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Abstract 

Over the course of the electricity system's transformation, controllable, conventional power plants are 

increasingly replaced by renewable energy sources. Since a large proportion of renewable electricity is 

volatile, alternative flexibility options are needed to balance the electricity supply and demand at any 

given time. This doctoral thesis explores the flexibilization of the electricity demand-side and the extent 

to which decentrally coordinated flexibility deployment can be beneficial from a local as well as from a 

systemic perspective.  

Two challenges result from the volatility and decentralized nature of electricity generated by photovol-

taic and onshore wind energy plants: The need for flexibility to integrate volatile power generation, and 

the increasing complexity of the electricity system due to the high number of power units and resulting 

bidirectional power flows in the medium- and low-voltage grids. Due to these challenges, decentralized 

systems are playing a growing role in the discussion on the further development of the electricity system. 

This thesis addresses the outlined challenges; it consists of four modules, each described in a scientific 

paper. 

The first module analyzes the motivation for decentralized electricity systems. A decentralized electricity 

system is a decentralized approach to the challenges resulting from increasingly distributed (renewable) 

electricity generation: On the one hand, the challenge is to align local electricity generation more closely 

with local demand, while, on the other hand, shifting some parts of the electricity demand to balance 

the available supply, where possible. One of the key drivers for implementing decentralized electricity 

systems is the concept of regional energy autonomy. Therefore, the first paper examines the effects of 

increasing energy autonomy on the district level (NUTS-3) in 2030 by expanding renewable electricity 

(photovoltaic). The analysis is performed for the urban and rural districts of Southern Germany. In this 

paper, flexibility is considered in the form of battery storage. It can be seen that a significant increase in 

renewable electricity capacity is economically advantageous in all regions examined. However, achieving 

higher levels of energy autonomy causes additional costs and leads to overcapacities, although depend-

ence on the overarching power system remains. 

The second module focuses on electric vehicles as a promising flexibility option. In order to quantify the 

techno-economic demand response potential of electric vehicles in Germany in the future, a centralized 

system is assumed within this module. The paper models both the controlled charging of electric vehicles 

and their feedback of power to the electricity markets. The implications of controlled charging for the 

system load and the electricity price are explored on the one hand. On the other hand, the avoidance of 

so-called avalanche effects is analyzed. These occur if a critical mass of electric vehicles react in an un-

coordinated manner to a signal. The results indicate that controlled charging of electric vehicles offers 

substantial flexibility potential and has positive impacts on the system, provided that the incentive signal 

also considers the (controlled) charging behavior of other electric vehicles. However, the coordinated 

deployment of flexibility can have a negative impact on the financial attractiveness of controlled charg-

ing. 

From the results of the first two modules, it can be concluded that, in principle, small-scale flexibility 

resources offer high potential for balancing electricity generation and demand. At the same time, both 

modules outline the challenges associated with centralized and decentralized coordination of these flex-



 

 

ibility resources. The design and implementation of decentralized systems requires high-resolution in-

formation on electricity generation, demand and the resulting flexibility potentials. In the third module 

of the thesis, therefore, a method is developed to create a data set with high spatial and temporal res-

olution. This method is applied to model the demand and supply for all German regions (again NUTS-

3) in 2030. In addition, regional demand response is simulated using the regional hourly energy balance. 

Furthermore, the regions are grouped based on their structure of electricity demand and supply based 

on a k-Means clustering algorithm. The cluster analysis highlights the high heterogeneity between re-

gions in terms of the balance of supply and demand and the effectiveness of demand response in re-

ducing electricity imports and exports. In urban regions, the future regional residual load assumes both 

positive and negative values. Therefore, flexible end users are particularly effective at integrating volatile 

renewable electricity over the course of the day. Regions with smaller energy-intensive industries or 

those with medium-sized cities are already comparatively balanced without demand response. However, 

demand-side flexibility can still be used here to further increase the share of regionally consumed elec-

tricity by shifting loads over the course of the day. 

The modeling of decentralized demand flexibility in the third module of the thesis is based mainly on 

technical parameters. Functioning decentralized concepts also require incentives that promote the par-

ticipation of decentralized actors, which are taken into account in the fourth module of the thesis: The 

paper simulates a local energy market for prosumers. The prosumers have the possibility to adjust the 

flexible fraction of their demand (electric vehicles and battery storage) according to their generation unit 

as well as the local market price and to minimize their electricity procurement costs individually. The 

local energy market aggregates the electricity purchase and feed-in of all participating prosumers and, 

thus, provides an incentive that reflects the local supply and demand balance. For evaluation purposes, 

the prosumers' costs and revenues are benchmarked against a self-consumption scenario and integra-

tion into a central spot market. The evaluation shows that direct participation in a central spot market 

would be financially more attractive for the prosumers studied than participation in regional trading or 

self-consumption under the assumed framework conditions. It also represents the most advantageous 

option for flexibility use with regard to integrating renewable electricity. However, the results also sug-

gest that, from the overall system perspective, a local prosumer market has higher benefits than self-

consumption. 

All four modules of this thesis examine the use of demand-side flexibility and in particular, the effect of 

balancing electricity generation and demand in decentralized systems. The incentives for this can be 

non-monetary, such as striving for energy autonomy, or monetary, such as minimizing electricity pro-

curement costs. The results show that sufficient technical flexibility potential exists to at least partially 

compensate for the volatility of electricity generation from renewables, and thus to contribute to meet-

ing the challenges posed by the energy transition. Balancing supply and demand on a local level has 

limited economic attractiveness compared to trading on a supra-regional level. However, when com-

pared to the self-consumption of prosumers today, the advantages of decentralized incentives are clear 

with regard to integrating renewable energies into the system. Establishing decentralized electricity sys-

tems is therefore one option to incentivize flexibility. 



 

 

Kurzfassung 

Im Zuge der Transformation des Stromsystems werden regelbare, konventionelle Kraftwerke durch er-

neuerbare Energien ersetzt. Da ein Großteil der Stromerzeugung aus erneuerbaren Energien volatil ist, 

werden alternative Flexibilitätsoptionen benötigt, um zu jeder Zeit einen Ausgleich von Stromangebot 

und –nachfrage zu schaffen. Aus diesem Grund befasst sich die vorliegende Dissertation mit der Flexibi-

lisierung der Stromnachfrageseite und geht dabei der Frage nach, inwieweit ein dezentral koordinierter 

Flexibilitätseinsatz aus lokaler sowie aus systemischer Perspektive vorteilhaft sein kann.  

Aus der Volatilität und Dezentralität der Stromversorgung aus Photovoltaik- und Onshorewindenergie-

Anlagen resultieren zwei Herausforderungen: Der große Bedarf an Flexibilität, die die volatile Stromer-

zeugung integriert sowie die zunehmende Komplexität des Stromsystems durch die hohe Anzahl Erneu-

erbarer-Energien-Anlagen und daraus resultierende bidirektionale Stromflüsse im Mittel- und Nieder-

spannungsnetz. Angesichts dessen spielen dezentrale Energiesysteme eine wachsende Rolle in der Dis-

kussion zur Weiterentwicklung des Elektrizitätssystems. Die vorliegende Dissertation adressiert die skiz-

zierten Herausforderungen; sie besteht aus vier wissenschaftlichen Papieren und damit vier Bausteinen.  

Der erste Baustein legt die Motivation dezentraler Energiesysteme dar. Diese sehen vor, Herausforde-

rungen, die aus der zunehmend dezentralen Stromerzeugung resultieren, gleichsam auf dieser Ebene zu 

adressieren. Dazu wird die lokale Stromerzeugung stärker auf die lokale Nachfrage ausgerichtet, wäh-

rend gleichzeitig Teile der Nachfrage stärker als bislang flexibilisiert werden. Ein wesentlicher Treiber für 

die Umsetzung dezentraler Energiesysteme ist jedoch auch das Streben nach Energieautonomie. Im 

Rahmen des ersten Papiers wird daher am Beispiel der Stadt- und Landkreise Süddeutschlands für das 

Jahr 2030 betrachtet, welche Effekte auftreten, wenn die Energieautonomie auf Stadt- und Landkreis-

ebene durch die verstärkt regionale Nutzung von erneuerbarem Strom erhöht wird. Hierzu wird auch 

der regionale Einsatz von Flexibilität in Form von Batteriespeichern simuliert. Es zeigt sich, dass eine 

deutliche Erhöhung der Kapazität Erneuerbarer-Energien-Anlagen in allen untersuchten Regionen wirt-

schaftlich vorteilhaft ist. Das Erreichen höherer Autarkiegrade verursacht jedoch zusätzliche Kosten und 

führt zu Überkapazitäten, obgleich die Abhängigkeit vom übergeordneten Stromsystem bestehen bleibt. 

Der zweite Baustein der Dissertation nimmt Elektrofahrzeuge als eine vielversprechende Flexibilitätsop-

tion in den Blick. Um das zukünftige techno-ökonomische Potenzial des gesteuerten Ladens für Deutsch-

land zu quantifizieren, wird innerhalb dieses Bausteins von einem zentralen System ausgegangen. Im 

Rahmen der Untersuchung werden ein Lademanagement von Elektrofahrzeugen sowie Rückkopplungen 

des Strommarktes modelliert. Hierbei wird einerseits untersucht, welchen Implikationen das gesteuerte 

Laden auf die Systemlast und den Strompreis hat. Andererseits wird analysiert, wie sogenannte Lawi-

neneffekte, die auftreten, wenn eine kritische Masse flexibler Fahrzeuge unkoordiniert auf ein Signal 

reagiert, vermieden werden können. Aus den Ergebnissen kann geschlussfolgert werden, dass das ge-

steuerte Laden von Elektrofahrzeugen ein großes Flexibilitätspotenzial mit positiver Systemwirkung bie-

tet, vorausgesetzt, dass Rückkopplungen der Laststeuerung berücksichtigt werden. Der koordinierte Ein-

satz kann sich jedoch negativ auf die finanzielle Attraktivität des Lademanagements auswirken. 

