existing work. In Chapter 6, the optimal power ow formulation used in
this thesis is introduced. The established model formulation is tractable for
large-scale grid studies and allows the investigation of necessary curtailment
and a grid-friendly operation that reduces the grid reinforcement needs.
Such large-scale grid studies are required because of the distributed nature
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of decentralised exibility options, which are mainly introduced to the low
voltage but also in uence higher grid levels.

In Chapters 7 and 8, the model formulation is applied to investigate the
reduction potential in geographical exibility needs through an optimised
operation of decentralised exibility options in representative German dis-
tribution grids. Chapter 7 focuses onEVs, which are complex to model since
they can change locations and thus shift electricity demand in the temporal
and geographic dimensions. The results of optimised charging are com-
pared to rule-based charging strategies, and the in uence of different levels
of EV exibility on geographic exibility supply is investigated.

In Chapter 8, the investigations are expanded to a simultaneous integration
of EVs, HPs and PV systems with and without BESS The results provide
mean reinforcement costs that can be used in large-scale energy system
models to incorporate distribution grids. Furthermore, the potential to
reduce reinforcement costs through an optimised operation is estimated.
Chapter 9 discusses the results and limitations, and Chapter 10 presents
conclusions drawn from this part of the thesis.

1.2.3 Part lll: Temporal Flexibility Needs in the National System

Part three focuses on the temporal exibility needs in a 100% renew-
able power system in Germany and investigates which in uence and re-
duction potential decentralised exibility options have on the exibility
needs.

Chapter 11 summarises existing quanti cation methods for temporal exi-
bility. Chapter 12introduces a new linear optimisation model that quanti es
energy shifting needs on different timescales. The main contribution is a ba-
sic model which allows the incorporation of existing model formulations of
individual exibility options to assess their in uence on temporal exibility
needs on different time scales. This way, their contribution to the balance of
supply and demand can be measured.

In Chapter 13, the model is applied to a 100% renewable power system
in Germany to assess the in uence of the generation mix and increasing
shares of EVs, HPs and BESSon the temporal exibility needs. Results and
model formulation are discussed in Chapter 14, and conclusions are drawn
in Chapter 15.
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1.2.4 Part IV: Economic Incentives - Electricity Tariffs

Part four deals with the economic and social dimensions of exibility
supply from decentralised exibility options, investigating the in uence of
electricity tariff structures on technical, economic and social aspects.

Chapter 16introduces the background and existing relevant work. Chapter 17
investigates the economic incentives of different electricity tariffs and their

in uence on residential consumption pro les. The results allow a detailed
comparison of different combinations of electricity prices and network
tariffs and their effects on geographic and temporal exibility.

Chapter 18introduces a two-stage process for evaluating tariff designs. The
rst stage comprises extracting the most important decision criteria and
the second stage translating them into a coherent quantitative evaluation
framework. The framework is then applied to the different combinations of
electricity prices and network tariffs under increasing penetrations of DERSs.
It aims to provide a holistic and fact-based decision support by including
social and political considerations in addition to technical and economic
ones.

Chapter 19 nally summarises and concludes the ndings of this thesis
and gives an outlook into future research directions.
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REPRESENTATION IN OPEN ENERGY MODELLING
TOOLS

This chapter gives an introduction to exibility options and their representation in
existing open energy modelling tools. It is based on the published paper: A. Heider,
R. Reibsch, P. Blechinger, A. Linke and G. Hug, "Flexibility options and their
representation in open energy modelling tools", Energy Strategy Reviews3&ol.
2021[24]. ©2021The Authors. Published by Elsevier Ltd.

2.1 motivation

The decarbonisation of power supply systems is crucial for tackling climate
change. For this reason, the international community has committed to
ambitious goals for expanding renewable energy technologies within the
Paris Agreement [25]. To achieve these goals, variable renewable energy
sources (VRES) such as wind and photovoltaics ( PV) must play a substantial
role in the supply of electric energy in most countries [ 1].

The complexity of the energy supply system increases as the share of VRES
grows. This increase in complexity is mainly due to three technological char-
acteristics of VRES variability, uncertainty and local distribution [  3].

In conventional power systems, large-scale fossil-fuelled power plants pro-
vide dispatchable electricity to consumers, following a one-directional
power ow from higher voltage levels to the distribution grid. By introduc-
ing VRES uncertainty is added to the supply side, due to their varying
output nature. In addition, we observe a much higher granularity of power
plants following the introduction of small-scale decentralised VRES power
plants. This leads not only to an increased challenge in controlling and
operating the power plant eet but also to bi-directional power ows in
the grid. To keep the system stable and reliable, we must therefore add
and use a broad range of exibility options to balance supply and demand
both geographically and temporally. In conclusion, exibility is critical for
designing and operating up to 100 %renewable energy (RE) systems. It is

15
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therefore essential for the planning and operation of future power systems
to consider and study different exibility options [  1].

Since energy systems are highly complex, decision-makers rely heavily on
the predictions of energy system models to nd cost-optimal and sustain-
able future supply scenarios [ 26]. This affects different stakeholder groups
from portfolio planners and power plant operators to grid operators and
policymakers. The incorporation of exibility into energy systems mod-
elling is therefore a prerequisite for the proper modelling and simulation

of high share RE systems. This can be achieved by accounting for opera-
tional constraints of supply-side technologies and adding new exibility
options such as strengthened grid networks, storage units and demand side
management (DSM) to existing models.

However, there is no one-size- ts-all solution for including exibility op-
tions in energy system models. Different research questions call for distinct
modelling approaches. The evaluation of transient stability, for example,
needs a tool with a high temporal resolution in the subsecond range and a
realistic representation of the grid assets. Assessing investment decisions
and long-term energy planning require a much lower temporal resolution
because these models simulate years or even decades of the behaviour of
future energy systems. In general, energy system modelling must strike a
delicate balance between great technical detail and suf cient abstraction
to make problems computable [ 26]. To achieve this, researchers and mod-
ellers have created a wide range of energy modelling tools covering various
aspects and characteristics of energy systems.

A detailed overview of the existing modelling landscape is required when
selecting the appropriate model to answer speci ¢ research questions. Vari-
ous reviews and classi cations have been introduced to provide such an
overview [ 27]-[29]. However, there has not yet been an analysis of energy
system models focusing speci cally on exibility representation. As the
focus shifts towards high share VRES energy systems, it is crucial to un-
derstand the capabilities of existing energy system models (ESMs). Such
understanding allows researchers to select appropriate energy system mod-
els for a speci ¢ representation of exibility options and to identify aspects
that are missing in existing models. In order to I this research gap, we
address the following open questions: What exibility options exist, and
how can they be categorised? How are the different dimensions and types
of exibility represented in open energy modelling tools? What recom-
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mendations can be derived for future implementation of exibility in open
energy models?

In this study, we conduct a literature review to identify the key technologies
and properties for modelling exibility. Based on this review, we introduce

a classi cation of exibility in power systems and factors that in uence the
available exibility. In the second step, we present a questionnaire that was
sent out to identify the representation of these technologies and properties
in current open energy system models. The results are examined for short-
comings and room for improvement in the representation of exibility in
the tools surveyed.

The chapter is structured as follows: Section 2.2 summarises the existing
literature on model overviews and classi cations of exibility. It also intro-
duces a new classi cation of exibility. Section 2.3 describes the methodol-
ogy we use to obtain the representation of exibility and gives an overview
on the models considered in the survey. Section 2.4 presents the results,
Section 2.5 the discussion and Section 2.6 the interpretation of the re-
sults.

2.2 background to flexibility options and energy system
models

Flexibility is the ability of a power system to adapt its operation to either
foreseen or unforeseen changes in energy system behaviour, e.g. changes
in network con guration, generation, or load according to local climate
conditions, user needs, or network outage [ 30], [31]. The underlying prin-
ciple is that supply and demand have to be balanced to allow for stable
system operation. Many different options can enhance the exibility of
power systems so that high shares of VRES can be integrated. Lund et
al. provide an extensive overview of such measures in [ 2]. To capture the
representation of these options in modelling tools, it is necessary to identify
all exibility options and classify them into distinct categories.

A number of approaches exist to classify exibility options. Table 2.1 sum-
marises the classi cation schemes found in existing literature. All sources
mention some variation of supply- and demand-side exibility, storage
and exibility provided by the grid or its components. Most sources also
mention sector coupling (SC) as another exibility option. Aggregation
concepts such as smart grids or exchange with neighbouring grid zones are
mentioned as a possibility to increase the utilisation of available sources.
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Figure 2 .1: Classi cation of exibility in energy systems

The in uence of the operating strategy and forecast accuracy are mentioned
less frequently. All of the papers examined also specify the market as a
possibility to enhance power system exibility. Other recurring factors are
the design of ancillary services (AS) and regulatory design, such as grid
codes.

The literature analysed provides a detailed overview of the different tech-
nical exibility options. However, only one source introduces a hierarchy;,
putting the different types of options into relation with each other [ 36]. This
interplay does not include all options, however. We therefore introduce a
new classi cation scheme in an attempt to merge the above-mentioned
approaches, relating technical exibility and their operation with eco-
nomic and social drivers and adding temporaland geographical dimensions
Figure 2.1 visualises the proposed classi cation. Temporal exibility is the
ability to alter the power input or output in time. This can be achieved by in-
creasing or decreasing power generation or demand. Geographic exibility
is the ability to match supply and demand from different locations.

We call the technologies available in a power system, forming the basis
of exibility and therefore focus of the following investigations, exibility
options These are further subdivided into ve exibility categories supply
side, demand side, storage, network and sector coupling. Flexibility options
are restricted by technical constraints within their operation. We call these
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Table 2.1: Overview of exibility classi cations

Source Network Supply Demand Storage SC Qﬂ% enrsa-
[2] X X X X X
[32 X X X X
[4] o} X X X (x)
[33 X X X X o]
[34] x) X X X
[39 X X X X
[36] X X X X X
[37] X X X X

Source  ~\99€- Fore- Regu- ket As  Mer

gation casting lations play

[2] 0 o} (0) X X (0)
[32 x) X x) X X (0)
(4] x) o 0
[33] X o} X X X
[34] X X
[35] X o] X o]
[36] (0) X (0) X
[37] (0) X (0)

x - de ned as own category; o0 - no own category, but mentioned in text;

(x/0) - only partly mentioned
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constraints operational characteristic®perational characteristics related to
most of the exibility options are ef ciency, ramping, response and recovery
time. Research questions addressing exibility options and their optimal
combination include: Will future power systems have suf cient exibility

to incorporate 100 %renewable energy supply? What is the optimal mix of
exibility options in a highly decentralised future energy system? Which
storage technologies are necessary to ensure system stability?

Traditionally, temporal exibility has been provided by generation units.
Supply-side exibility options include fossil- or nuclear-based thermal gen-
eration or dispatchable renewable energy sources (RES. VRES can also
provide temporal exibility, e.g. by being controlled in curtailed operation
and ramped up during peak demand or curtailed even further. Opera-
tional characteristics of the exibility of generation units include minimum
and maximum output, ramping constraints and minimum up and down
time.