Aus den Ergebnissen der ersten beiden Bausteine lässt sich schlussfolgern, dass nachfrageseitige Flexi-

bilitäten wie Elektrofahrzeuge prinzipiell ein hohes Potenzial für den Ausgleich von Stromerzeugung und 

-nachfrage bieten. Gleichzeitig skizzieren die Bausteine die Herausforderungen, die bei einer zentralen, 

aber auch in einer dezentralen Koordination dieser Flexibilitäten bestehen. Die Konzeptionierung und 



 

 

Umsetzung dezentraler Stromversorgungskonzepte setzt voraus, dass Informationen zu Stromerzeu-

gung, Stromnachfrage und den daraus resultierenden Flexibilitätspotentialen in hoher Auflösung zur 

Verfügung stehen. Im Rahmen des dritten Dissertationsbausteins wird deshalb eine Methode entwickelt, 

mit der ein räumlich und zeitlich hochaufgelöster Datensatz erstellt werden kann. Diese wird angewandt, 

um die Nachfrage und das Angebot für die deutschen Landkreise im Jahr 2030 zu modellieren. Darüber 

hinaus wird unter Nutzung der regionalen, stündlichen Energiebilanz regionales Lastmanagement simu-

liert. Außerdem werden die Landkreise abhängig von der Stromnachfrage- und Angebotsstruktur in 

Cluster eingeteilt. Die Clusteranalyse unterstreicht die hohe Heterogenität zwischen den Regionen im 

Hinblick auf die Ausgeglichenheit von Angebot und Nachfrage und die Wirksamkeit von Lastmanage-

ment zur Reduktion von Stromimporten und -exporten: Speziell in urbanen Regionen ist die Effektivität 

von flexiblen Endverbrauchern zur Integration von erneuerbaren Energien über den Tagesverlauf hoch. 

Regionen mit mittelgroßen Städten oder solche mit kleineren energieintensiven Industrien haben bereits 

ohne den Einsatz von Lastmanagement vergleichsweise ausgeglichene Energiebilanzen. Hier kann Last-

management dennoch effektiv eingesetzt werden, um durch Lastverschiebungen über den Tagesverlauf 

den Anteil des regional verbrauchten Stroms nochmals zu erhöhen.  

Die Modellierung der dezentralen Nachfrageflexibilität im Rahmen des dritten Bausteins der Dissertation 

basiert hauptsächlich auf technischen Kenngrößen. Funktionierende dezentrale Stromversorgungskon-

zepte bedürfen darüber hinaus Anreizen, die eine Teilnahme dezentraler Akteure fördern. Dieser Über-

legung trägt der vierte Dissertationsbaustein Rechnung: Hierbei wird ein lokaler Strommarkt für Prosu-

mer simuliert. Diese haben die Möglichkeit den flexiblen Anteil ihrer Nachfrage sowohl auf die Stromer-

zeugung ihrer Erneuerbaren-Energien-Anlagen als auch auf den lokalen Marktpreis anzupassen und mi-

nimieren auf diese Weise ihre Strombezugskosten. Der lokale Strommarkt aggregiert den Strombezug 

und die Stromeinspeisung aller teilnehmenden Prosumer und reflektiert somit die lokale Angebots- und 

Nachfragesituation. Zur Bewertung wird dieser einerseits mit der Eigenverbrauchsoptimierung der Pro-

sumer und zum anderen mit der Integration der Prosumer in einen zentralen Spotmarkt verglichen. Da-

bei zeigt sich, dass die direkte Teilnahme an einem zentralen Spotmarkt unter den unterstellten Rah-

menbedingungen finanziell für die untersuchten Prosumern attraktiver wäre als die Teilnahme an einem 

regionalen Handel oder die Eigenversorgung und auch die systemdienlichste Option zur Flexibilitätsnut-

zung im Hinblick auf die Integration erneuerbarer Energien darstellt. Die Ergebnisse lassen jedoch auch 

den Schluss zu, dass die Systemdienlichkeit eines lokalen Prosumermarkt höher einzuschätzen ist als die 

reine Eigenversorgung. 

In allen vier Bausteinen dieser Dissertation wird die Nutzung von nachfrageseitiger Flexibilität unter-

sucht. Insbesondere wird die Wirkung eines Ausgleichs von Stromerzeugung und -nachfrage in dezent-

ralen Energiesystemen analysiert. Anreize hierfür können nicht-monetär sein, wie das Streben nach Au-

tarkie, oder monetär wie die Minimierung der Strombezugskosten. Die Ergebnisse zeigen, dass das tech-

nische Flexibilitätspotenzial vorhanden ist, um die Volatilität der Stromerzeugung aus erneuerbaren 

Energien zumindest in Teilen auszugleichen und somit dazu beizutragen, den durch die Energiewende 

entstehenden Herausforderungen zu begegnen. Die ökonomische Attraktivität eines lokal begrenzten 

Ausgleichs von Angebot und Nachfrage ist im Vergleich zu einem überregionalen Handel gering. Ver-

glichen mit der heutzutage üblichen Eigenversorgung von Prosumern zeigt sich jedoch auch die Vor-

teilhaftigkeit dezentraler Anreize im Hinblick auf die Systemintegration erneuerbarer Energien. Insofern 

kann die Etablierung dezentraler Energiesysteme eine Möglichkeit darstellen, ein flexibles Verhalten 

nachfrageseitiger Akteure anzureizen. 
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ASSESSING DEMAND FLEXIBILITY IN DECENTRALIZED ELECTRICITY SYSTEMS 

INTRODUCTION  

1 

1 Introduction 

1.1 Background and motivation 

In the face of climate change, in 2015, the international community agreed to limit the global tempera-

ture increase to well below 2°C above pre-industrial levels (Paris Agreement) [1]. Therefore, the European 

Union is striving to achieve net-zero greenhouse gas emissions by 2050 [2]. A fundamental transfor-

mation is necessary to reduce the CO2 intensity of the electricity system. Besides exploiting energy effi-

ciency and sufficiency potentials, this means that fossil fuels must be replaced by renewable electricity 

(RE) sources [3].  

In Germany, this realization led to the first stage of the energy transition at the end of the 20th century, 

during which support programs for the expansion of renewable energies were set up [4]. This has 

changed the structure of the electricity system: While utilities own 90% of the conventional, large-scale 

power plants, the majority of RE is in the hands of private individuals, companies from the tertiary sector, 

or farmers [5]. Additionally, several concepts that are grouped under the term of decentralized electricity 

systems (DES) have recently become increasingly popular in Germany and other European countries.  

This is due to the growing societal interest in locally produced, sustainable electricity [6]. While not 

necessarily defined in terms of their geographical area they involve small sources of electricity supply or 

storage, which are supposed to be in close proximity to demand in order to reduce network losses [7,8] 

but also to increase regional sustainability (because of their focus on RE) and self-sufficiency [9]. Addi-

tionally, it is claimed that DES enhances system security and reliability, due to the distribution of elec-

tricity sources, making them less vulnerable and complex [10]. 

The expansion of RE generation in Germany from 36 TWh to 243 TWh between 2000 and 2019 shows 

that the transformation of the power sector is already underway [11]. However, to decarbonize other 

energy-consuming sectors, such as the heating or mobility sector, sector integration is seen as a prom-

ising option, i.e., electrifying processes that are currently based on fossil fuels, often referred to as Power-

to-X [12]. While sector integration allows the substitution of fossil fuels, it also induces additional elec-

tricity demand, which will overcompensate energy saving measures [13,14]. Thus, the absolute RE ca-

pacity required will have to increase even further. However, the shift towards RE, particularly wind power 

and photovoltaic, coincides with high volatility. The paradigm of supply following demand is no longer 

valid. As a consequence, grid constraints appear with increasing frequency and cause increasing con-

gestion volumes, costs as well as curtailment of RE [13]. The planned decommissioning of conventional, 

controllable power plants, especially beyond 2030, poses an additional challenge in this regard2.  

Hence, to facilitate smoother integration of RE into the electricity system, additional flexibility options 

are needed that balance demand and supply. Demand response (DR) is seen as one solution in this 

respect, which schedules flexible demand according to incentives based on the supply-side or grid situ-

ation [18]. Various authors confirm that DR can lead to a reduction of CO2 emissions [19] and is suitable 

for reducing residual load peaks and integrating RE [20,21]. Others have quantified the DR of various 

                                                                                                                                                                      
2 As of August 2021, for example, eleven of the 21 countries in the EU-27 in which coal is part of the electricity mix 

have announced a phase-out before or by 2030 [15]. In Germany, a phase-out of nuclear energy is planned for 

2022 and a coal phase-out for the year 2038 [16,17]. 
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sources and concluded it harbors substantial potential (e.g., [14,22–24]). Concerning the practicability of 

DR measures, it has been found that individual consumers are generally only willing to adjust their be-

havior to a limited extent [25]. Therefore, in addition to energy-intensive industries, those processes and 

appliances are particularly suitable for DR, which can be controlled automatically and for which a change 

in consumption is not associated with a loss of comfort or with additional (also non-monetary) costs 

[25]. Examples include electric vehicles (EVs) or heating and cooling systems that come with a storage 

and can therefore provide flexibility without  a loss of comfort. While larger industrial plants are already 

participating in existing markets to some extent, numerous entry barriers exist for smaller flexibility op-

tions that prevent their activation and use. These barriers can be regulatory or administrative, such as a 

minimum required capacity [26], technical (e.g., metering infrastructure and technological standards) 

[26], social (e.g., lack of trust, data privacy issues) [27] or economic (lacking financial attractiveness) [28]. 

In summary, although there are various market opportunities for DR, an attractive business scenario is 

still missing for  small-scale flexibility options in central markets to participate. 

Nevertheless, this does not mean that small-scale flexibility options are not used: Prosumers, consumers 

producing their own electricity from renewable sources, often already have an energy management sys-

tem, which frequently integrates battery storage and even demand-side flexibility [29]. But so far they 

have hardly been able to participate actively in the energy system [29]. As a result, they usually exploit 

their own flexibility only to increase their level of self-consumption, particularly since grid parity has 

been reached in many countries including Germany [6]. Consequently, the available flexibility is used 

only to reduce the electricity costs of a single prosumer [30] and not necessarily employed in a way that 

is beneficial from the electricity system’s perspective. Using prosumers' flexibility to balance demand 

and RE supply in a regional context, i.e., in DES, could circumvent the existing barriers to involving small-

scale flexibility resources in centralized systems. DES could be one way to meet the electricity system's 

need for flexibility, but could also be attractive to the prosumers involved. Firstly, considering that not 

only the need for flexibility but also the consumers' interest in regional electricity products is increasing 

(e.g., [31,32]), the economic value of flexibility could increase as well. By actively offering their flexibility, 

prosumers could open up new financial opportunities while contributing to benefit society [29]. Sec-

ondly, decentralized systems could provide less complex access to the electricity system for small-scale 

players [26]. Ultimately, regionally coordinated flexibility deployment could address another issue. Vol-

atile generation from RE leads directly to local imbalances at lower grid levels. Thus, using flexibility 

locally could help to even out these imbalances and avoid frequency fluctuations [33]. 

1.2 Research gap and research questions 

In early forms of DES (e.g., community energy systems), renewable capacity expansion and the corre-

sponding feed-in tariffs ensured revenues and socio-economic benefits for the region [9]. Today, various 

decentrally organized concepts are emerging that shift the focus towards the market-based commer-

cialization of regionally available electricity and flexibility resources. Examples include local electricity or 

flexibility markets and peer-to-peer electricity trading3. As argued above, these concepts can facilitate 

RE integration and even promote further RE expansion on the prosumer level [36]. Conversely, studies 

also report that decentralized systems lead to a more expensive electricity generation mix and even 

increase the overall need for flexibility [37], leading to higher system costs compared to centralized 

                                                                                                                                                                      
3 For comprehensive reviews, see Khorasany et al. ([34], decentralized electricity markets), Jin et al. ([33], decentral-

ized flexibility markets), Zhang et al. ([35], peer-to-peer trading). 
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electricity systems [37,38]. Given this ongoing debate and the resulting controversies concerning decen-

tralization (see for example [9] and [38]), it is important to analyze the local and particularly the system-

wide effects of DES in more detail to evaluate their benefits holistically. Beyond issues of technical fea-

sibility and the qualitative promises of DES, it needs to be analyzed to what extent decentrally-coordi-

nated use of flexibility can benefit small-scale prosumers as well as the overarching electricity system, 

e.g., in terms of integrating RE or reducing the amount of conventional backup power required. 

The objective of this thesis is to assess the decentralized use of flexibility resources. This includes inves-

tigating the impact of decentralized flexibility options on the regional balance of electricity demand and 

supply. A key focus in this regard is to assess under which circumstances decentralized flexibility options 

provide an added value for prosumers and RE integration. 

This objective is addressed by systematically answering the following research questions: 

I. What is the motivation for decentralized electricity systems? What are the techno-eco-

nomic implications of implementing decentralized electricity systems? 

Prominent drivers of society’s interest in regionally produced energy are the high level of trust 

in regional actors and the wish to become more independent of energy imports, i.e., to increase 

a region’s energy autonomy [39]. Since most DES favor a partially autonomous solution and 

remain connected to the public grid [39], they still have an impact on the overarching electricity 

system. The greater the number of DES, the more significant their effect on the superordinate 

system [6]. Therefore, the first research question examines whether the original motivation for 

a DES is consistent with the regional implications resulting from its implementation.  

The research questions outlined here are addressed in detail in Publication I. 

 

II. What is the flexibility potential of the demand response of electric vehicles? What are the 

limitations and unwanted effects? 

EVs are expected to have a high energy demand in the future [40] and, thus, offer a high theo-

retical flexibility potential [41,42]. Due to their long idle times [43,44], automated control [45], 

and battery sizes that exceed daily mobility needs [46], charging can be controlled without af-

fecting their users' comfort greatly. Therefore, EVs are a promising source of demand-side flex-

ibility. However, controlled charging of EVs can only be implemented successfully if it is finan-

cially attractive for participants and if coordinating a critical number of vehicles does not lead 

to negative systemic effects such as the creation of new load peaks.  

Publication II focuses on contributing to answering this set of research questions. 

 

III. How can the regional distribution of demand, supply, and flexibility options be modeled, 

analyzed, and clustered? Is it possible to identify regions where demand-side flexibility is 

particularly beneficial? 

Innovative concepts in the framework of decentralized electricity systems are being discussed 

worldwide. Beyond theoretical, conceptual considerations, the analysis of an increasingly dis-

tributed electricity system and, in particular, the regional, market-oriented valuation of RE and 

flexibility options require regionally and temporally resolved data.  

This is the focus of Publication III. 
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IV. What incentives could be created by local energy markets? Can local energy markets stim-

ulate prosumer involvement? How can local markets reflect system-wide scarcity and 

oversupply?  

From a macroeconomic perspective, central power markets have so far proven to be more effi-

cient ecologically and economically than balancing demand and supply locally [37]. However, 

while some successful programs are reported that integrate industrial DR in central markets, 

programs are rare that stimulate and integrate large amounts of small-scale flexibility through 

a central market [28,47,48]. Local energy markets offer an alternative here, as they can address 

the motivations and existing barriers of small-scale flexibility more accurately [29]. Functioning 

local electricity concepts, however, require mechanisms such as adequate price signals that en-

courage the participation of decentralized actors.  

This fourth set of research questions is addressed in Publication IV. 

1.3 Approach and structure of this thesis 

This thesis is structured around four scientific papers published in or submitted to international scientific 

journals. Chapters 2-0 are the four publications, Chapters 6 and 7 summarize and discuss the central 

findings derived from this thesis.  

 

Chapter 2: How much energy autonomy can decentralized photovoltaic generation provide? 

The first module of the thesis explores the motivation for a theoretical and model-based examination of 

decentralized electricity systems from different perspectives. An extensive literature review examines the 

drivers for the development of such systems, especially the value of local autonomy. In addition, a 

model-based analysis is presented of the energy-economic implications of increasing regional energy 

autonomy in Southern Germany. 

 

Chapter 3: Impacts of avalanche effects of price-optimized electric vehicle charging - does demand re-

sponse make it worse? 

As a reference point for the further assessment of demand-side flexibility in a decentralized context, this 

chapter investigates the potential use of flexibility, namely private EVs, to integrate renewables using the 

central electricity market in Germany as an example. A focus of the analysis is on the unintended effects 

DR can cause and how these can be avoided. 

 

Chapter 4: Prepared for regional self-supply? On the regional fit of electricity demand and supply in Ger-

many 

Chapter 4 picks up the thread of Chapter 3 and extends the analysis of the potential and impact of DR 

to the decentralized dimension. In the publication, regional electricity demand and supply are modeled 

for all administrative NUTS-3 regions in Germany. Subsequently, DR is simulated to evaluate the load 

balance of each region. This chapter introduces and employs indicators to evaluate the regional hourly 

electricity balance. The techno-economic quantification of demand flexibility potentials also serves as a 

basis for further, market-based analysis of DES. 
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Chapter 5: Towards improved prosumer participation: electricity trading in local markets 

Chapters 2 to 4 address the potentials of using demand-side flexibility in different settings. Functioning 

(local) electricity balancing concepts, however, require incentives that promote the participation of de-

centralized actors. This is taken into account in the fourth publication incorporated in this thesis: A local 

energy market for prosumers is simulated to analyze to what extent local trading could be attractive 

from the participating prosumers' perspective as well as from the system's perspective. 

 

Chapter 6: Summary of findings and achievements 

This chapter summarizes the findings in this thesis and revisits the research questions outlined above 

and addressed in the four publications. In addition, it reviews the applied methods and the methodo-

logical steps needed to investigate the research questions. 

 

Chapter 7: Discussion and outlook 

This chapter critically reviews the methods used and the insights gained and outlines directions for fu-

ture research derived from the findings of this thesis. 

 

An overview of the structure of the thesis as described in this section is provided in Figure 1-1. As can 

be seen from the figure, Research Questions 1 and 2 are initially addressed independently in both the 

theoretical analysis and the modeling, and then consolidated within the framework of Research Ques-

tions 3 and 4. Although the publications included in the thesis address several research questions, each 

research question is mainly investigated in one specific publication.  

 



 

 

 

6 ASSESSING DEMAND FLEXIBILITY IN DECENTRALIZED ELECTRICITY SYSTEMS 

APPROACH AND STRUCTURE OF THIS THESIS 

 

Figure 1-1: Structure of the thesis and relation between the research questions among each other as 

well as connection to the four publications as the central elements of the thesis.

Literature state of the art/theoretical analysis

(De-)central flexibility use

Synthesis & Conclusion

Key findings & 
methodological
achievements

Synthesis & 
discussion of

results

Flexibility commercialization
in local markets

Publication I

Publication III

Publication II

Publication IV

Flexibility of electric vehicles
DES/community energy

systems

Model-based assessment

Motivation for DES & 
techno-economic

implications of DES 
implementation

Research Question I

Flexibility potential 
of EVs &

Limitations of EV 
flexibility

Quantification of the
regional 

demand/supply
balance & flexibility

potential

Simulation of
prosumers in local

energy markets

D
e

ce
n

tr
al

iz
e

d
e

n
e

rg
y

sy
st

e
m

s
D

e
m

an
d

-s
id

e

fl
ex

ib
ili

ty

Research Question III

Research Question II

Research Question IV



 

 

ASSESSING DEMAND FLEXIBILITY IN DECENTRALIZED ELECTRICITY SYSTEMS 

HOW MUCH ENERGY AUTONOMY CAN DECENTRALIZED PHOTOVOLTAIC GENERATION PROVIDE?  

[APPLIED ENERGY 2020] 

7 

2 How much energy autonomy can decentralized photovoltaic 

generation provide? 

 

 

 

 

 

Abstract:  

Energy autonomy, the desire to become independent from a centralised supply system, is a core moti-

vation for the development of decentralised energy systems, even if it does not have tangible economic 

or ecological benefits. For the case of electricity, we introduce a regional system model which optimises 

the capacity expansion and operation of photovoltaics and battery storage. We quantify cost-efficient 

regional degrees of electricity autonomy for 166 regions in Southern Germany and assess how increasing 

the degree of autonomy beyond the optimal level affects the economic viability of a decentralised elec-

tricity system. We find that the average optimal degree of autonomy reached is 44%. Thus, our results 

show that a substantial increase of photovoltaic capacity is economically beneficial in all the regions 

examined. However, achieving a predefined degree of autonomy causes additional costs for the region 

and results in a large overcapacity, while all regions still rely on the superordinate electricity system to 

some extent. 