Another way to provide temporal exibility is to include the demand side.
This can be achieved using different mechanisms, such as the direct control
of loads by the grid operator. Price incentives used to shift loads to periods
of high power production are another possibility. Direct control has already
been used in the case of industrial loads. Although price incentives and
other control mechanisms for including households and the service sector
have not been used widely, they have become an increasingly prominent
topic of discussion in research [38]. The available exibility of demand
can be characterised by the maximum deferrable load, shifting time and
recovery time after activation.

A third exibility option - storage units - have the ability to shift load or
supply over time. They can act as both supply and demand, being able
to draw power from the grid, save it over time and feed it back later. The
most commonly used power storage systems are pumped hydro storage
(PHS). However, there are other storage technologies at different maturity
levels, such as compressed air energy storage CAES), ywheels, capacitors
and a variety of battery technologies. The exibility of storage units is
in uenced by their capacity, state-of-charge, self-discharge, ef ciency and
ageing.

Geographical exibility is mainly provided by the network, i.e. transmission
and distribution grids. Measures to increase geographical exibility include
grid extensions, interconnection to other power systems and dynamic
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recon guration by switches. Limiting factors include the capacity of lines
and transformers, as well as the current grid con guration.

Sector coupling introduces new technologies into the power system. These
technologies represent a link to other energy sectors such as heat and
transport. Connecting different sectors opens the possibility to use other
energy storage and transport units. Viewing all exibility options from a
power system perspective, sector coupling elements may act like supply,
demand and storage units. Power-to-X technologies and electric vehicles
(EVs) can serve as both supply and demand technologies. Not only do
sector coupling elements behave like more than one type of exibility, but
they also connect the temporal and geographic dimension. Fuels produced
by power-to-X, for example, can be moved to other places before being
converted back to power. The exibility of sector coupling elements is
dependent on the demand, infrastructure and exibility of the connected
sector; and it is restricted by operational characteristics of the transforming
technology.

As stated in [39], technologies are not the only factors that in uence energy
systems. We therefore put the introduced technical exibility options and
their operation into relation with economic and social drivers. For the later
analysis of the models, however, we focus on exibility options as such as
the basis of power system exibility. Therefore, both system operations and
economic and social drivers are considered only marginally in the further
analysis. Nevertheless, they are brie y outlined below.

System operationdo not include exibility options as such, but describe
the interplay and operations of the different players and technologies. It
comprises how exibility options are operated, which has a strong impact
on the available exibility. For example, the same battery storage can pro-
vide up and down regulation if operated at around 50% of its capacity,
whereas it can only provide up regulation when kept at full charging level
to increase supply security. These aspects include unit commitment or
reserve procurement as well as improving the forecast quality of supply
and demand as a measure to decrease the need for exibility and increase
exibility supply [ 2]. Another concept attributed to system operations and
able to make exibility options available to the system are smart grids. This
concept includes the intelligent monitoring, protection and optimisation of
grid resources at all voltage levels [40Q]. It poses an alternative to conven-
tional central grid planning with focus on grid reinforcement by expanding
on distributed resources [41] and including storage and demand response.
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New aggregation concepts such as virtual power plants ( VPPSs), microgrids
and energy cells also fall into this category. VPPs and microgrids both
enable the inclusion of distributed energy resources ( DERS) [42]. Microgrids
often allow an operation in islanded mode and include the grid and its com-
ponents in a limited geographical area. They furthermore utilise hardware
innovations such as smart inverters or switches [42]. VPPs on the contrary
can include components in a large geographical area and combine these
providing access to wholesale markets for smaller units. They depend more
on smart metering and information and communication technology and
already nd application in the current system [ 42]. The idea of energy cells
or so-called system-of-systems approach allows for a complexity reduction
to reduce the operation of the system to a manageable problem size in times
of increasing complexity [ 43].

Questions relevant to system operations include: How does bidding be-
haviour in uence reserves? How much additional exibility can aggregators
provide? What is the optimal size of independently operating energy cells
in a connected cellular system?

Overlaying drivers that in uence system operations and therefore the
availability of exibility are economi@nd socialones. Economic drivers cover
the system design, including the market, AS and regulations. Measures
to create greater exibility through economic drivers include shortening
the trading and reserve procurement time horizons [ 34], location-speci ¢
pricing, integrating electricity markets [ 2], designing additional regulation
reserves and exible ramping products [ 33]. Research questions associated
with these economic drivers include: What are the optimal procurement
time horizons? Is it necessary to create an additional market for exibility?
Do we need different ancillary services in a system based on renewable
energy?

Social drivers become increasingly important through the deployment of
DERs as assets of private persons are added to the mix. User behaviour
and acceptance therefore in uence the amount of available exibility. Social
barriers for the deployment of exibility are mainly behavioural aspects
such as imperfect information, credibility and trust, bounded rationality,
social inertia and personal values other than economic maximisation [ 43].
Research questions addressing social drivers are: How do user preferences
in uence the available exibility of EVs? Which incentive structures are
the most promising to increase user participation and acceptance in local
exibility markets?
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Energy system modelling is a valuable tool for answering some of these
questions. It was found that the optimal tool depends heavily on the speci ¢
research questions and the objectives required to answer them [44], [45].
It is therefore crucial to speci cally assess the representation of exibility
options in models in order to evaluate their suitability to answer questions
concerning power system exibility.

Several papers and other sources provide an overview of the existing mod-
elling landscape in energy system modelling [ 26], [29], [44]-[50]. Rinkjgb
et al., for example, give a good overview of 75 models, general model
characteristics, and technological and economic parameters, including the
modelled markets [48]. Although they do not mention speci c models,
Deng and Lv evaluate the changes in model formulation owing to the
incorporation of renewables [ 51]. They highlight the growing importance
of short-term system operation, transmission constraints, storage units
and demand-side response in the models. The authors of [52] focus on
social aspects in energy system models and frameworks and nd that these
factors are mainly included through exogenous assumptions or in the dis-
cussion of results. They state that approaches exist such as agent-based
modelling which allow for a better representation of social factors and
behavioural aspects but there is still room for improvement within the
examined models. Many of the energy system models and frameworks are
under continuous development and evolve as new questions and energy
policy challenges arise. Review papers can therefore only give a snapshot
of the modelling landscape at the time of the study. To deliver continuous
and up-to-date information on different modelling tools, the  Open Energy
Platform  provides factsheets on 132 models and frameworks used for
energy system modelling [ 53]. The online list provided by the openmod
initiative , specifying 50 open source models and frameworks, has a similar
purpose [54].

Considering the representation of exibility in different models, single
aspects were found to be missing [49] or posing a major challenge for
energy system modelling [ 48], [51]. To the best of our knowledge, however,
there has not yet been a systematic analysis of energy system models for
the purpose of understanding their representation of exibility options,
which is why we address this in our study.
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Figure 2 .2: Methodological approach

2.3 research design

The methodological approach of this study, shown in Figure 2.2, is divided
into three main parts. The rst part involved selecting the models under
analysis. In the second part, we developed a questionnaire to evaluate the
representation of exibility options in energy system modelling, based on
the classi cation introduced in Section 2.2. In the third part, we evaluated
the models under examination to assess the representation of exibility in
the single categories and from a holistic perspective.

2.3.1 Model selection

Various open energy system modelling tools and frameworks exist, as
described in the previous section. In the context of this study, we made a
nal selection of 24 models and frameworks 1.

In the literature, balancing uncertainty and transparency is mentioned as

one of the major challenges in energy systems modelling [26], and authors
have suggested learning from the open source community. Later, the im-
portance of opening up energy system models to increase the transparency
and quality of research was stressed [55]. In recent model development,

1 From now on, we denote models and frameworks together as models, since the differentiation
between a model and a framework is of no importance for the examination of exibility
options.
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there has been a recognisable trend towards open source and open access in
energy system modelling [ 29], [56] and the maturity of open source energy
models has been demonstrated [50]. For these reasons, our study focuses
on open source modelling tools.

We preselected models based on theESM review speci ed in Table 2.1,
the Open Energy Platform [53] and the openmod initiative  [54]. These
sources were combined with a review of the classi cation of exibility types,
which was described in further detail in Section 2.2.

To reach out to a broad audience of open source model users and developers,
we presented the research goal and questionnaire at a workshop hosted
by the openmod initiative , and sent an appropriate request to model
developers in the openmod forum and via its mailing list. The nal selection

of models was then made by the developers who responded to the request
and were willing to complete the questionnaire. In addition, the developers
of models that were interesting in terms of exibility options were contacted
directly and asked to complete the questionnaire (e.g. region4 FLEX).

Finally, we collected data from 24 models (including six frameworks). The
majority of these models classify themselves as ESMs, while the others are
called electricity or power system models. Rinkjgb mentions in [ 48] that,
as a rule, energy models were not actively used before the 201Gs. This is
also re ected in our model selection, given that 19 of the 24 models were
published after 201Q The oldest models - Balmorel , Energy Plan and
0OSeMOssys - were developed in the early 200Gs. This shows that holistic
energy system modelling is relatively new and in constant evolution. We
selected both widely used models and niche models. To identify how
widely the models have been used, we determined the number of citations
of their rst scienti c reference. Models such as Times, OSeMO sys, EMMA,
Energy Plan , Pandapower and PyPsa yield more than 100 citations, while
Grid Cal , Xeona or OMEGA Ipes are cited only a few times.

Appendix A. 1 contains a list of all the models and frameworks surveyed, a
brief description of the models and the modelling language on which they
are based. The overview shows that more than half of the models considered
are based on the general-purpose programming language Python and
about a quarter on the algebraic modelling language GAMS.
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2.3.2 Questionnaire with classi cation of exibility

As mentioned in Section 2.2, exibility is becoming crucial when it comes
to planning and designing of the future energy supply structures. In this
context, it is important not only to focus on a few exibility options, but
also to consider different social and economic drivers and options with
regard to supply, demand, storage, sector coupling, and the network (see all
drivers and options in Figure 2.1). We call the integrated assessment of these
different categories a holistic approach. To pursue this holistic approach, we
derived the following evaluation categories: general characteristics, supply,
network, storage, demand, and sector coupling. These categories provided
the structure of our questionnaire 2.

The rst section of the questionnaire was dedicated to the general part
which covers general model characteristics, such as temporal and geo-
graphic scope and aspects regarding social and economic drivers. The
second part of the questionnaire focused on the technical operational char-
acteristics of several exibility options, such as ef ciency, ramping rate,
response and recovery time. In the third part of the questionnaire, we asked
about other speci cations concerning exibility options that are connected
to a speci ¢ category such as whether or not a minimum load is imple-
mented in conventional power plants. The fourth and nal part of the
questionnaire focused on the representation of speci ¢ technologies in an
effort to determine whether the model is general enough such that these
technologies can be represented or whether the model already has its own
speci ¢ representation. All the speci ¢ supply-side, demand-side, storage
and network-related technologies were listed in this section.

Developers of open energy system models® were sent the questionnaire and
asked to complete it. The exibility options surveyed are discussed in more
detail in the next subsection, where we evaluated the single categories and
combined them to create a holistic exibility approach.