 

Published as: 

Kühnbach, Matthias; Pisula, Stefan; Bekk, Anke; Weidlich, Anke (2020): How much energy autonomy can 

decentralised photovoltaic generation provide?4 A case study for Southern Germany. In: Applied Energy 

280, S. 115947. DOI: 10.1016/j.apenergy.2020.115947. 

 

My contribution:  

I wrote the first draft of the paper’s manuscript. In collaboration with S. Pisula and A. Bekk, I conceptu-

alized the research framework and constructed the regional optimization model used in the paper to-

gether with S. Pisula. The modeling of the hourly resolved regional demand and the modeling and anal-

ysis of implications of increasing the regional energy autonomy as well as the extensive literature re-

search regarding decentralized electricity systems were done by myself.   

                                                                                                                                                                      
4 Unlike this thesis, this publication was written in British English. 
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2.1 Introduction 

Over the course of the energy transition, the energy system is shifting from a limited number of large 

centralised power plants to a larger number of decentralised small-scale renewable energy generation 

units. In Germany, this represents a paradigm change, which also affects the ownership structure of the 

energy system: In 2016, 56% of renewable electricity (RE) capacity was owned by private persons, farmers 

and companies from the tertiary sector; utilities only owned 16% of RE capacity, but more than 90% of 

fossil-fired power plants [5]. One reason for this trend towards the decentralisation of ownership is an 

increasing societal preference to consume regionally produced electricity. As a consequence, several 

concepts that can be summarised under the term “decentralised energy systems” (DES) have become 

increasingly popular in Germany and other European countries [6], although there does not seem to be 

any consensus regarding the spatial dimension of DES. Example concepts include (partially) self-suffi-

cient buildings and district and community energy systems. 

Beyond economic and environmental reasons, the main drivers behind this trend towards regionally 

produced energy are the high level of trust in regional actors and the wish to become more independent 

of energy imports, i.e. to increase a region’s energy autonomy [39]. Since, in terms of electricity, most 

DES favour a partially autonomous solution and want to remain connected to the public grid [39], they 

still have an impact on the overarching electricity system. The greater the number of DES, the more 

significant their effect on the superordinate system. Based on a literature review, we first identify regional 

energy autonomy as a core driver of DES. Second, we evaluate whether autonomy - in the case of elec-

tricity - can be considered an actual benefit by modelling an increase of the regional electricity autonomy 

of regions (i.e. NUTS-3 regions5) in Southern Germany. In this context, we address the following research 

questions: 

 Is the regional PV potential in Southern Germany sufficient to meet a substantial share of demand 

in different regions? How does a combination of PV with battery storage affect this share? 

 How does striving towards higher degrees of autonomy affect the economic viability of a regional 

energy system? 

 How does increasing the degree of autonomy of all regions in Southern Germany affect the Ger-

man electricity system? Are there (un-)wanted side effects? 

We address these research questions by quantifying the investment and the hourly operating costs of 

reaching a (sub-)optimal degree of autonomy of a region by expanding PV and battery storage capacity 

to the optimum and beyond. We limit our analysis to PV for two reasons: Firstly, it is the renewable 

source that is nearest to demand. Secondly, as PV is relatively easy to install and has high public ac-

ceptance (e.g. [50]) also for smaller units, its expansion is - more than other renewable technologies - 

driven bottom-up by local citizens. We consider the NUTS-3 regions within the southern part of Germany 

(Bavaria, Baden-Wuerttemberg and Hesse, 166 regions). Instead of analysing all re-gions in detail, we 

perform a cluster analysis and select representative sample regions. For each sample region, we minimise 

the total annual electricity expenses, i.e. investments in PV and battery storage as well as electricity pur-

chases from outside the region, using a mixed-integer linear programming approach. In our analysis, we 

look at the year 2030. For the first part of our results, we predefine a degree of autonomy in our model 

and increase this parameter step by step in order to assess economic and technical components when 

the degree of autonomy is varied. Subsequently, we define two cases: The first is a reference case, in 

                                                                                                                                                                      
5 For an explanation of the classification of European regions (NUTS = “Nomenclature des Unités Territoriales 

Statistiques”), we refer to [49]. 
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which the expansion of PV and battery storage is calculated by optimising the financial benefits for each 

region. In contrast to this, the second case prioritises the balancing of demand and supply within a 

region by defining a degree of autonomy as a restriction to the optimisation problem. In the final step, 

we look at the level of Southern Germany by analysing the aggregated modelling results for all regions 

in the area. 

In Section 2.2 of our paper, we present the different strands of literature with regard to DES and regional 

autonomy. In the methodology section (Section 2.3), we perform a cluster analysis and describe the 

model used to assess a regional electricity concept. Section 2.4, Application, presents our scenario as 

well as findings for three sample regions, before we show the results for the entire area considered in 

the cluster analysis. Finally, we discuss the effects (Section 2.5) and conclusions (Section 2.6) that can be 

drawn from the modelling results, and outline possible future research directions. 

2.2 Literature Review 

Particularly in Europe, the term “decentralised” energy generation is used for small-scale generation and 

regional energy systems. Internationally, these are often referred to as distributed or embedded energy 

systems [9]. In the early literature on this topic, DES are described as small sources of electricity, which 

are not part or relatively independent of a larger centralised power system [51]. The current literature 

focuses primarily on systems featuring renewables [7]. In the past, DES were attractive mainly for remote 

areas, where both electricity generation units and the grid had to be constructed [51]6. However, due to 

a substantial drop in the capital costs of RE, DES are now increasingly applied in regions which already 

feature a functioning energy system [10]. Here, the motivation for DES is based on environmental and 

economic aspects. Southern Germany, which is the focus of our research, is a densely populated and 

industrialised region that matches this description. 

2.2.1 Background 

According to our literature review, DES are analysed from three different perspectives: (1) case study 

approaches of single DES, (2) overview studies of drivers, benefits and drawbacks of DES and (3) model-

based assessments of RE potential or multiple DES with a broader scope. 

The first literature strand, which often accompanies practical applications, focuses primarily on individual 

projects, and considers individual characteristics, requirements and outcomes. Although the scope of 

these accompanying studies is similar, they depend strongly on regional conditions and thus differ in 

their methodologies and results. Some, such as Schmidt et al. [53], who analyse a rural region in Austria, 

present approaches in which demand and supply potential are quantified and different sectors are inte-

grated into the analysis. Schmidt et al. use a regional planning model with high granularity in terms of 

land use, crop and biomass production as well as non-energy related aspects such as local value added. 

Others, such as Väisänen et al. [54], apply multi-criteria decision analysis to determine the ideal config-

uration of technologies for a DES while considering techno-economic as well as societal and institutional 

aspects. While [53] or [54] can be considered feasibility studies, Yalçın-Riollet et al. [55] - amongst others 

- perform an ex-post analysis of individual projects to assess the circumstances under which they were 

possible and ultimately successful. The authors conclude that a strong sense of collectivism together 

                                                                                                                                                                      
6 So-called microgrids have become a separate research field and are not featured in this paper. For a comprehen-

sive review, we refer to [52]. 
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with existing and already active stakeholders were the main drivers. In this sense, [55] understand DES 

as community energy systems, i.e. as more of a social innovation than an economically driven project. 

The reviewed case studies are characterised by a high degree of detail, e.g. in terms of technological 

options. When quantifying the impacts of autonomy, a common factor of these studies is their focus on 

a specific region’s conditions. Therefore, their scope is rather narrow, neglecting whether the case study 

results can be generalised and also ignoring interactions with the superordinate energy system. 

The common denominator of the majority of existing DES is that they are driven “bottom-up” by regional 

stakeholders or entire communities [6]. For this reason, there is a related but different strand of literature, 

which reviews and compares existing case studies, discussing the benefits and drawbacks of DES on the 

one hand, and identifying stake-holders’ drivers and motivations for DES on the other hand. The identi-

fied benefits can be distinguished into environmental, economic and social aspects. Regarding economic 

benefits, stakeholders can profit directly from selling electricity or from decreasing procurement costs 

[56]. Indirect benefits for communities are created due to local value added and resulting tax revenues 

[57] as well as positive job creation effects [56]. As DES are based on RE, they lead to environmental ad-

vantages from investment in RE. These environmental benefits are, however, associated with RE and are 

not exclusive to DES, since RE expansion takes place in centralised systems as well. Indirect environ-

mental benefits could be that communities have a higher acceptance of RE, which facilitates RE expan-

sion [56]. Potential barriers to DES, on the other hand, include increased responsibility for energy pro-

curement, compliance with legal conditions, maintenance, and social disruptions due to winners and 

losers within a community [58]. There is also the possibility of negative consequences for the regional 

food chain, because RE expansion can trigger competition for land use and lead to increasing crop prices 

[58]. 

Thus, in many cases, DES have benefits that have been acknowledged by many scholars. However, the 

question remains whether the benefits identified above are consistent with the drivers that promoted 

their development in the first place, i.e. if the identified benefits are accurate indicators of the value of 

DES. This is particularly relevant considering the fact that DES development is promoted particularly by 

regional actors [5]. The main purpose of traditional utilities is to provide their customers with electricity 

while ensuring their own economic profits, whereas regional actors place more priority on the sustaina-

bility, regionality and autonomy of electricity generation (e.g. [59]). Energy autonomy, in particular, is 

acknowledged to be a key driver of DES (e.g. [39] or [60] among others) and is therefore covered spe-

cifically in multiple studies, such as Ecker et al. [61] or Schumacher et al. [62]. From a stakeholder per-

spective, autonomy has several distinguishable components and motives, which affect preferences and 

decisions. These comprise independence from utilities [39] or central markets [63], self-determined de-

cisions (“autonomous choices” [64], “self-governance” [59]) and the ability to be self-sufficient [64]. The 

security of supply [64] and increased local value added [39] are also frequently mentioned as effects of 

autonomy. Ecker et al. [60] link the development of autonomous DES to self-determination theory [65], 

arguing that these systems fulfil the need to be self-determined. 

The majority of the qualitative or survey studies that discuss benefits and drawbacks of DES mention 

autonomy as a key driver for their development. However, the (dis-)advantages of regional autonomy 

are often listed without any quantitative analysis of their effects beyond the scope of a specific DES. 

A third strand of studies looks at the potentials for DES from a macro perspective. RE potential is ana-

lysed with a detailed spatial resolution but a federal (e.g. [66]), national or even continental scope (e.g. 
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[67]) and often used as input for further analysis. Others specifically concentrate on regional assess-

ments. Scaramuzzino et al. [68] model spatial patterns for RE potential in Europe. With an explicit focus 

on DES, Weinand et al. [69] perform a cluster analysis of both energy-related and non-energy related 

indicators at the level of German municipalities to derive a typology to analyse their suitability for re-

gionally autonomous energy systems. Tröndle et al. [70] use a GIS-based model for Europe to determine 

whether electricity autonomy is feasible at different geographical levels. While Ref. [70] uses an annual 

resolution, Killinger et al. [71] perform a similar quantification for Germany, but use an hourly resolved 

model, which optimises regional PV and wind capacity at NUTS-3 level.  

As a summary, studies that quantify the potentials for RE and DES from a macro perspective using energy 

system models analyse several regions at once, but with a lower degree of detail. 

2.2.2 Research Gap 

Table 2-1 summarises the literature strands identified in our review and lists the strengths and weak-

nesses of each strand. Considering the high interest in and the growing number of DES, we identified a 

gap in the current literature: Increasing the regional energy autonomy is clearly a driver for the devel-

opment of DES and leads to a higher willingness-to-pay for decentralised technologies [61], although 

the original motivation for autonomy is not always energy-related. However, the presented studies from 

the first and second literature strand look either at one specific project quantitatively, or evaluate multi-

ple cases qualitatively. The third strand identified concentrates on the technological configuration and 

feasibility of a regional energy system, but assumes that economic efficiency is the dominant driver of 

such a system. 

Table 2-1: Overview of literature strands analysing DES, their strengths and weaknesses. 

Type Description Strengths  Weaknesses Examples 

Case  

Studies  

 Analysis of single DES 

 Multiple perspectives 

(e.g. technical, finan-

cial, social) 

 

 High spatial (and in some 

cases temporal) resolution  

 Detailed input data 

 

 Focus on regional drivers and 

conditions: limited transferability 

and generalisability 

 No consideration of the wider 

area or systemic perspective (DES 

embedded in a functioning sys-

tem) 

[53–55] 

 

Overview 

and review 

papers 

 Review of existing 

case studies 

 Socio-economic ex-

amination of causali-

ties and drivers of DES 

 Good overview of best 

practice and common de-

nominators (e.g. benefits 

and drawbacks of DES) 

 Qualitative nature (con-

cerning the effects on the 

wider area if considered) 

 Quantitative analysis of qualita-

tive drivers 

 Consistency check: Are socio-

economic drivers actual benefits? 

[6,39,56,6

1,63,64] 

Potentials 

for DES 

from 

macro per-

spective 

 Approaches mostly 

use land-use data sets 

to identify spatial pat-

terns  

 Assess the feasibility 

of DES 

 High regional resolution 

in terms of supply 

 Demand structure of indi-

vidual regions modelled 

in a simplified way 

 

 Optimisation: Purely economic 

drivers (excluding e.g. autonomy 

as a driver) 

 No consideration of the wider 

area and systemic perspective 

(DES embedded in a functioning 

system, effects on the superordi-

nate system not considered) 

[66–71] 
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Therefore, none of the literature strands systematically assesses the economic and technical effects of 

substantially increasing the regional degree of autonomy, particularly beyond the economic optimum. 

Secondly, in order to assess the feasibility of DES, all three categories of literature look at a regional 

system from an internal perspective. However, most DES are only partially autonomous and remain con-

nected to the grid, and therefore continue to influence the superordinate system. The greater the num-

ber of DES, the greater their significance for and impact on the wider energy system. Although they 

might have micro-level economic benefits, the wider effect on the macro-level, i.e. for the electricity 

system as a whole, is not clear. Consequently, McKenna [6] raises concerns about the aggregated use-

fulness of partially or wholly autonomous DES, and calls for further analyses regarding their effects on 

the overarching energy system. 

Our study is intended to address these shortcomings (for electricity): Beyond modelling the cost-efficient 

degree of autonomy for regions with a heterogenous demand and supply structure, we assess how the 

costs and technical parameters such as surplus electricity are affected if the regional degree of autonomy 

is further increased. We complement this internal perspective by modelling and analysing a situation in 

which all regions within an area substantially increase their autonomy. Thus, we focus not only at isolated 

cases of DES, but also consider the wider context. 

2.3 Methodology 

In this paper, we investigate the impacts of increasing the regional electricity autonomy to the optimal 

degree and beyond using an optimisation model. The model optimises PV and battery storage capacity 

expansion and operation within a region for a given degree of regional electricity autonomy. We conduct 

this research for 2030. This year is chosen to consider expected developments regarding the demand 

structure, such as the diffusion of sector coupling technologies like heat pumps and electric vehicles. 

The overall geographical scope of this paper is Southern Germany, where PV is the dominant source of 

renewable electricity. The area considered consists of 166 regions. We conduct our analysis at two dif-

ferent levels: First, we investigate DES at the level of NUTS-3 regions. To enhance the generalisability of 

the results, we conduct a cluster analysis and select representative sample regions, on which we concen-

trate in detail. Second, we look at the level of Southern Germany, assuming that DES are developed in 

all regions in this area. Figure 2-1 gives an overview of the methodological approach pursued in this 

paper. 
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Figure 2-1: Two-level approach applied in this paper: Implications of the development of DES are first  

examined at the level of NUTS-3 regions for representative sample regions. The effects of 

DES are then assessed at the level of Southern Germany.  

The following sections introduce the concept of regional electricity autonomy as used in this paper, the 

regional optimisation model and our approach for the cluster analysis. 

2.3.1 Defining the degree of regional electricity autonomy 

One of our principal objectives is to determine the cost-optimal PV and battery capacity for selected 

regions given an optimised or predefined degree of autonomy. Electricity autonomy is defined as aiming 

to meet regional electricity demand using electricity generated by sources in the same region [72]. It is 

also referred to as “autarky” [57] or “self-sufficiency” [73]. McKenna et al. [6] suggest categorising the 

concept of autonomy even further and distinguish between a “tendency through decentralisation”, an 

“annual balance” and a “completely off-grid solution”. Neither completely off-grid solutions nor an au-

tonomy concept which is measured annually fits our concept: On the one hand, complete autonomy is 

not feasible for all regions [6]. On the other hand, we evaluate the ability of PV and battery storage 

systems to increase the regional autonomy. This cannot be done using an annual balance (since this 

indicator does not account for battery storage, because temporal shifts are not considered). We use the 

category “tendency through decentralisation”, but define it further: We measure the degree of autonomy 

achieved in a region by calculating the average hourly share of demand that is supplied by regional RE 

(PV, wind, biomass) or via battery storage (which is charged using only regional RE): All electricity flows 

contributing to regional electricity autonomy are considered as intraregional electricity flows. This is also 

illustrated Figure 2-2. An energy exchange with the environment (depicted as “inflow” and “outflow”) is 

possible. RE outflows do not contribute to the degree of autonomy. The interaction with the environment 

is not specified further in our model. 
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Figure 2-2: The degree of autonomy is defined by the electricity produced and consumed within a 

region, i.e. all flows except out- und inflows contribute to the regional degree of autonomy.  

As shown in Figure 2-2, a region consists of consumers, generators and battery storage units. Generators 

include PV, wind power and biomass plants. The model does not provide for the storage of electricity 

from biomass or wind power plants. In the case of PV, intraregional consumption is further subdivided 

into self-consumption and direct PV consumption: Electricity which is consumed directly within a build-

ing is considered self-consumption 𝑃𝑠𝑒𝑙𝑓−𝑐𝑜𝑛 as proposed by Luthander et al. [74]. Direct PV consumption 

𝑃𝑃𝑉𝑑𝑖𝑟
 defines the amount of electricity consumed within a region, but not in the building where the 

electricity is produced. This includes electricity stored in the battery, which means that direct PV con-

sumption can take place immediately or, if electricity is stored, at a later time. Unlike self-consumption, 

the distribution grid is used, which necessitates financial compensation for the provision of infrastruc-

ture. Mathematically, the degree of autonomy DoA, is thus defined as the sum of the intraregional flows 

over all hours t of the year divided by the annual load of the region ∑ 𝑃𝑙𝑜𝑎𝑑,𝑡𝑡 ∈ 𝑇  (see Equation (2-1)). 

∑ [𝑃𝑃𝑉𝑑𝑖𝑟,𝑡 + 𝑃𝑠𝑒𝑙𝑓−𝑐𝑜𝑛𝑛,𝑡 + 𝑃𝐵𝐴𝑇𝑜𝑢𝑡,𝑡 + 𝑃𝑊𝑖𝑛𝑑,𝐵𝑖𝑜𝑖𝑐,𝑡]𝑡 ∈ 𝑇

∑ 𝑃𝑙𝑜𝑎𝑑,𝑡𝑡 ∈ 𝑇

= 𝐷𝑜𝐴 (2-1) 

2.3.2 Regional optimisation model 

In the model presented here, we minimise the total expenditures occurring in a region over the course 

of one year. Expenditures comprise the annuity derived from investments in PV and battery storage as 

well as all the costs related to the purchase of electricity from outside the region. The optimisation of 

PV and battery capacity per region is formulated as a mixed-integer linear minimisation with hourly 

resolution. The time horizon of the model is one year. Storage operation and capacity expansion are 

carried out centrally and with perfect foresight7. The decisive constraint of the model is the minimum 

degree of autonomy DoA, introduced in Equation (2-1). This indicates the degree to which a region must 

(at least) supply itself with electricity over the course of the year. To evaluate the optimal solution, it is 

set to DoA ≥ 0. 