2.3.3 Model evaluation

The methodology applied in this work aims to provide an initial evaluation
to simplify the choice of an appropriate open energy model. It assesses

2 The survey at full length is available in the appendix of the original publication [ 24].
3 The questionnaire for IRENA Flex Tool was completed by the authors because the developers
did not respond to our request.
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the level of modelling detail for each exibility category, and outlines the
suitability of the models for modelling energy or power systems using a
holistic approach. This was realised by rating the models, as summarised in
Table 2.3. For each answer in the questionnaire, a speci ¢ rating was given
depending on its importance in the representation of exibility.

The rst part of the evaluation focused on general parameters such as the
spatial and temporal scope, the temporal resolution, the decision-making
process implemented and the representation of probabilistic behaviour and
social factors.

The second part surveyed the technical parameters concerning several
exibility options. The operational characteristics that were relevant for
all exibility categories included ef ciency, ramping, the response time
and the recovery time after activation. The parameters relevant to the
network were grid representation and the modelling of the import and
export of energy. Another part of the evaluation addressed technology-
speci ¢ parameters that in uence exibility. The parameters describing
conventional power plants were minimum load and discrete power plant
capacity expansion as well as those concerning variable renewable energies
such as curtailed operation. Furthermore, the demand side was evaluated
in terms of the implementation of maximum deferrable load, shifting time
and price elasticity. Finally, this part also questioned whether and how
storage, its ageing and self-discharge are implemented.

There are different types of ratings as shown in Table 2.3. Some parameters,
such as temporal and geographic scope, are rated without any hierarchy,
meaning that every ticked box counts as one point. Other factors, such as the
representation of technology, are rated such that one option is preferable to
another, resulting in a higher rating. As an example, prede ned technologies
score a whole point, whereas the possibility to implement that technology
earns only half a point. Some parameters, such as decision-making, are
evaluated by means of more complex functions. All detailed ratings can
be found in Appendix A. 2. To render the models comparable, the detailed
ratings were added together by

n
_Zé ratingmodeli
. _ i2N
ratmgmodel— n ’

where n is the number of parameters.



Table 2 .3: Model evaluation overview

Category Content Rating
Geographic scope, temporal scope, temporal resolution, probabilistic ~ All possibilities equally weighted or
General behaviour, social factors yes \ no
Decision makin Descending from decision-/ agent-
9 based to perfect foresight
. nventional, di hable RES VRES fuel .
Technologies Conventional, dispatchable RES S fue Prede ned 1\ possible 0.5
Supply cells
Detailed o Techrlo!ogy speu cations, operatlonal char- All possibilities equally weighted
characteristics acteristics, discrete expansion
Technologies Household, industry, service Prede ned 1\ possible 0.5
Demand
Detail Technol i cation rational char- .
etailed . echnology spec catq S, 0pe ational chal All possibilities equally weighted
characteristics acteristics, price elasticity
Network Technologies Grid types, topology Prede ned 1\ possible 0.5
Detailed Grid representation, import \export, ancil- Mainly individual rating (see Table
characteristics lary services A.2in Appendix)
Storage Technologies Long-term, medium-term, short-term Prede ned 1\ possible 0.5
Detailed Technology speci cations, operational char-  Mostly yes \ -no, sometimes indivi-
characteristics acteristics, storage implementation dual rating (e.g. ageing)

Continued on next page

8¢

s|oo] Buljjapow ABiaua uado ul uoljeluasaidal



Table 2.3 — Continued from previous page

Category Content Rating
. I hnol man hnol .
Sector Technologies Supply technology, demand technology, Prede ned 1\ possible 0.5
. storage technology
Coupling . _
Detailed Technology speci cations, operational char- IplelQuaI rating for technology spe-
- - . ci cations and sector representation
characteristics acteristics, sector representation
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2.4 results

The following section presents the results of the analysis. First, Section 2.4.1
provides insights into the outcomes with regard to the general model
characteristics. Second Section 2.4.2 gives an overview of the representation
of the individual exibility categories and the coverage of their technical
characteristics. Finally, Section 2.4.3 presents a holistic assessment of the
models.

2.4.1 General model characteristics

Although general model characteristics are not considered to be exibility
options, they in uence the representation of those options nonetheless.
In this research, as mentioned above, the general model characteristics
under evaluation are spatial and temporal scopes, temporal resolution,
decision-making, social factors and probabilistic aspects.

Figure 2.3 shows how many models cover each spatial and temporal scope
and resolution. The upper left plot shows that most models cover all spatial
scopes. In approximately half of all models examined, a local, regional or
international scope is usually used. It is striking that the national scope is
usually used in almost 80% of the models.

Other spatial scopes are possible or prede ned by the model in nearly 50%
of cases. These scopes are based on the power grid levels, for example, or
the area of a medium-voltage grid. Some of the models also allow for a
continental or an arbitrary scope.

The upper right plot shows how many models cover each temporal scope.
A period between days and years can be simulated in all the models under

examination. This scenario period is usually used in more than 90% of the
models. Fewer models are able to simulate short-time scales for periods
of less than a few days. Approximately 25% of the models allow for the

application in another temporal scope. In most of these models, the input

data determine the temporal scope.

The bottom plot illustrates how many models cover each temporal resolu-
tion. Hourly resolution is the most common resolution in approximately
80% of the models making it the most widely used resolution. Resolutions
larger or smaller than one hour are usually used by around 30% of the
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Figure 2 .3: Representation of geographical scope (upper left), temporal scope
(upper right) and temporal resolution (bottom)

models. In addition, a resolution of more than one hour or less than one
hour is possible in a further 30% of models.

Regarding decision-making processes, 80% of the models can make de-
cisions according to perfect foresight. Other decision-making processes
such as the rolling horizon and the agent-based process are represented
less frequently, in approximately 35% and 15% of the models. Detailed
information is depicted in the Appendix in Figure A. 1.

A probabilistic behaviour is implemented in less than 25% of the models
under investigation. Those models that are able to represent probabilis-
tic behaviour often use Monte Carlo analysis, as well as other methods.
Detailed information is depicted in the Appendix in Figure A. 1.

Just over 20% of the models include social factors. These factors refer mainly
to economic parameters, such as taxes and costs, or user preferences. The
guestionnaire did not ask which social factors are mapped in which way
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Figure 2 .4: Representation of exibility categories

and to what extent. Nevertheless, the results reveal that social factors are not
implemented in most models and are therefore underrepresented.

2.4.2 Flexibility categories

Figure 2.4 illustrates how well, based on our de ned parameters and level
of potential detail, each exibility category is represented within the models
under examination. The gure reveals that, on average, the exibility of
sector coupling is the category for which most models score in many of the
questioned aspects. The majority of models reach a level of representation
exceeding 65%. Considering that sector coupling is a relatively new eld,
this appears remarkable. In the supply category, approximately half of the
models achieve a representation of more than 60%. On average, demand
and storage are equally well represented. More than half of the models
achieve a degree of representation of more than 50% in each category. How-
ever, both two categories have a wide range of representation. Furthermore,
the results show that networks tend to be represented less well than the
other categories, which may be because networks are often represented in a
simpli ed way. The following subsections provide a detailed assessment
of the exibility categories. In these subsections, with the exception of the
network representing non-temporal exibility, operational characteristics
comprise four elements: ef ciency, ramping, response time and recovery
time. The detailed operational characteristics are listed in Table A. 2. The
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reader should be aware that the level of ful Iment for all of these categories
is also dependent on the type and level of questioned aspects. Hence, the
comparison between categories for a speci ¢ model only has an informative
value.

Supply

Figure 2.5 gives insights into the representation of the supply side. Most
models are able to represent the majority of supply-side technologies. How-
ever, there are differences in the level of representation in these technologies.
Conventional technologies, such as fossil fuel-based generation and nuclear
power, and dispatchable renewable supply technologies, such as bioenergy
and hydro power (reservoir and run-of-river), can be implemented in  90%
to 100% of the models under examination, and are prede ned in roughly
half of them. Variable PV, onshore and offshore wind technologies can also
be implemented in almost all the models and are prede ned in nearly 60%
of them. Geothermal, concentrated solar power, fuel cell technologies, and
wave and tidal power are not as well represented in the models. While in
the majority of models it is possible to implement these technologies, less
than a fth of them have prede ned classes. Only Energy Plan models
dispatchable and variable renewable energy sources with the highest degree
of representation with respect to the considered aspects.

Technology speci cations comprise the minimum load of conventional
power plants and curtailed operation as a speci cation of VRES The mini-
mum load is implemented in almost 80% of the models. Curtailed operation
is possible in nearly 50% of them. Fewer than 40% of the models enable a
discrete power plant expansion.

The ve models with the highest degree of representation ( Transi Ent,
Dispa-SET, Calliope , PyPSA, DIETER) are strong in conventional genera-
tion technologies and technology speci cations compared to all the other
models. In particular, with regard to technology speci cations, all ve
models represent ramping, minimum load, and curtailed operation of RES
However, not only conventional energy sources have prede ned classes in
these models; commonly used RESsuch as bioenergy, hydro energy, photo-
voltaic and wind energy also show high levels of representation.

33



34

representation in open energy modelling tools

Figure 2 .5: Representation of supply side technologies (left) and other speci ca-
tions (right)

Demand

Figure 2.6 provides an overview of the representation of the demand side.

Although 70to 85% of the models are able to represent individual load

sectors such as households, services and industry, only around a quarter
of them have prede ned classes of the load sectors under examination.
Households tend to be best represented, followed by the industrial sector

and then the service sector.

Technology speci cations include the possibility to determine a maximum
deferrable load (MDL ). This deferrable load can either be de ned according
to the time of day when the load can be shifted (time-dependent) or ac-
cording to different load types with regard to technologies or load sectors,
such as households, industry and the service sector (type-dependent). A
deferrable load has the highest degree of representation if it can be mapped
in both a time-dependent and type-dependent manner. More than 40% of
the models are able to de ne both time-dependent and type-dependent
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Figure 2 .6: Representation of demand side technologies (left) and other speci ca-
tions (right)

MDL . Around 15% of the models can only map a time-dependent change
of MDL; no MDL is implemented in further 15% of the models.

All ve models that score the highest in the area of demand based on our
evaluation (Balmorel , region4 FLEX, DIETER, Figg , Hexi GIS) are able to
represent time-dependent and type-dependent deferrable loads. This is an
essential requirement for representing exible loads in a renewable energy
system. In addition, these ve models have prede ned classes or methods
for household loads. The service and industry sectors are also prede ned
in four of the ve models. Also, all ve models can map the ef ciency of
demand technologies. However, other operational characteristics, such as
ramping, response time and recovery time, are implemented in only three
of the ve models. These operational properties are represented by only
three models at the highest complexity level. These three models (backbone,
Transi Ent, Dispa-SET) are not among the ve highest-rated models in this
category.
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Figure 2 .7: Representation of storage technologies (left) and other speci cations
(right)

Storage

Figure 2.7 illustrates the representation of storage technologies and their

characteristics in the various models. Among the storage technologies exam-
ined, capacitors and ywheels are considered to be short-term storage units.

Batteries are categorised under medium-term storage technologies, whereas
PHS and CAES are classi ed as long-term storage technologies.

Batteries tend to be best represented among all storage technologies related
to the power sector, followed by PHS and CAES. Capacitors and ywheels
are represented less frequently than the other technologies; only Transi Ent
has prede ned classes for them.