                                                                                                                                                                      
7 Investments in PV and battery storage capacity as well as the operation of the battery storage are performed 

without uncertainty about hourly demand, supply, and prices for the whole year 2030. 
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Table 2-2 provides an overview of all variables and parameters used. In the objective function (Equation 

(2-2)), the total annual expenditure 𝐶𝑡𝑜𝑡𝑎𝑙 of a region is minimised. It consists of the annual expenditure 

for PV and battery storage 𝐶𝑃𝑉,𝐵𝐴𝑇 (annuity derived from investments in PV and battery storage), the 

expenditure for external electricity procurement 𝐶𝑖𝑛𝑓𝑙𝑜𝑤 ,PV self-consumption 𝐶𝑠𝑒𝑙𝑓−𝑐𝑜𝑛 and the remaining 

intraregional consumption 𝐶𝑖𝑐𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔
 minus the income from the supply of electricity to adjacent re-

gions 𝐶𝑜𝑢𝑡𝑓𝑙𝑜𝑤 The model calculates PV and battery capacity expansion endogenously, while the capacity 

of wind power and biomass plants is specified exogenously. Thus, the annual expenditure for wind power 

and biomass plants 𝐶𝑊𝑖𝑛𝑑,𝐵𝑖𝑜 is constant and has no influence on the optimisation. For the sake of com-

pleteness, it is included in the objective function in order to reflect the total annual electricity expenditure 

of a region. 

𝑚𝑖𝑛 𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑃𝑉,𝐵𝐴𝑇 + 𝐶𝑖𝑛𝑓𝑙𝑜𝑤 + 𝐶𝑠𝑒𝑙𝑓−𝑐𝑜𝑛 + 𝐶𝑖𝑐𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔
− 𝐶𝑜𝑢𝑡𝑓𝑙𝑜𝑤 + 𝐶𝑊𝑖𝑛𝑑,𝐵𝑖𝑜 (2-2) 

In general, PV generation and battery storage are managed centrally and thus behave as one PV unit 

and one storage system. We assume that the annual costs for PV and battery storage 𝐶𝑃𝑉,𝐵𝐴𝑇  are linearly 

dependent on the installed PV (𝑥𝑃𝑉 + 𝑥𝑃𝑉𝐹𝐹
) and storage capacity (𝑥𝐵𝐴𝑇)8 (see Equation (2-3)). For PV, 

the specific annual costs are distinguished be-tween rooftop 𝑎𝑃𝑉𝑟𝑜𝑜𝑓
 and ground-mounted systems 

𝑎𝑃𝑉𝐹𝐹
, which have different cost structures. 𝑎𝐵𝐴𝑇 are the specific costs for battery systems. 

𝐶𝑃𝑉,𝐵𝐴𝑇 = 𝑥𝑃𝑉𝑟𝑜𝑜𝑓
∗ 𝑎𝑃𝑉𝑟𝑜𝑜𝑓

+ 𝑥𝑃𝑉𝐹𝐹
∗ 𝑎𝑃𝑉𝐹𝐹

+ 𝑥𝐵𝐴𝑇 ∗ 𝑎𝐵𝐴𝑇 (2-3) 

The annual expenses for external electricity purchases, i.e. purchases from outside the region, are calcu-

lated for the time set T. In our case, this means for each hour t of the year according to Equation (2-4), 

using the annual sum of the externally purchased electricity 𝑃𝑖𝑛𝑓𝑙𝑜𝑤,𝑡 and the hourly price 𝑝𝑖𝑛𝑓𝑙𝑜𝑤,𝑡 per 

purchased quantity of energy. 

𝐶𝑖𝑛𝑓𝑙𝑜𝑤 = ∑ 𝑃𝑖𝑛𝑓𝑙𝑜𝑤,𝑡 ∗ 𝑝𝑖𝑛𝑓𝑙𝑜𝑤,𝑡

𝑡 ∈ 𝑇

 (2-4) 

The external electricity price is calculated as follows (Equation (2-5)): The first part includes the procure-

ment costs allocated to the end customer, which are shown as an average wholesale price 𝑝𝑆𝑝𝑜𝑡𝐴𝑉𝐺,𝑡. 

surcharge summarises network charges, electricity tax and other surcharges. For these components, a 

distinction is made between households plus the commerce, trade and services sector (𝑎𝐻𝐻,𝑇𝑒𝑟) and in-

dustry (𝑎𝐼𝑁𝐷), see TableAnnex 1. The so-called "EEG levy"9 eeg is considered separately. The electricity 

price is calculated by applying a value added tax of 19%. 

𝑝𝑖𝑛𝑓𝑙𝑜𝑤,𝑡 = (1 + 0,19)

∗ [𝑝𝑆𝑝𝑜𝑡𝐴𝑉𝐺,𝑡 + 𝑒𝑒𝑔 + 𝑎𝐻𝐻,𝑇𝑒𝑟 ∗ 𝑠𝑢𝑟𝑐ℎ𝑎𝑟𝑔𝑒𝐻𝐻,𝑇𝑒𝑟 + 𝑎𝐼𝑁𝐷 ∗ 𝑠𝑢𝑟𝑐ℎ𝑎𝑟𝑔𝑒𝐼𝑁𝐷],

∀ 𝑡 ∈ 𝑇 

(2-5) 

In the model, a predefined share of the generation from PV rooftop systems consumed within the region 

is considered PV self-consumption 𝐶𝑠𝑒𝑙𝑓−𝑐𝑜𝑛. We assume a reduced EEG levy of 40% for PV self-con-

                                                                                                                                                                      
8 PV and battery storage are modelled as one unit per region. In reality, they are distributed in the region. There-

fore, we assume that economies of scale can be neglected. 

9 German Renewable Energy Sources Act (EEG, 2017). 
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sumption (Equation (2-6)). All surcharges and taxes are included for the intraregional consumption pro-

vided by PV systems that is not self-consumption (𝑃𝑃𝑉𝑖𝑐,𝑡 −  𝑃𝑠𝑒𝑙𝑓−𝑐𝑜𝑛,𝑡) and for the intraregional con-

sumption by wind tur-bines and biomass plants 𝑃𝑊𝑖𝑛𝑑,𝐵𝑖𝑜𝐼𝐶,𝑡 since the distribution of energy within the 

region requires use of the public grid (𝐶𝑖𝑐𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔
, see Equation (2-7)). 

𝐶𝑠𝑒𝑙𝑓−𝑐𝑜𝑛 = ∑ 𝑃𝑠𝑒𝑙𝑓−𝑐𝑜𝑛,𝑡 ∗ 𝑒𝑒𝑔 ∗ 0,4

𝑡 ∈ 𝑇

 (2-6) 

𝐶𝑖𝑐𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔
= ∑[𝑃𝑃𝑉𝑖𝑐,𝑡 − 𝑃𝑠𝑒𝑙𝑓−𝑐𝑜𝑛,𝑡 + 𝑃𝑊𝑖𝑛𝑑,𝐵𝑖𝑜𝑖𝑐,𝑡] ∗ (1 + 0,19)

𝑡 ∈ 𝑇

∗ [𝑒𝑒𝑔 + 𝑎𝐻𝐻,𝑇𝑒𝑟 ∗ 𝑠𝑢𝑟𝑐ℎ𝑎𝑟𝑔𝑒𝐻𝐻,𝑇𝑒𝑟 + 𝑎𝐼𝑁𝐷 ∗ 𝑠𝑢𝑟𝑐ℎ𝑎𝑟𝑔𝑒𝐼𝑁𝐷] 

(2-7) 

Electricity fed into the superordinate system is compensated at wholesale prices. The annual revenue 

from the feed-out 𝐶𝑜𝑢𝑡𝑓𝑙𝑜𝑤   calculated as the annual sum of the product of the hourly feed-out volume 

of PV systems 𝑃𝑃𝑉𝑜𝑢𝑡𝑓𝑙𝑜𝑤,𝑡 and wind power and biomass plants 𝑃𝑊𝑖𝑛𝑑,𝐵𝑖𝑜𝑜𝑢𝑡𝑓𝑙𝑜𝑤,𝑡 and the hourly spot mar-

ket price 𝑝𝑆𝑝𝑜𝑡,𝑡. 

𝐶𝑜𝑢𝑡𝑓𝑙𝑜𝑤 = ∑ [(𝑃𝑃𝑉𝑜𝑢𝑡𝑓𝑙𝑜𝑤,𝑡  + 𝑃𝑊𝑖𝑛𝑑,𝐵𝑖𝑜𝑜𝑢𝑡𝑓𝑙𝑜𝑤,𝑡) ∗ 𝑝𝑆𝑝𝑜𝑡,𝑡]

𝑡 ∈ 𝑇

 (2-8) 

The costs for wind and biomass plants 𝐶𝑊𝑖𝑛𝑑,𝐵𝑖𝑜   are constant and have no effect on the optimisation. 

Therefore, the levelised cost of electricity 𝐿𝐶𝑂𝐸 is used for the calculation and multiplied by the annual 

generation volume (Equation (2-9)). 

𝐶𝑊𝑖𝑛𝑑,𝐵𝑖𝑜 = ∑ 𝑃𝑊𝑖𝑛𝑑,𝑡 ∗

𝑡 ∈ 𝑇

𝐿𝐶𝑂𝐸𝑊𝑖𝑛𝑑 + ∑ 𝑃𝐵𝑖𝑜.𝑡 ∗ 𝐿𝐶𝑂𝐸𝐵𝑖𝑜

𝑡 ∈ 𝑇

 (2-9) 

The hourly remaining load 𝑃𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔,𝑡 to be covered by PV, storage and electricity inflow from outside 

the region is calculated as the difference between the total hourly demand and the generation from 

wind and biomass per region (Equation (2-10)). As both wind and biomass capacity are not calculated 

endogenously, the hourly generation is a fixed input parameter. 

𝑃𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔,𝑡 = 𝑚𝑎𝑥{0; 𝑃𝐿𝑜𝑎𝑑,𝑡 − 𝑃𝐵𝑖𝑜.𝑡 − 𝑃𝑊𝑖𝑛𝑑,𝑡}, ∀ 𝑡 ∈  𝑇 (2-10) 

Finally, in order to calculate the optimal PV and battery capacity, the hourly electricity generation 𝑃𝑃𝑉,𝑡 

is determined as a factor of the installed capacity 𝑥𝑃𝑉. PV capacity is restricted by the given potential per 

region and the hourly generation profile for PV. 𝑃𝑃𝑉𝑑𝑖𝑟,𝑡 is defined as the electricity from PV used directly 

to cover demand in the region, while 𝑃𝑃𝑉𝑖𝑐,𝑡 is the amount of electricity defined as intraregional con-

sumption from PV generation (Equation (2-11)). Both concepts were explained in Figure 2-2. 

𝑃𝑃𝑉𝑑𝑖𝑟,𝑡 = 𝑚𝑖𝑛{𝑃𝑃𝑉,𝑡; 𝑃𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔,𝑡}, ∀ 𝑡 ∈  𝑇 (2-11) 

𝑃𝑃𝑉𝑑𝑖𝑟,𝑡 is limited by the demand 𝑃𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔,𝑡   and by the total generation from PV. Direct use of electricity 

is preferred to storage (endogenously), as storing electricity is associated with efficiency losses. 

𝑃𝑃𝑉𝑜𝑢𝑡𝑓𝑙𝑜𝑤,𝑡 defines the electricity not consumed or stored which is transmitted outside the region (Equa-

tion (2-13)). It is possible for PV electricity generators to benefit from price differences by selling surplus 

electricity on the wholesale market. Therefore, the decision whether to store or sell electricity is taken 

endogenously in order to maximise profits. Equation (2-12) describes the amount of generation from 

PV produced within a region (𝑃𝑃𝑉𝑖𝑐,𝑡) as the sum of electricity used directly and electricity from the battery 

𝑃𝐵𝐴𝑇𝑜𝑢𝑡,𝑡 . 



 

 

ASSESSING DEMAND FLEXIBILITY IN DECENTRALIZED ELECTRICITY SYSTEMS 

HOW MUCH ENERGY AUTONOMY CAN DECENTRALIZED PHOTOVOLTAIC GENERATION PROVIDE?  

[APPLIED ENERGY 2020] 

17 

𝑃𝑃𝑉𝑖𝑐,𝑡 = 𝑃𝑃𝑉𝑑𝑖𝑟,𝑡 + 𝑃𝐵𝐴𝑇𝑜𝑢𝑡,𝑡 , ∀ 𝑡 ∈  𝑇 (2-12) 

𝑃𝑃𝑉𝑜𝑢𝑡𝑓𝑙𝑜𝑤,𝑡 = 𝑃𝑃𝑉,𝑡 − 𝑃𝑃𝑉𝑑𝑖𝑟,𝑡 − 𝑃𝐵𝐴𝑇𝑖𝑛,𝑡 , ∀ 𝑡 ∈  𝑇 (2-13) 

The battery’s state of charge 𝑆𝑂𝐶𝑡 results from the preceding time step’s state of charge 𝑆𝑂𝐶𝑡−1 (includ-

ing hourly self-discharge 𝛽), the electricity fed into the battery 𝑃𝐵𝐴𝑇𝑖𝑛,𝑡   and the outflow (considering 

efficiency losses for both charging, 𝜂𝑖𝑛, and discharging, 𝜂𝑜𝑢𝑡). This is described in Equation (2-14). 

𝑆𝑂𝐶𝑡 = 𝑆𝑂𝐶𝑡−1 ∗ (1 − 𝛽) + 𝑃𝐵𝐴𝑇𝑖𝑛 ,𝑡 ∗ 𝜂𝑖𝑛 −
𝑃𝐵𝐴𝑇𝑜𝑢𝑡,𝑡

𝜂𝑜𝑢𝑡

, ∀ 𝑡 ∈  𝑇 (2-14) 

For the battery storage, we assume that the state of charge at the beginning of a year is the same as the 

state of charge at the end of the year (see Equation (2-15)). The optimisation interval of the battery 

system is equal to the set T, i.e. one year. 

𝑆𝑂𝐶0 = 𝑆𝑂𝐶8760 (2-15) 

By using binary variables, we further ensure that charging and dis-charging cannot coincide. Electricity 

from storage can only be used directly to meet demand in the region. It is not possible to sell electricity 

stored in the battery on the wholesale market. This restriction, formalised in Equation (2-16), ensures 

that the battery storage is used to balance regional demand and supply and not for arbitrage trading. 

𝑃𝐵𝐴𝑇𝑜𝑢𝑡,𝑡 ≤ 𝑃𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔,𝑡 − 𝑃𝑃𝑉𝑖𝑐,𝑡 , ∀ 𝑡 ∈  𝑇 (2-16) 

Figure 2-3 shows an example of the model, demonstrating the operation of the battery and the interplay 

of PV, battery and the option to sell to the spot market for the Traunstein region. The model is imple-

mented in Python. We use the package PuLP [75] and the commercial solver CPLEX (Version 12.6.2, IBM) 

for the optimisation. The calculation time for one region/case is approx. one minute on an Intel Xeon 

simulation computer with 32 cores. 

 

Figure 2-3: Example result of the regional optimisation model for the Traunstein region for a Sunday 

and Monday in summer (2030).  

 

Table 2-2: Sets, variables and parameters used in the regional optimisation model. 

Set 

 t  ∈ T = {1,...,8760} Hour of the year 
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Variables 

 𝐶𝑖𝑐𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔  Expenditure for intraregional consumption excluding self-consumption 

 𝐶𝑃𝑉,𝐵𝐴𝑇  Annual expenditure for PV and battery storage 

 𝐶𝑖𝑛𝑓𝑙𝑜𝑤 Expenditure for external electricity procurement 

 𝐶𝑜𝑢𝑡𝑓𝑙𝑜𝑤 Income from the supply to adjacent regions or superordinate grid structures 

 𝐶𝑠𝑒𝑙𝑓−𝑐𝑜𝑛 Annual expenditure for PV self-consumption 

 𝐶𝑡𝑜𝑡𝑎𝑙 Total annual expenditure of a region 

 𝑃𝐵𝐴𝑇𝑖𝑛,𝑡 Electricity fed into the battery 

 𝑃𝐵𝐴𝑇𝑜𝑢𝑡,𝑡 Electricity provided by the battery 

 𝑃𝐿𝑜𝑎𝑑,𝑡 Total regional hourly demand 

 𝑃𝑃𝑉𝑖𝑐,𝑡 Intraregional consumption from PV systems 

 𝑃𝑃𝑉𝑑𝑖𝑟,𝑡 Electricity from PV used directly to meet demand in the region 

 𝑃𝑃𝑉𝑜𝑢𝑡𝑓𝑙𝑜𝑤,𝑡 Hourly volume of PV systems transmitted outside a region 

 𝑃𝑃𝑉.𝑡 Hourly electricity generation 

 𝑃𝑊𝑖𝑛𝑑,𝐵𝑖𝑜𝑖𝑐,𝑡 Intraregional consumption from wind and biomass  

 𝑃𝑊𝑖𝑛𝑑,𝐵𝑖𝑜𝑜𝑢𝑡𝑓𝑙𝑜𝑤,𝑡 Hourly feed-out volume of wind and biomass  

 𝑃𝑖𝑛𝑓𝑙𝑜𝑤,𝑡 Externally purchased quantity of electricity  

 𝑃𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔,𝑡 Hourly remaining load to be covered by PV, storage and electricity inflow from out-

side the region 

 𝑃𝑠𝑒𝑙𝑓−𝑐𝑜𝑛,𝑡 PV self-consumption  

 𝑆𝑂𝐶𝑡 Battery storage’s state of charge 

 

Parameters 

 𝐶𝑊𝑖𝑛𝑑,𝐵𝑖𝑜 Annual expenditure for wind and biomass  

 𝐿𝐶𝑂𝐸𝐵𝑖𝑜 Levelised costs of electricity for biomass 

 𝐿𝐶𝑂𝐸𝑊𝑖𝑛𝑑 Levelised cost of electricity for onshore wind 

 𝑃𝐵𝑖𝑜.𝑡 Total hourly generation from biomass 

 𝑃𝑊𝑖𝑛𝑑,𝑡 Total hourly generation from wind 

 𝑎𝐵𝐴𝑇 Specific costs for battery systems 

 𝑎𝐻𝐻,𝑇𝑒𝑟 Share of households, plus commerce, trade and services sector 

 𝑎𝐼𝑁𝐷  Share of industry sector 

 𝑎𝑃𝑉𝐹𝐹
 Specific annual costs for ground-mounted systems 

 𝑎𝑃𝑉𝑟𝑜𝑜𝑓  Specific annual costs for roof-top PV 

 𝑝𝑆𝑝𝑜𝑡𝐴𝑉𝐺,𝑡 Average wholesale price 

 𝑝𝑆𝑝𝑜𝑡,𝑡 Hourly spot market price 

 𝑝𝑖𝑛𝑓𝑙𝑜𝑤,𝑡 Purchase price for externally purchased quantity of electricity 

 𝑥𝐵𝐴𝑇 Storage capacity 
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 𝑥𝑃𝑉𝑟𝑜𝑜𝑓
 Installed PV rooftop capacity 

 𝑥𝑃𝑉 Installed PV capacity  

 𝜂𝑖𝑛 Efficiency losses for charging 

 𝜂𝑜𝑢𝑡 Efficiency losses for discharging 

 𝐷𝑜𝐴 Minimum degree of autonomy 

 𝑒𝑒𝑔  EEG levy 

 𝑠𝑢𝑟𝑐ℎ𝑎𝑟𝑔𝑒𝐼𝑁𝐷 Surcharges, grid charges, concession fees and electricity tax for the industrial sector 

 𝑠𝑢𝑟𝑐ℎ𝑎𝑟𝑔𝑒𝐻𝐻,𝑇𝑒𝑟 Surcharges, grid charges, concession fees and electricity tax for the household and 

tertiary sectors 

 𝛽 Hourly self-discharge of battery storage 

2.3.3 Clustering of regions and selection of sample regions 

We used a cluster analysis to select sample regions for the regional analysis (see Figure 2-1). The sample 

regions represent groups of regions in the area under examination. For the cluster analysis, we chose 

indicators that reflect the structure of demand and supply in each region. An overview of the selected 

indicators is given in Table 2-3. 

Table 2-3: Indicators used for the cluster analysis of the regions in Southern Germany and correspond-

ing data sources.

 Indicator Unit Source 

PV ground-mounted expansion potential MWp 
Own calculation 

PV roof-top expansion potential MWp 

Wind power capacity MW [76] 

Industrial base-load processes 

Share of annual electricity in the 

region’s total energy demand 
[14,77] 

Public and service sector processes 

Wholesale and retail demand 

Nocturnal electricity demand 

Population density Population/km2 [76] 

 

To evaluate the demand covered by PV and storage, a region’s residual load is the most important hourly 

parameter for the model. For our purpose, it is defined as the total demand in the region minus total 

generation from RE. Thus, particularly indicators influencing the residual load of a region are chosen for 

the cluster analysis. The supply side is determined by the RE potential and installed capacities. We con-

sider only wind and PV, because they are the only RE with high volatility in the cluster region. We use 

the potential for PV expansion in a region as an indicator: On the one hand, this represents an upper 

limit for the maximum installable PV output; on the other hand, it is decisive for the expenditures asso-

ciated with RE expansion. As wind is deter-mined exogenously in our study, we also use the installed 

capacity of wind power as another indicator. Demand is the other factor influencing the residual load. 