Technology speci cations in storage technologies comprise cycle and calen-
drical ageing, and self-discharge. Almost 80% of the models do not cover
storage ageing, while more than 15% take calendrical ageing into account.
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Only TIMES has implemented cycle ageing. Nearly 70% of the models
consider self-discharge over time.

Storage speci cations describe how complex storage units are implemented.
Storage units can either be modelled in a simpli ed static way or dynami-
cally, e.g. considering a temperature-dependent ef ciency or a seasonally
varying storage capacity. Concerning these storage speci cations, the re-
sults show that nearly 55% of the models represent storage units with a
xed/simpli ed model, whereas more than  40% are able to model storage
units dynamically, e.g. with regard to ef ciency dependent on temperature
or seasonally varying storage capacity. One model has not implemented
any storage technologies.

Among the ve highest-rated models ( Transi Ent ,PyPSA, Dispa-SET, back-
bone, oemof) in the category of storage, only Transi Ent has prede ned
classes or methods for all storage technologies under consideration. Long-
term and medium-term storage technologies can be implemented in the
other four models. Among the ve models, short-term storage technologies
are represented the worst. Furthermore, neither calendrical nor cycle age-
ing is implemented in four of the ve models. Calendrical ageing is only
speci ed in oemof.

Network

Figure 2.8 illustrates how network-related technologies are mapped in the
models under examination. Among the grid types, distribution grids are
represented worse than transmission grids. Around 45% of the models
contain prede ned transmission grids. Approximately 25% of the models
feature prede ned classes or methods for distribution grids.

Grid topology includes properties such as automated network extension and
the use of switches. The results reveal that grid extension is implemented
in almost 35% of the models. Switches are represented the least.

Grid representation refers to the method by which networks are represented
electrically. Networks can be represented by a net transfer capacity or by
power ow in alternating current ( AC) networks (AC power ow) or as a
direct current ( DC) power ow approximation. DC power ow and transfer
capacity can be used in less than60% and 45% of the models, respectively.
AC power ow is only represented in less than 40% of the models.
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Figure 2 .8: Representation of network side technologies (left) and other speci ca-
tions (right)

Almost 55% of the models enable the modelling of the import and export
of power using a simpli ed method. Furthermore, the representation of
import and export is ow-based in  45% of the models. Approximately
10% of these models facilitate the modelling of import and export using
a simpli ed or a ow-based method. Less than 10% of the models do not
include import/export modelling. Just under  20% of the models are based
on other import/export methods; these refer, for instance, to representation
by means of cost functions.

Ancillary services such as spinning reserve, balancing energy, sheddable
loads, feed-in management, and curtailment of variable renewable energy
technologies are represented in 20% to 45% of the models. In contrast,
re-dispatch and power factor correction are represented in less than 20%
of them. All models still have room for improvement regarding ancillary
services, e.g. hone of them consider black start capability.
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Figure 2 .9: Representation of sector coupling technologies (left) and other speci-
cations (right)

Transi Ent has the largest variety of ancillary services (spinning reserve,
balancing energy, sheddable loads, feed-in management, power factor cor-
rection, and curtailment). The ve highest-rated models achieve a signi cant
degree of representation because most of them cover both distribution and
transmission grids, and are able to represent both AC and DC power
ow.

Sector coupling

Sector coupling is a cross-sectional issue in relation to the other categories.

Figure 2.9 shows that sector coupling is generally well represented, par-
ticularly given that it is a relatively new area, especially when it comes
to representing sector coupling supply, demand, and storage technolo-
gies.

Sector-coupled supply includes only combined heat and power ( CHP) be-
cause it is capable of producing both heat and electricity. While fuel cells are
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also capable of using waste heat, their primary goal is to generate electricity.
As such, they have already been discussed in Section2.4.2. Most models are
capable of representing CHP. This corresponds to the previous conclusion
that supply-side technologies are generally well represented.

Demand-side technologies include power-to-gas, heat pumps, and EV.
Despite the fact that these are relatively new technologies, a considerable
number of models are capable of representing them. In particular, the three
best-rated models can represent sector-coupled demand at the highest level
of complexity, as de ned in the evaluation scheme employed.

Sector coupling storage technologies include fuels, heat storage, and vehicle-
to-grid (V2G). A large number of models are able to represent one or more
of these storage technologies.

Sector representation refers to how well heat and transport sectors are
represented in terms of exogenous aggregated demand or endogenous
disaggregated choices for demand or technologies. The results reveal that
the heat sector is better covered than the mobility sector, which is neglected
in almost 60% of the models. In contrast, around 40% of the models do not
cover the heat sector.

Technology speci cations include how technologies are implemented. These
speci cations, corresponding to those mentioned above under supply, de-
mand and storage, include discrete expansion, curtailment for supply tech-
nologies, ageing for storage technologies and other speci cations. These
speci cations do not reach the degree of representation that the technolo-
gies themselves achieve. Furthermore, no model meets the highest degree
of representation in this area.

Among the ve highest-scoring models in the sector coupling domain,
Dispa-SET, PyPSA and region4 FLEX feature the highest level of modelling
details in representing sector coupling technologies. Energy Plan and
Energy Scope also achieve the highest level of modelling details in sector
coupling technologies.

2.4.3 Holistic approach

As mentioned in Section 2.2, exibility is becoming crucial when it comes
to planning and designing future energy supply structures. In this context,
it is important not only to focus on a few exibility options, but also to

consider different options of supply, demand, storage, sector coupling,
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Figure 2 .10: Holistic representation of all exibility categories

and network. The following section shows the extent to which the models
surveyed models represent a holistic approach to exibility.

Figure 2.10 provides an overview of the ranking of the models under exami-
nation in the relevant categories, as de ned in our evaluation scheme. Many
models are powerful in individual categories but perform only moderately

in others. Tansi Ent , for instance, appears to be the most potent model.
This model has a very high degree of representation with regard to supply
and storage, while many other models perform better when it comes to
demand. EMMA , for instance, achieves a high level of representation in the
demand category compared to other categories. The same applies toeGo,
pandapower and Grid Cal , which exhibit an above-average performance in
the network, but fare less well in the other categories. In the eld of sector
coupling, some models consider a wide range of sector coupling aspects.
Other models, on the other hand, focus speci cally on the electricity sector
and only rarely consider elements related to the heating and transport
sector. Many models map individual categories very well. Among the mod-
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els that achieve a high degree of representation in a certain category, the
representation is often over 80%.

The results summarised in the previous section also show that many opera-
tional characteristics are not well represented. This may be because many
models use perfect foresight, and therefore several operational parameters,
such as ramp rate or response time, are neglected. Since the economic and
social drivers were not speci cally part of the questionnaire, it is dif cult to
draw conclusions on these aspects. It appears, however, that models such
as EMMA and Balmorel address economic drivers, given that they are
market models. Economic aspects are implicitly included in other models
via price structures or investment decisions.

However, the results also reveal that a wide range of models exists that are
strong in speci ¢ areas and weaker in others, depending on the focus of the
model. When selecting a model to answer a speci ¢ research question, the
strengths and weaknesses of each model should be considered.

The question remains as to the extent to which the models feature a holistic
approach to exibility options. To this end, a threshold value was chosen
that is slightly above the highest median of the individual categories. The
sector coupling category exhibits the highest median (almost 709%). For
this reason, all models with a representation above 70% in a particular
category were examined and depicted in Table 2.4. Models that were unable
to achieve more than 70 % representation in any category were excluded
from the representation. This fact should not cause users to assume that
these models are generally less convenient to use. These models probably
focus on aspects that were not explicitly included in the questionnaire,
meaning that they may address research questions that do not focus on
exibility. The following conclusions are therefore closely connected to the
aspects of the questionnaire and the evaluation criteria.

Table 2.4 shows that sector coupling appears to be exceptionally well cov-
ered based on our evaluation criteria. Ten models achieve a representation
level of 70% or more. The comparatively large number of models may
suggest that the open energy community is consciously promoting the
relatively new topic of sector coupling. Note that this conclusion is drawn
from a power sector perspective. Detailed aspects of the mobility and heat
sector are not the subject of this examination. A speci ¢ evaluation of heat
and mobility sector aspects may therefore lead to other conclusions. In
contrast, there are only two models in the storage category and only one in
the network category with a representation exceeding 70%.
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Table 2 .4: Representation of holistic approach within models with more than  70%
of representation in any category

Model Supply Demand Storage Network Sector
coupling

Transi Ent - - 77 %

Dispa-Set 80 % 82%

Calliope 79 % 74 %

PyPSA 79 % 71% 85 %

DIETER 76 % 82%

backbone 75%

Balmorel 71% 86 % 70%

regiond FLEX 82% 84 %

Frigg 80 % 84%

Flexi GIS 71%

eGo 85%

oemof 70%

Energy PLAN 70%

To address speci ¢ research questions regarding one individual category,
there is probably at least one appropriate model. However, a holistic ap-
proach, which shows exibility across all categories considered with a high
degree of representation, cannot be deduced from the results. Three models
(Transi Ent, PyPSA, Balmorel ) cover three of the ve categories with a
high degree of representation. Not one model achieves a high degree of
representation in four or the ve categories.

To answer speci ¢ research questions with a holistic approach of exibility,
different models can be combined to ensure broad coverage of the categories.
Thus, it would be possible to use mainly one model with a comprehensive
range covering almost all categories. In addition, one or two models could
be used that are strong in the speci c categories covered inadequately by
the other model. One example of coupled models is eGo, which uses PyPSA
to perform load ow calculations.
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Moreover, many models will be expanded in the future by components that
also affect exibility. eGo, for example, will be upgraded with controlled
charging for electric vehicles. The representation of power-to-X and the
transport sector is likely to be improved in Balmorel . oemof will address
the heat sector more comprehensively by optimising and simulating district
heating and absorption heat pumps.

Regarding grid aspects, it is likely that Transi Ent will integrate a module
that allows the investigation of voltage stability. Furthermore, a complete
AC/DC simulation with additional components and harmonic analysis will
be implemented in Grid Cal . Power ow calculations in pandapower will
be extended to allow the consideration of asymmetric grid situations.

Demand response will be enabled by model coupling in Frigg , and auto-
mated model coupling will be implemented in  Dispa-SET. Furthermore,
Flexi GIS will integrate socio-economic aspects and an urban policy per-
spective.

The results suggest that many categories are mapped very well by individ-
ual models. However, a holistic approach to exibility across all categories
appears to be inadequately represented as for now. It may be advantageous
to couple several models in this context. Moreover, exibility aspects will
be added to many models in the future.

25 discussion and limitations

Our analysis revealed different levels of representation of technical exibility
options among the models surveyed. In this section, we critically re ect on
our ndings and discuss the limitations of this study.

First, the questionnaire itself contained certain biases due to the survey
designers' understanding and interpretation of exibility and modelling
tools. We strove to minimise this bias by scanning the existing literature
for model parameters and cross-checking the questionnaire with modeling
experts before distributing it. To counteract deviations that may occur never-
theless due to different interpretations of the survey questions, we checked
all of the completed questionnaires for consistency, and enquired and dis-
cussed matters with the developers if answers were unclear or suggested
that the respondent may have had a different understanding of specic
questions. With our methodology, we follow the line of argumentation
of [56], where the authors recommend a dialogue with model developers
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for model overviews and validation purposes. The approach is also in line
with [ 44] who sent a survey to model developers and [ 48] who validated
their outcomes with the developers of most of the investigated models. A
case study to evaluate how well our results re ect the actual modelling

capabilities would be a valuable extension of our work.

Second, the scope of the questionnaire is limited. As stated in the back-
ground section, exibility is a broad eld covering numerous aspects and
dimensions. It is quite a challenge to cover all aspects and dimensions in
detail, while ensuring that the questionnaire does not become too long,
affecting the response rate. To this end, the primary focus of this study was
narrowed down to the technical representation of exibility options in the
models under examination, focusing on the power sector. Some aspects of
system operations are covered by the decision-making process and prob-
abilistic aspects. The social drivers are touched by behavioural and social
aspects. A more detailed examination of the system operations and the
economic and social drivers would be interesting, but exceeds the scope of
this work and is left to further research.

Finally, in spite of all attempts to reach out to a wide variety of open source
models, it was not possible to capture all existing models. However, a
suf cient quantity and variety of models enabling a good overview was
ensured by disseminating the questionnaire via the website and mailing
list of the openmod initiatives and reaching out to speci ¢ interesting
models by sending additional emails. While the models surveyed do not
therefore necessarily represent a perfect sample of the global open source
ESM landscape, the results identify speci ¢ trends nonetheless.

We discuss these trends and the reasons for different levels of representation
in ESMs along the ve exibility options. We are aware that the level of
representation obtained is highly dependent on the parameters chosen
and their weighting. In this study, they were chosen such that exibility
options could ideally be represented holistically. However, some parameters
may not be of interest to several questions on the topic of exibility, while
others may weigh more heavily than represented in the current evaluation.
We therefore provide an open source version of the algorithm 4, which
enables users to adjust the weighting as required and provides the level of
representation of all models. The tool is intended to help scientists choose
the right tool for their speci ¢ research question.

4 Open ESM Flexibility Evaluation Tool: https:/github.com/rl-institut/OpFEI
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In this study, sector coupling exhibited the highest rate of representation
in all ESMs surveyed. This is quite surprising because the exibility of
sector coupling is a relatively new approach [ 56], [57]. However, it must
be noted that our study only examined sector coupling technologies from
the perspective of the power system. The detailed evaluation of the repre-
sentation of sector-speci ¢ aspects, such as their transport structure, was
therefore excluded. As a result, all statements on the level of representation
apply only to sector coupling technologies in power systems. Among these,
many ESMs already include sector-coupling technologies such as PtG and
heat pumps (HPs). These technologies enable electricity to be converted to
different gas types and then used for heating, transport, industrial processes
or reconversion to electricity. The existing literature shows an emerging
trend in the investigation of cross-sectoral synergies [ 56], which explains the
detailed mapping of sector coupling technologies. Since these technologies
are an important long-term storage solution for high-share RE systems, they
are included in many ESMs. This is also underlined by studies on high-level
or 100% RE that demonstrate the importance of PtG [ 57]-[59]. Nonetheless,
a proper representation of the heat and transport sector in ESMs was often
found to be missing. As such, there is room for improvement when it comes
to comprehensively simulating sector-coupled exibility [ 49], including be-
havioural aspects [60], [61] and demand-side management in other sectors
than electricity [ 49].

Supply-side and demand-side exibility options have the second and third
highest representation. Providing exibility via different supply technolo-
gies is the most established form of exibility in power systems. As a
result, almost all models include conventional and RE as exibility options,
but have limitations with regard to the operational constraints of these
options, even though it is possible to implement most constraints in the
most common temporal scope of hourly increments. Other studies also
found that certain operational aspects were underrepresented [ 49], [50].
Demand-side exibility, such as shifting the load of household appliances,
the service sector and industrial loads, is enabled in most ESMs. The exi-
bility potential lies — as is the case with supply — within the range of hourly
timesteps.

We observed a limited representation of storage exibility options in the
ESMs surveyed. While primarily medium-term and long-term storage op-
tions such as batteries and pumped hydro storage are included in almost
all models, short-term storage such as capacitors and ywheels is missing
in most cases. This result suggests that modelling the short-term storage
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behaviour and ageing of battery systems is a complex eld and beyond
the scope of most ESMs that look at long-term scenarios. In [62], for in-
stance, PyPSA is used to compare battery storage and long-term storage
technologies for a year on a European scale. A transient short-term energy
system simulation in Transi Ent using batteries and a natural gas grid as
storage units is described in [63]. A broader overview of energy storage in
long-term system models is provided in [ 64].

In general, networks are not broadly covered as a exibility option in any
of the models aside from eGo. Modelling networks and the geographical
exibility associated with them requires a very detailed set of data and
simulations. For this reason, most ESMs exclude this dimension and neglect
geographical exibility, with the exception of comparing different regions
connected via transmission grids [57], [65]. Detailed analysis at the medium-
and low-voltage grid level has traditionally been conducted for grid integra-
tion studies [ 66] or for improving grid operations [ 67], applying commercial
software such as Power Factory [68] or Sincal [69]. The emerging eld
of including distribution grids in larger-scale energy system models has
been shown to alter the results of long-term scenarios signi cantly [ 70]. In
a recent study on the capabilities of energy system models, however, the
representation of distribution grids was also found to be a possible eld of
improvement [ 49].

In summary, the results reveal the background of most models - they were
designed to provide decision support for medium-term to long-term energy
planning.

2.6 conclusion

The importance of exibility in the design of future energy systems is grow-
ing. Finding the appropriate exibility option for planners and operators
of power systems is crucial to provide reliable and cost-effective power,
especially in high share VRES systems.

As the rst result of our work, we introduced a new framework that captures
the different characteristics of exibility options. First, we distinguished
between the geographical and temporal dimension. We then introduced as-
pects of system operation and presented economic and social drivers, which
in uence the utilisation of technical exibility. Finally, we presented ve dif-
ferent technological exibility categories: network, supply, demand, storage
and sector coupling and their operational characteristics. This framework

a7
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can be used to describe, develop and improve exibility options. We have
applied the framework to assess the representation of exibility options in
ESMin an effort to support future energy modelling tasks by nding the
most appropriate tool for the question at hand as well as identifying future
research and development needs for new tools.

The results show that the geographical dimension is adequately represented
among the models analysed, generally covering all geographical scopes
from local to international. With regard to the temporal dimension, most
models focus on long-term assessments and planning using hourly incre-
ments as simulation time steps. As shorter timescales become increasingly
relevant as the share of VRES we suggest placing greater emphasis on
shorter timescales in future model development.

We further analysed the technical exibility categories - supply, demand,
storage, network and sector- coupling, including their operational charac-
teristics. All technical exibility options are well represented in at least one
of the models. Based on our analysis and assessment criteria, we recom-
mend to apply Transi Ent for modelling supply-side and storage exibility,
while Balmorel scores the highest for demand-side exibility. We found
that eGo represents network exibility most comprehensively. However,
network-type exibility in particular is still covered in limited detail in most
models. Dispa-SET exhibits the highest representation of sector-coupling
features for power system exibility. Most models still cover storage and
network-type exibility in limited detail. Thus, this needs to be prioritized

in the process of re ning and improving models. Another possibility to
overcome certain weaknesses of individual models is to facilitate a soft
coupling of different models. This would allow for a holistic evaluation of
exibility and energy systems based on VRES.

Flexibility depends not only on technical parameters of exibility options,
but also on the system operations. Aspects addressing system operation
parameters are generally represented less strongly than those covering
technical parameters. Most models use perfect foresight as the basis for
investment and dispatch decisions and did not include probabilistic and
behavioural aspects. Perfect foresight is appropriate for managing foreseen
changes in either supply or demand, but less so for unforeseen changes.
We therefore recommend using probabilistic approaches and including
behavioural aspects to ensure that system operation exibility tackling
unforeseeable changes can also be assessed.
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In summary, the open energy modelling landscape provides a broad set
of solutions for modelling exibility options in power systems. The appro-
priate selection depends on the research task at hand. Having said that,
most questions can be addressed using existing models. Our open source
version of the evaluation algorithm may help scientists nd the appro-
priate models for their speci ¢ research purposes. Future work in model
development should focus on coupling models and increasing the temporal
resolution.






MODELLING OF DECENTRALISED FLEXIBILITY
OPTIONS

This PhD research investigates the role of decentralised exibility options
(DFOSs) in future power systems with high shares of variable renewable
energy sources (VRES) and sector coupling technologies. The focus thereby
lies on exibility from electric vehicles ( EVs), heat pumps (HPs) and battery
energy storage systems BESS. These are larger consumption units within
households that display both high energy consumption and power values
and therefore offer a higher exibility potential than smaller devices.

The chapter is structured as follows. Section 3.1 introduces the choice and
methods of an existing model for distribution grids ( DGSs). Sections 3.2, 3.3
and 3.4 introduce the relevant data and model formulations for EVs, HPs
and BESS that were developed and used in this thesis'.

3.1 distribution grids

The previous chapter found that the open-source modelling landscape
covers diverse exibility options. To use existing work, we apply an adapted
version of the algorithm introduced in Section 2.3.3 to choose the most
suitable model for further investigations. This model is then expanded with
missing model formulations.

The rst part of the PhD focuses on the interplay of decentralised exibility
options and the grid. We focus on the medium voltage ( MV) and low volt-
age (LV) as many new technologies are installed within these voltage levels.
Therefore, the chosen model should be able to adequately representDGs
on these voltage levels and decentralised exibility options. Section 3.1.1
describes the choice of an existing model to adequately represent DGs. Sec-
tions 3.1.2, 3.1.3 and 3.1.4 describe relevant methods of the model, namely
the identi cation of grid issues and the modelling of grid reinforcement
and curtailment in the chosen tool.

The code for sizing (and operations) of the DFOs is published open-source under
https://github.com/AnyaHe/DFOs.
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3.1.1 Model Choice

We want to make use of existing models for the representation of DGs
using the previously described decision algorithm. To be able to capture
the varying importance of certain technologies and their representation, we
use a Likert-scale [71] ranging from one to ve ( 1: very low importance,
2: low importance, 3: moderate importance, 4: high importance, 5: very
high importance) to weigh the representation of different parameters in
the model. We thereby only evaluate aspects that are relevant for the
interplay of decentralised exibility options, namely  EVs, HPs and BESS
and DGs.

Evaluated Parameters

Table 3.1 summarises the investigated parameters, the chosen weights and
ratings. As DGs are our main focus, their representation and the possibility
to perform alternating current ( AC) power ow ( PF) calculations are rated
with very high importance. Network extension as the geographic exibility
option is rated as highly important, and all relevant temporal exibility
options (EVs, HPs and BESS as slightly less important, i.e. of moderate
importance, as they are easier to implement than grid related aspects.

The represented geographic and temporal scope and temporal resolution
are also weighted as moderately important. The relevant geographical
scope is the local scale as we focus on lower grid levels. The temporal
resolution should enable calculations with 15min or hourly time steps for
temporal scopes of days to one year, i.e. intermediate and long durations.
The representation of vehicle-to-grid ( V2G) and thermal energy storage
(TES for the increased exibility of EVs and HPs is rated as nice-to-have
but of low importance. Similarly, the representation of VRES would be
nice but should also be easy to integrate, so it is rated of low importance.
The last category of very low importance comprises the more detailed
representations of temporal exibility options and the modelling language.
These factors make an application easier or more accurate but are not
necessarily required.



Table 3.1: Relevant parameters and their weights and ratings (in brackets) for model choice. Weights range from one to ve
(1: very low importance, 2: low importance, 3: moderate importance, 4: high importance, 5: very high importance)
and ratings from zero to one (0: not represented at all, 1: full representation).

Category Content

Rating

Geographic scope, temporal scope, temporal resolu-

All relevant possibilities equally weighted

General tion (weight: 3) (rating: 1/n)

Modelling language python (weight: 1) yes (rating: 1) \ no (rating: 0)

Technologies Distribution grid (weight: 5), network  Prede ned (rating: 1) \ possible (rating: 0.5)
Network : .

extension (weight: 4)

Speci cations  Grid representation ACPF (weight: 5) yes (rating: 1) \ no (rating: 0)

Technologies EVs, HPs (weight: 3), V2G, TES Prede ned (rating: 1)\ possible (rating: 0.5)
Sector (weight: 2)

Coupling  gpecj cations

Technology speci cations, operational
characteristics (weight: 1)

Individual rating for technology speci ca-
tions

Technologies
Speci cations

Storage

Batteries (weight: 3)
Storage implementation (weight: 1)

Prede ned (rating: 1)\ possible (rating: 0.5)
Dynamic (rating: 1) \ static (rating: 0.8)

Technologies

Supply .
Speci cations

PV, wind (weight: 2)
Curtailed operation (weight: 1)

Prede ned (rating: 1) \ possible (rating: 0.5)
yes (rating: 1) \ no (rating: 0)

spub uonngsip T¢
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Rating of Models

We perform the introduced evaluation algorithm with the subset of relevant
parameters to nd the most suitable model. Figure 3.1 shows the result-
ing ranking of all investigated models. The highest ranked model is eGo
followed by PyPSAand Transi ENT. All three models show a very high rep-
resentation of the relevant technologies, with PyPSA being slightly weaker
in network representation and eGo and Transi ENT weaker in the represen-
tation of sector coupling technologies. For the other speci cations, all three
models show the lowest values for detailed speci cations of sector coupling
technologies, where again PyPSA shows the strongest representation out of
the three.

It is important to mention that the nal ranking is extremely sensitive
towards the chosen parameters and ratings. Even small changes in the
weights can lead to a different order of the models since some show very
similar overall ratings. However, the three models mentioned always rank
the highest as they broadly cover the relevant parameters. Therefore, we
base the nal choice on these three models and consider additional relevant
factors that were only partly covered in the survey. These are:

interoperability : As exibility has different dimensions and is relevant
on various geographical and temporal scales, performing a model
coupling or switching between different models might be necessary.

data availability  : While most models and frameworks work indepen-
dently from input data and can be fed with several different data
sources, it is advantageous if the model has already been applied to a
speci ¢ use case. This way, relevant methods and intersections will
already be available and do not need to be newly implemented.

In terms of interoperability eGo and PyPSA outperform Transi Ent as
they are implemented using python, like 54,2% of all investigated models.
Transi Ent , on the other hand, is the only model using Modelica as a
language. Furthermore, eGo uses functionalities of PyPSA. Therefore, the
data formats are very similar, and both models can easily be coupled.

On the other hand, the data availabilityfor the given use case is best foreGo.
While both PyPSA and Transi Ent are mainly intended for an application
on the transmission level (e.g. [72], [73]), eGo is designed for all voltage
levels, ranging from the extra high voltage to the LV [74]. eDisGo, a sub-
module of eGo was speci cally designed for DG modelling in the MV and
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Figure 3 .1: Representation of investigated parameters divided into technology
representation (left) and other speci cations (right)

LV [75]. It is directly coupled with ding0, a tool which creates synthetic
MV -LV -grids based on geographic information system ( GIS) data for entire
Germany [76].

With these additional criteria, we choose eDisGo, the sub-model for DGs
of eGo, for our further investigations. During this PhD, the model was
extended with an optimal power ow ( OPF) formulation for the grid-
optimised operation of EVs, HPs and BESS The required model extensions
were implemented in close collaboration with the modelling team and the
eGd'-project [77). Figure 3.2 displays the development of the representation
of relevant parameters in eDisGo in the course of this thesis. While most
relevant aspects were already covered to a large extent at the beginning of
the thesis (eDisG9, improvements are visible in the representation of sector
coupling technologies and storage in the current version ( eDisGo_new
While not all of these improvements were implemented during the thesis,

some important aspects were integrated, like the modelling of EVs and HPs.

The demand from these sector coupling technologies is still predetermined
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Figure 3 .2: Development of representation of investigated parameters divided
into technology representation (left) and other speci cations (right)

and treated as an exogenous parameter in the model, which is why it still
does not reach the highest score in the other speci cations of this category.
As mentioned, many of the relevant aspects were covered in the model
at the start of the thesis, which is why the model was chosen in the rst
place. The following section explains the most important previously existing
methods used in this thesis.

3.1.2 Grid Issues

The chosen open-source tooleDisGo allows us to analyse DGs by running
an AC PF (using functionalities of PyPSA[78]) and comparing the resulting
branch currents and bus voltages to grid-level- and case-speci ¢ voltage
and loading bounds [ 75]. The cases that are differentiated are the load and
feed-in cases, depending on whether the load exceeds the feed-in in the
residual load of the grid or vice versa. If any of these bounds are violated,
these violations are detected as grid issues. They can be resolved using
grid reinforcement or curtailment measures (explained in Sections 3.1.3
and 3.1.4). The grid issues that are detected are voltage and overloading
issues.

Our investigations use a time series based approach, meaning that load and
feed-in time series are integrated into the grids and an AC PF is conducted
for every time step. The utilised active power time series are described
in Section 3.1.5, where the investigated grids are introduced. The reactive
power is modelled with a constant technology-speci c cos( f), summarised
in Tab. 3.3.
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Table 3.3: Standard values for cos(f ) used in eDisGo

Load Heat Pumps Charging Points Storage Units Generation

MV 0.9 10 10 09 0.9
LV 0.95 10 10 0.95 095

Voltage Issues

The voltage has to stay within grid-level- and case-speci ¢ voltage bounds [ 75]
that are visualised in Fig. 3.3. The values are chosen following technical
standards and guidelines [ 79-[81]. In the case of voltage drops, the al-
lowed voltage deviation is set to 0.015p.u. in the MV, 0.02p.u. for MV-LV-
transformers and 0.065p.u. in the LV. In the case of voltage increase, the
allowed voltage deviation equals 0.05p.u. in the MV, 0.015p.u. for MV -LV -
transformers and 0.035p.u. in the LV. In both cases, the grid-level-speci c
bounds add up to a total deviation of 0.10p.u, i.e. 10% of the nominal
voltage, thus ful lling DIN EN  50160[79].

Component Overloading

Regarding component loading, the thermal limit of lines and transformers
should not be exceeded. The MV furthermore has to be operated (n-1)-
secure, meaning that the system still needs to be operated safely within
the operational boundaries in case of the contingency of any of the grid
components [82].

For the component loading (summarised in Tab. 3.4), we therefore differen-
tiate two simulation setups: the normal operation and contingency case. For
normal operation, the maximum allowed loading is 100% of the thermal
component limit in all investigated voltage levels and cases.

For the contingency case, we use voltage level and case-speci ¢ standard
values provided by eDisGo [75]. It follows the approach introduced in [ 83],
where loading constraints are de ned for the different voltage levels and
depend on the grid residual load. If the grid residual load is positive, i.e.
the load exceeds the feed-in, this is de ned as the load caself the grid
residual load is negative, on the other hand, the situation is de ned as
feed-in caseThe LV does not have to be operated (n-1)-secure. The allowed
maximum component loading of LV lines and for MV -LV -transformers is
therefore 100% of the thermal limit for both load and feed-in case. In the
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Figure 3 .3: Default voltage bounds implemented in eDisGo (own representation
based on [75])
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Table 3 .4: Loading constraints for different grid levels in percent of thermal limit
of the components

Normal Operation
Case HV/IMV MV  MV/LV LV
Feed-in/load 10006  100%  100%  100%

Contingency Case

Case HVIMV MV  MVILV LV
Feed-in 100% 1006  100%  100%
Load 50% 50% 100%  100%

MV and for high voltage ( HV )-MV -transformers, on the other hand, there is
a differentiation between the load and feed-in case because of (n-1)-security.
In the load case, the allowed component loading for HV -MV -transformers
and MV -lines in open ring topologies is 50% of the thermal limit to be able
to compensate for contingencies. The distribution system operator ( DSO)
can disconnect the feed-in from the grid in case of a fault or overloading [ 80].
Therefore, the allowed component loading in the feed-in case is equal to
100% of the thermal limit.

3.1.3 Grid Reinforcement

The chosen open-source tooleDisGo [75] allows us to determine the nec-
essary grid reinforcement and resulting costs. The tool iteratively installs
parallel components or splits single feeders until all occurring voltage and
overloading issues are resolved.

The basic principle of this functionality is displayed in Fig. 3.4. In case of
voltage or overloading issues at transformer stations, the transformer is
either replaced or parallel standard transformers are installed. If a line is
overloaded, the line is either replaced or parallel standard lines are added
until the overloading is solved. In case of voltage issues within a feeder, a
feeder separation is performed, where the feeder is split after two-thirds of
the feeder length. For a more detailed description of the methodology of
this tool, we refer to [ 74].

Standard components according to [83] are used for the reinforcement mea-
sures. These are summarised in Tab3.5. The resulting costs are calculated
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Transformer Line Exchange component or
issue overloading install parallel components
1 2 1 2
3 3
Voltage issue Feeder separation

Figure 3 .4: Heuristics for grid reinforcement measures implemented in  eDisGo
(own representation based on [75])

with the help of standard values for equipment changes, summarised in
Tab.3.6. The costs for cables without earthworks are adopted from [ 84], and
all other values stem from [ 85]. The population density differentiates the

region type (rural, urban). Areas with a population density 500/km 2
are classi ed as rural, and areas with a population density > 500/km 2 as
urban [75].

Table 3.5: Standard components for grid reinforcement measures used in eDisGo

MV Lines HV/MV- LV lines MVILV=
Transformer Transformer

NA 2XS2Y 3x1x185RM/ 25
NA 2XS2Y 3x1x24C 40 MVA NAYY 4x1x150 630kVA

1 For 10kV MV grids; 2 For 20kV MV grids

Table 3.6: Standard costs for grid reinforcement measures used in eDisGo

Voltage Cabl Cable incl. earth-  Cable incl. earth-  Trans-
level works - rural works - urban former
MV 20t /km 80t /km 140t /km 1M
LV 9t /km 60t /km 100t /km 10t

3.1.4 Curtailment

While grid reinforcement is the traditional way of dealing with grid issues
and therefore a good measure of comparison, grid reinforcement needs
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depend only on the highest occurring grid issue per component, i.e. very
short periods. Some could be solved with relatively small interventions,
like using storage to shift feed-in or demand. Therefore, we assess the cur-
tailment needs for load and feed-in to solve arising grid issues as a second
measure of comparison. It allows a more detailed investigation of when, to
what extent, and how long the DSO would have to enact countermeasures
to solve the arising grid issues. The curtailment thereby measures the need
for temporal exibility instead of the increase of geographic exibility by
grid reinforcement. Temporal exibility measures like the utilisation of
storage or load shifting will likely become more important in future active
distribution grids.

To calculate the necessary curtailment of load and feed-in to solve aris-
ing grid issues, we use the methodology developed in [ 23]. The demand
respectively feed-in is iteratively reduced in steps of 1%, and after each
iteration, it is rechecked for grid issues as described in Section 3.1.2. Since
the curtailment of load and feed-in in lower grid levels can alleviate grid
issues in higher grid levels, the grid issues are solved from the LV to the
MV: rstin the LV, second atMV-LV transformers and lastly in the MV.
Similarly, the grid issues farthest away from the transformer station are
solved rst within one voltage level (i.e. in the LV or MV), successively
moving closer to the station. The reason is that solving issues further away
from the station can alleviate the other grid issues.

3.1.5 Investigated Grids

Distribution grids can vary greatly depending on local conditions. The

in uence of increasing penetrations of DFOs will likely also vary depending
on the grid type. We therefore investigate different types of grids to capture
the in uence of DFOs, namely load-, PV- and wind-dominated grids. In
the following, we introduce the representative grid topologies that serve as
the base of our investigations. Thereby, two base scenarios are simulated:
the status quo and a future scenario for 2035 which shows higher levels of
DFOs.

Grid Topologies

We use synthetic medium- and low-voltage DGs provided by the open-
source tool ding0 [7€]. It provides a data basis of 3608 MV -DGs with
underlying LV-grids for entire Germany. This work focuses on the simul-
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taneous integration of DFOs and renewable energy sources RES with
a speci ¢ focus on the in uence of different technological compositions
of DGs. As the future RESpenetration and in uence on the grids are ex-
pected to be higher in suburban and rural grids [ 86], we only consider
these types of grids. In previous work, the grids were clustered using the
k-means-algorithm to obtain 15 representative grids, further divided into
four categories: load-, PV-, wind-dominated grids and other [ 23]. For this
work, the two grids with the most dominant characteristics classi ed as
load-, PV- and wind-dominated while representing suf ciently high num-
bers of grids are chosen for the investigations. These six typical grids and
the represented grids are displayed in Fig. 3.5.

Wind- 2

Wind- 1

PV-1

Load-1

PV-2 wind- 1
Load-2 Wind- 2
PV-1
PV-2
Load-1
Load-2
Not represented

Figure 3 .5: Representative grid topologies and represented grids on a map of
Germany.
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The provided grid topologies include lines and transformers as well as
various loads and generators connected to speci ¢ buses. The MV -buses are
georeferenced and obtained with the help of a routing algorithm. Typical
LV -grids are connected to the MV/ LV -transformers. The connected loads
are subdivided into agricultural, industrial, residentialand retail loads.

Following [ 87], time series data of the demandlib [ 8§] is used for the load
and time series data for the weather year 2011 extracted from the Open
Energy Platform QEP) [53] for solar and wind generation. Dispatchable
renewable energy sources @RES are assumed to produce at constant
capacity factors, namely 0.57 for biomass and 0.41 for hydropower plants.
These values are obtained by dividing the total energy produced in 2019
by the total installed capacity in that year. All time series data are obtained
in a resolution of 15 minutes. In some of the following investigations, the
temporal resolution is decreased to one hour to limit the computational
complexity.

Status Quo Grids

We use the ding0 -grids and update them to 2018installed capacities for
the status quo. Fig. 3.6 shows the installed capacities of generation units
and peak loads of residential and other loads. The status quo grids are
the basis for most grid investigations. However, increasing penetrations

of distributed energy resources (DERS) are integrated and connected to
residential loads to study their effect on different distribution grids.

2035Grids

One speci ¢ setup we investigate is the status of the grids for the target
year 2035 For this scenario, we use data from the eGol00-scenario of the
open_eGgroject [87] and predictions provided by the German network
development plan (NDP) [17]. Fig. 3.7 visualises the resulting peak load of
the conventional load including HPs and installed capacities of EV charg-
ing stations as well as generation, differentiated into wind, PV and other
generation (i.e. dispatchable renewable energy plants), in the considered
grids. Table 3.7 additionally contains structural parameters and private and
public charging demands within the grids.

The eGo100-scenario gives information on generator capacities and con-
ventional load as well as the spatial distribution and assignment to the
different voltage levels. The eGol100-scenario only considers an expansion
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Wind- 1
Wind- 2
PV-1
Residential
PV-2 Other load
Load-1 Photovoltaic
Wind
Load-2 Other gen.
50 0 50 100

Peak load / Installed capacity in MW

Figure 3 .6: Considered grids in status quo with peak load of residential and other
conventional load and installed capacities of generation technologies.

Wind- 1
Wind- 2
PV-1 Electromobility
Conv. load
PV-2 (incl. HPs)
Load-1 Photovoltaic
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Load-2 Other gen.
100 50 0 50 100 150 200

Peak load / Installed capacity in MW

Figure 3 .7: Considered grids for 2035with peak load of conventional load (in-
cluding HPs) and installed capacities of EV charging points and
generation technologies.
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of renewables, however, and does not take sector coupling into account. We
therefore expand it by EVs and HPs as these are the most important sector
coupling elements for the MV and LV. For the number and total annual
consumption of HPs as well as the number of EVs, the NEP C 2035scenario
of the German NDP [17] serves as input. The demand pro le for HPs is
adopted from [ 89] if not optimised 2. As HPs are assumed to be predom-
inantly installed in households, the demand is allocated to households
proportionally to the annual electricity demand of the respective household
and added to its load pro le. The total number of EVs for Germany are
regionalised and assigned to the DGs based on current statistics on regis-
tered vehicles [90]. To incorporate their demand into the grids, charging
stations are added as new loads. The sizing of these charging stations and
the modelling of EV driving and charging patterns is further detailed in
Section3.2.

3.1.6 Critical Re ection

Here, input data and modelling assumptions, as well as their potential in-
uence on the results, are discussed. Furthermore, areas for future research
are pointed out.

Input Data

Due to the lack of openly available distribution grid data for entire Germany,
we use synthetic data for the distribution grids, provided by ding0 [76].
While these are based onGIS data and follow current grid planning prin-
ciples, they will still differ from real-world distribution grids since these
also depend on historical decisions and grid planning principles can differ
based on the DSO [91]. In the original publication, the authors compared
the created data basis with statistical parameters from German distribu-
tion grids and found deviations of + 10.3% for the number of HV/ MV -
transformers, -8.2% for MV / LV -transformers and -2.3% for the total length
of MV lines [9]]. In a master thesis supervised during this PhD, the grids
were compared to real-world distribution grids and SmBench grids based
on visual, structural and mathematical criteria [ 92]. SmBench is another
source of synthetic grid data which is based on real-world data, i.e. 74
distribution grids for the MV benchmark grids [ 93], [94].

2 The modelling of HPs in case of optimised operation is explained in the following Section 3.3.
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Table 3.7: Grid topologies and included technologies for the 2035grids.

Structural grid parameters
Grid ID #feeder #MV-buses #LV-buses #MV-LV-stations

Load-1 29 159 13812 110
Load-2 30 96 6514 56

PV-1 11 240 7992 130
PV-2 18 196 275 196
Wind- 1 15 419 071 179
Wind- 2 24 798 11722 381

Installed generator capacities in [MW]
GridID  Wind Large PV Small PV Hydro Bio

Load-1 0.0 6.8 168 0.0 05
Load-2 0.0 135 45 0.0 0.0
PV-1 83 722 270 0.3 24
PV-2 6.3 137 470 0.8 146
Wind- 1 1382 246 138 0 501
Wind- 2 1254 149 87 01 264

EV integrated capacities P in [MW] and
charging demand E in [MWh]

Grid ID #EVs P public Porivate Epublic Eprivate
Load-1 6771 60 605 3446 2867
Load-2 3769 34 344 1887 1631
PV-1 2696 25 236 1287 1115
PV-2 7739 58 636 3683 2868
Wind- 1 2665 33 239 1077 932

Wind- 2 3240 39 287 1404 1197
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The general structure of the ding0 grids was found to be in good accordance
with the real grids, all being operated in open ring structures [ 92]. However,
the number of satellite buses, i.e. buses connected to the ring by an extra
line, was much higher than in the real grids. Furthermore, the minimum
and maximum line lengths were more extreme in the ding0 grids than in
the compared real-world grids. One reason are aggregated load areas in the
original ding0 grids. For the data basis of this PhD, these are removed and
replaced by spatially resolved grid data. Furthermore, very short lines are
removed to gain more realistic grids. The master thesis found that despite
the structural differences, the diversity of real grids was captured well by
the ding0 grids [92]. For the investigations of this thesis, where the focus
lies on the in uence of DERs on differently composed grids, the ding0
grids are therefore evaluated as suitable. We trust that the general trends
and tendencies can be trusted even though individual grids might show
different behaviour in the real world. Therefore, all tools are published open-
source for DSOs and future research. This way, the presented investigations
can be repeated for individual grids.

This thesis focuses on the interplay of DFOs with renewable energy gen-
eration. We therefore focus on rural and suburban grids, as renewable
generation in urban areas is assumed to be neglectable for the grid. How-
ever, urban grids would be an interesting subject for future research since
the density of EVs and HPs is expected to be high in these areas. On the
other side, the grid structure tends to be more robust in these grids with
lower line lengths and higher shares of meshed grids. In the literature, some
studies found a higher in uence of DERs on urban grids (e.g. [22], [23)])
and others found the opposite (e.g. [86], [95], [96]). We thus recommend
including urban grids in future investigations.

Lastly, six distribution grids might not be enough for a representative study
for entire Germany. While they represent a large share of the 3608 MV
grids (see Fig.3.5), there are also large areas that are not represented and
urban grids are not considered. Therefore, we recommend expanding the
investigations in this thesis to a more representative set of distribution grids.
The provided methods and tools can be used for such a representative
study.

Modelling Assumptions

While eDisGo is a useful tool to analyse grid issues and estimate the
necessary grid reinforcement or curtailment, it also has some limitations
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we want to discuss in the following. Furthermore, some modelling choices
within this PhD omit certain factors that might in uence the results.

First, we compare exibility provision from DERs with curtailment or grid
reinforcement, omitting alternatives to tackle grid issues, like reactive power
compensation or on-load-tap-changing transformers. These could represent
viable alternative solutions to grid reinforcement and result in lower total
costs [97]. However, reactive power compensation from decentralised exi-
bility and adjustable transformers with tap changers are not yet widespread.
Therefore, this thesis focuses on the active power provision from DFOs and
its effects on grid reinforcement. Reactive power provision is accounted for
with a xed cos( f). In future work, it would be interesting to expand the
work with more sophisticated reactive power provision (e.g. Q(U)) from
these sources and its potential to limit voltage violations and reduce the
required grid reinforcement.

Another strong assumption is that as soon as a grid issue occurs in one
of the simulated time steps, this violation results in grid reinforcement. If
violations are short, other measures such as feed-in curtailment or load
shedding might be the cheaper alternative. However, DSOs are not likely to
accept structural congestion in their grids, and we use mean values with
a temporal resolution of 15 minutes or one hour. Shorter peak values are
therefore already smoothed out. Furthermore, we allow for a loading of
100% without applying any security factor. In this light, the assumption
that reinforcement will be undertaken when any grid issue is detected will
still lead to comparably low values and is a valid assumption. Further-
more, our investigations estimate the reduction potential of reinforcement
needs through temporal exibility provision by  DERs and therefore already
account for alternative measures to grid reinforcement. Nevertheless, it
could be interesting to investigate the interplay of curtailment and grid
reinforcement in future work to nd the optimal combination.

The simulated reinforcement is based on time series and, therefore, an
optimistic way of determining grid reinforcement costs. The current practice
is to run a worst-case analysis with simultaneity factors of load and feed-
in and size the grids accordingly [ 22]. This approach will lead to higher
grid reinforcement needs than the time series based approach. Figure 3.8
shows the reinforcement costs for the 2035grids with both approaches 3.

For the worst case analysis, we use the prede ned simultaneity factors of eDisGo, which are
summarised in Tab. A. 3 in the appendix.
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Figure 3 .8: Grid reinforcement costs in percent of total grid value obtained with
timeseries based vs. worst-case approach.

The results are displayed in percent of the current value of the grid . In
all the investigated grids, the reinforcement costs are signi cantly lower
using the time series based approach, with relative reductions of 49-85%.
These values mean that if grid planning moves from worst-case analysis
to time series based reinforcement, the reinforcement costs can be reduced
by 49-85% in the investigated grids. However, this would also require
perfect knowledge of the consumption behaviour and renewable feed-in.
Furthermore, no security margin is applied so the grids would be operated
closer to their limits. Time series based modelling is necessary to estimate
the reduction potential of a grid optimised operation of DFOs. When
interpreting the results, it should be considered that the obtained values
constitute a lower bound and that there is already a signi cant potential to
decrease reinforcement costs using the time series based approach instead
of the worst-case analysis.

Last but not least, the simulated reinforcement follows a heuristic. Therefore,
the solutions that are obtained are not necessarily cost-optimal. However,
optimising grid reinforcement requires integer values and is therefore
not feasible for large-scale grids. Furthermore, real-world grid planning
does not follow a centralised optimal solution but consists of case-by-case
decisions. The implemented heuristics might therefore re ect reality better

4 To estimate the current value of the grid, we calculate the costs of all existing lines and
transformers using the standard cost values introduced in Tab. 3.6.
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than a central optimisation. Lastly, our studies cover larger areas, and on
average, the implemented methods have proven to yield results in the same
range as other large-scale grid studies [87]. Therefore, we conclude that the
methods implemented in eDisGo are also suitable for the grid studies in
this thesis, which focus on larger areas of different MV distribution grids.
It has to be noted that the literature shows quite a wide range of different
values for the reinforcement costs in future systems with high penetrations
of DERs [98] and results should therefore rather be interpreted for trends
and tendencies than for absolute values.

3.2 electric vehicles

EVs will become an important part of the future power system. Their high
charging powers and electricity consumption can pose signi cant stress
on the grids and require additional generation capacity [ 99]-[101]. At the
same time, they will introduce great amounts of storage capacity, which can
provide exibility to the system [ 100—-[102. However, EVs are primarily
means of transport and therefore move around, which means the storage is
not always available and changes location [10Q, [103. Modelling EV exi-
bility is therefore a complex task combining the temporal and geographical
dimension [ 103. The following subsections describe the chosen modelling
approaches for EVs, later used for the evaluation of the in uence of EV
integration on DGs and the national balancing of generation and demand
in renewable power systems.

Section 3.2.1 includes the generation of travel pro les to obtain charging
demand and standing times of individual EVs. Section 3.2.2 explains the
sizing of charging stations. Section 3.2.3 introduces the reference operation
of EVs, if charging remains uncoordinated. In Section 3.2.4, different levels
of EV exibility are explained. Sections 3.2.5 and 3.2.6 introduce two model
formulations for smart charging of EVs, one modelling each EV and its
battery individually and one aggregating the charging demand of groups
of EVs or charging stations into exibility envelopes.

3.21 Charging Demand and Parking Times

We want to model a large eet of different EVs to cover different vehicle
types and driving patterns. Therefore, we use the open-source tool Sm-
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BEV [104] to generate travel pro les and charging processes of individual
EVs in a 15-minute resolution.

The underlying data basis is historical mobility data from a large-scale Ger-
man mobility survey, giving information on the trip destination, start and
end times of trips, distance travelled, travel speed and standing time [ 105.
SmBEYV uses probability distributions extracted from this data to simulate
travel pro les of individual  EVs. The travel pro les depend on region type °,
season and weekday. In the rst step, the trip destination is randomly
chosen. Trip destinations are differentiated between work, business, school,
shopping, private/ridesharing, leisure and home. Per trip destination, prob-
ability distributions for distance travelled, travel speed and standing times
are the basis for a random choice of these attributes for each trip in the
second step.

The last step translates the travel pro les into scheduled charging demand
during speci ¢ standing times. For this, SmBEV uses assumptions on the
availability and charging capacity of charging points at different destina-
tions. Therefore, the trip destinations are mapped to three different types
of charging locations - home work, and public charging. Business and work
trips are mapped to work or public charging, trips back home to home
or public charging and all remaining trip destinations to public charging
Whether a charging event will occur upon arrival at the trip destination
is randomly chosen based on prede ned probabilities. For example, it is
assumed that the availability of charging opportunities for home charging
points at single-family homes is the highest at 85% while it is the lowest for
roadside public charging points at 25%. On the other hand, home charging
consists mainly of 11kW chargers while charging in public settings is domi-
nated by 22kW chargers’. Further, high power charging ( HPC) at 50-150kW
is considered as a fallback option in case the state of charge §oC) of any EV
drops below a minimum threshold of 20%. In all charging sessions, it is as-
sumed that the EV charges at full capacity until the battery is fully charged
or the standing time ends. Based on a recent study [89], the ef ciency
during the resulting charging sessions is assumed to be hgy = 90% within

6

[&)]

Region types from RegioStaR 7 are used: Urban region — Metropolis, Large cities/Second-tier

cities, Medium-sized cities, Small towns and villages, Markets towns in rural areas, Towns in

rural areas, Small towns in rural area [ 10€].

6 The exact shares and a more detailed breakdown of charging locations can be found in Table
11.19 of [107].

7 The probability distribution of charging at different locations and charging powers can be

found in Table II. 20 of [107].

71



72

modelling of decentralised flexibility options

all charging processes. For more detailed information on the underlying
assumptions and modelling in SimBEV, we refer to [107].

The obtained driving pro les contain information on driving and parking
times, the consumed energy during driving, and the scheduled charging
demand at speci c destinations. We expand this information with the
minimum required SoC to cover the upcoming trip  SOC™". The initial
SoC socMtial “minimum required SoC SOC™", the driving and parking
times, energy consumption and charging demands are used as input for
the reference operation as well as the model formulation of smart charging
and V2G described in Sections3.2.5 and 3.2.6. The minimum required SoC
socg?gn is thereby set for every last time step of a parking event such that
the next driving session can be met without falling below a SoC of 20%,
if possible. In our simulations, EVs are available for smart charging or
V2G whenever they are plugged into a charging station. Of all parking
events, they are plugged in for 45% of the parking time. Speci cally, they
are plugged in for 51.3% of the time when parked at home, 41.5% when
parked at work, 36.5% when parked in public and 100% when parked
at a high power charging station. In the remaining time, the EVs are not
plugged in.

3.2.2 Sizing and Grid Connection of EV Charging Stations

In this thesis, an extended version of the travel proles and charging
demand created during a master thesis [10§ is used. In total, 26 880EVs,
divided into 16597 battery electric vehicles (BEVs) and 10283 plug-in
hybrid electric vehicles (PHEVS) of different types in the six investigated
grids were modelled for a full year. Table 3.8 summarises the technical
parameters of the modelled vehicle types (see also [L0§)) and Table 3.9 the
shares of the different vehicle types in the simulated grids. The different
regions of the grids were chosen to cover different driving pro les and
charging infrastructure setups. In the national investigations, we assume
that the simulated number of EVs is large enough to account for statistical
deviations, such that the aggregated time series can be scaled up with the
number of EVs.

In order to allocate the charging processes to specic sites, we use the
tool Trac BEV [109, where potential charging points within each DG are
identi ed and weighted on geospatial attributes. For home charging, the
potential charging sites are weighted with the total number of apartments
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Table 3.8: Technical characteristics of simulated vehicle types

BEV Types PHEV Types
luxury  medium mini luxury medium mini
Max. Charging Power [kW] 350 350 120 120 120 120
Battery Energy Capacity [KWh] 120 100 70 40 30 25
Mean Consumption [kKWh/ 100km] 17.8 148 119 182 152 121

Table 3.9: Percentages of simulated vehicle types in the investigated grids

BEV Types [%] PHEV Types [%]
luxury medium mini luxury medium  mini
Wind- 1 107 352 158 6.6 218 9.8
Wind- 2 92 368 157 57 228 9.8
PV-1 97 384 136 6.0 238 84
PV-2 108 359 150 6.7 223 9.3
Load-1 138 341 138 86 211 86
Load-2 147 353 117 91 219 72
Total 118 357 143 73 221 88

in the area based on [11(. The weighting of work charging sites depends
on the area and type of industrial, commercial or retail areas provided
by [111]]. Potential public and high power charging are assigned to point of
interests (POIs) and existing gas stations [111], respectively. Public charging
sites are weighted according to the density of POIls while HPC stations
are equally weighted. The charging processes are then randomly mapped
to the potential charging points, considering the weight of each charging
point that was determined beforehand. One or more such charging points
connected to the grid at the same grid connection point are de ned as a
charging parkin the following.

Figure 3.9 shows the distribution of installed capacities of all integrated
charging parks in the six investigated distribution grids for 2035 The
number of home and work charging parks is much higher than that of
public and high power charging parks. The installed charging capacities,
on the other hand, are much higher for the public and high power charging
parks.
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Figure 3 .9: Distribution of installed capacities of charging parks in all investi-
gated grids. The ticks on the x-axis mean that charging parks with
the respective installed capacity exist. The bar on the right of this tick
indicates the number of charging parks with this installed capacity.
For clarity, not all of the tick labels are displayed.

The grid integration per charging park is based on the total capacity of
all connected charging points. Charging parks with capacities of up to
300kVA are integrated into the LV and above that in the MV level. In the
MV grids, new charging parks are connected to the closest grid connection
point or line. In the case of integration into LV grids, the charging park
is integrated into the LV grid whose MV -LV substation is closest. Above
a nominal capacity of 100kVA, the grid connection is made via a cable
connection directly to the MV -LV substation. Below, the integration process
depends on the use case of the charging park. For home charging, the
charging park is connected to a random household load. In the case of work
charging, the connection is made to a random commercial, industrial, or
agricultural load. In contrast, public charging infrastructure is connected to
a random LV grid connection point. We refer the interested reader to [ 10§
for more details.
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