We subdivide it into four groups, which have substantial influence on the total load’s hourly structure: 

industrial base-load processes, demand from the public and service sector, demand from wholesale and 
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retail, and nocturnal electricity demand. We use load profiles at process level modelled in the framework 

of [14] and based on a load profile database of the demand side model eLOAD [77]. Population density 

is considered as well, as a key factor for the residential demand in a region, which in turn affects the 

residual load profile. As a prerequisite of the clustering process, all indicators are normalised using a Z-

transformation and weighted equally. For the cluster analysis, we choose Ward’s method, as it allows us 

to observe and interpret the process of joining clusters and produces homogeneous groups [78]. The 

analysis is performed using the statistical software SPSS by IBM. 

Sample regions of each cluster are selected by identifying the region closest to the centroid of each 

cluster across all indicators. To do so, we determine the mean value of the eight indicators (per cluster). 

Then, for each region, we calculate and sum up the relative deviation of all indicators from the mean 

value of the associated cluster. The region with the lowest sum of relative deviations across all parame-

ters is selected as the sample region. 

2.4 Application 

This section analyses the impact of developing DES at NUTS-3 regional level as well as at the level of 

Southern Germany. We present our scenario including a case study and then the regional cluster analy-

sis. This is performed to identify the most representative regions, which form the focus for our region-

level analysis before we analyse the upscaling of DES to all regions of Southern Germany. 

2.4.1 Scenario definition 

A particular focus of this paper concerns the question of how increasing the regional degree of electricity 

autonomy beyond the optimum affects capacity expansion and associated costs. Therefore, we conduct 

a case study comparing two different DES, which are distinguished by their degree of autonomy. In the 

first case, “Reference Case”, the DES is optimised with regard to cost efficiency. This means that no 

autonomy restrictions are set, and PV and storage capacity are built only if advantageous from an eco-

nomic point of view. 

The second case, “Regional Energy System”, is driven by the desire to increase the regional electricity 

autonomy. The priority is to balance demand and supply on a regional level. In the Regional Energy 

System, capacity can be expanded beyond purely economic considerations if sufficient technical poten-

tial is available. Since we know that some regions have already reached degrees of autonomy of more 

than 30%, we choose a degree of autonomy of 60% as an ambitious but feasible benchmark. We are 

aware that PV potential is limited in some regions. In this case, the 60% restriction is lifted, but the entire 

PV potential is exploited. The two cases are summarised in Table 2-4. 

Table 2-4: Framework describing the two cases modelled for the sample regions, the Reference Case 

and the Regional Energy System. 

Reference Case Regional Energy System 

No predefined minimum degree of autonomy Minimum degree of autonomy: 60% 

All taxes and grid-related surcharges considered All taxes and grid-related surcharges considered 

 Optimal regional solution 
 Forced PV expansion with a regulatory framework based 

on current conditions 
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We model the capacity for PV and battery storage on an hourly basis for one year, 2030 and assume 

that a DES is operated within today’s electricity system. No restrictions are considered regarding grid 

congestion, ancillary services or transmission capacity limitations either for the exchange of electricity 

within the region or with its environment. It is further assumed that unlimited exchange is possible at 

any time. Thus, there are always “sinks” in the energy system that can absorb an electricity surplus. As 

explained in Section 2.3.2, intraregional consumption is divided into self-consumption (within the build-

ing on which PV is installed) and direct consumption (within the region, but outside of the building of 

the PV installation). The share of self-consumption from rooftop PV systems defined in the literature 

varies greatly. For a PV/ battery system of 0.92 kWh/kWp with a correspondingly sized battery, Braun et 

al. [79] estimate a typical self-consumption share of approx. 50%. In comparable studies by Weniger et 

al. [80], this value is 65%, with a battery storage of 1 kWh/kWp. Generally, defining a high fixed propor-

tion of PV generation from rooftop systems as self-consumption assumes that PV rooftop systems are 

always combined with a storage facility. However, it should be noted that rooftop PV systems can also 

be installed without storage, and self-consumption would then only be approximately 30% [81]. Taking 

this simplification into account, we assume the share of self-consumption for rooftop PV systems is 50%. 

The model used to calculate the minimal electricity costs for each sample region relies on a variety of 

data. Electricity demand at regional level was taken from [14]. In [14], demand was modelled for 2030 

using a bottom-up simulation approach and subsequently converted to an hourly resolution in order to 

consider structural differences between regions.  

Furthermore, we refer to [82] for the generation profiles for onshore wind and PV10. In accordance with 

[81], we assume that biomass is used as base load and use a constant profile provided by [86]. We use 

an hourly spot price signal for selling and purchasing electricity outside the regions. It is provided for 

2030 by the merit-order model MiPU and based on data from [83]. For a detailed model description, we 

refer to [87]. The hourly price signal implies access to the wholesale market for electricity. Table 2-5 gives 

an overview of the wholesale price time series used. 

Table 2-5: Key figures of the spot price series used for arbitrage trading in the model. Source: own 

calculations.
  

Average price in Euro/MWh 64.71 

Maximum price in Euro/MWh 157.2 

Minimum price in Euro/MWh 0 

 

The installed capacity of wind and biomass, which are not quantified endogenously, are taken from [88] 

for the year 2014 and projected to 2030 according to the capacity targets set in the German Renewable 

Energy Sources Act11 [89]. We assume that the relative capacity increase is the same across all regions. 

PV potential in Southern Germany was calculated considering nature reserves, settlements and other 

parameters that limit potential. For PV potential, we refer to [83]. 

                                                                                                                                                                      
10 Pfluger et al. [83] uses radiation data from “HelioClim-3” [84] to generate PV profiles. An onshore wind profile is gener-

ated by optimising the regional expansion of wind power using different wind turbine types and wind speed data from 

“COSMO-EU” [85]. 

11 §4 German Renewable Energy Sources Act 2017 (EEG 2017). As targets are only set until 2022, we assume that 

the average capacity expansion of 2020–2022 will be realised in the years 2023–2030. 
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The costs for PV and battery storage are calculated using the annuity method. Installation and unit costs 

for PV and battery systems have dropped substantially in recent years, and this cost decline is expected 

to continue [90]. The specific costs assumed for PV in 2030 range from 700 to 1000 Euro/kWp for rooftop 

systems and from 520 to 1000 Euro/kWp for ground-mounted installations [82,91]. For both rooftop 

and ground-mounted PV systems, we choose unit costs within these ranges. For battery storage system 

costs, Ref. [92] assumes a range between 345 and 548 Euro/kWh, while Ref. [93] estimates system costs 

in 2030 at 500 Euro/kWh. TableAnnex 1 gives an overview of cost and other assumptions for PV and 

battery storage. 

As the capacity of wind and biomass is not modelled endogenously, we quantify the costs for these two 

technologies using the levelised cost of electricity (LCOE) set at 0.072 Euro/kWh for wind and 

0.175 Euro/kWh for biomass. These values correspond to the means of a cost range calculated by [90], 

which estimated 0.043–0.101 Euro/kWh for wind and 0.135-0.215 Euro/kWh for biomass. Concerning 

surcharges and levies, both cases modelled within this study are in line with the current regulatory 

framework in Germany. The EEG levy and grid costs are projected to 2030 according to [94,95]. We do 

not assume any changes in the electricity tax. 

TableAnnex 2 summarises all surcharges. Grid costs (operation, transmission and distribution) depend 

on sectoral and regional charac-teristics. For the regions considered here, costs are extracted from [95] 

for the year 2023 and extrapolated linearly to 2030. For region-specific grid costs, we refer to TableAnnex 

3 as well. 

2.4.2 Results of the cluster analysis 

Since we use an agglomerative hierarchical clustering method, we start with 166 clusters (i.e. each of the 

166 regions is a separate cluster), which are gradually grouped. The process is interrupted once six clus-

ters have been formed, because regions from one cluster differ noticeably from regions in other clusters, 

but it is still possible to determine commonalities and differences with regard to the parameters used in 

the analysis (this is no longer the case from seven clusters onwards). The results of the regional cluster 

analysis are summarised for theses six clusters in Table 2-6. 

Table 2-6: Interpretation of the six clusters and corresponding sample regions (selected as centroid of 

each cluster). 

Cluster Number of regions  Sample region Settlement structure 

1 23  Karlsruhe (City) Urban-metropolitan 

2 96  Limburg-Weilburg Small town 

3 11  Main-Tauber-Kreis Rural 

4 8  Schwandorf Rural 

5 18  Rastatt Small town 

6 10  Traunstein Rural 

 

Figure 2-6 illustrates the distribution of sample regions over all the regions considered. For six clusters, 

the analysis results in three rural clusters (Clusters 3, 4, 6) with low population density and high potential 

for ground-mounted PV systems, which differ particularly in terms of the installed wind power capacity. 
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The urban Cluster 1 has by far the highest population density, correspondingly low RE potentials and 

high demand from the tertiary sector. Clusters 2 and 5 are small towns, characterised by a high share of 

demand from the residential and (in parts) the tertiary sectors, but distinguished by the higher industrial 

share of Cluster 5. 

 

Figure 2-4: Left-hand side: Visualisation of the six clusters of NUTS-3 regions in Southern Germany as 

well as the corresponding sample regions. Right-hand side: Description of the clusters’ dis-

tinctive features. 

For a more detailed analysis of single regions, we further reduce the number of clusters examined in 

Section 2.4. Since it is our main intention to highlight the effects of increasing the regional degree of 

autonomy while considering the heterogeneity between regions, we concentrate on three of the six 

clusters: urban (Cluster 1), small town (Cluster 2) and rural (Cluster 6). Cluster 1 is the most urban with a 

restricted RE potential. The corresponding sample region is Karlsruhe City. Cluster 6 (sample region 

Traunstein) is rural, with high RE potential and low population density. The third cluster selected for the 

analysis is Cluster 2, which contains by far the largest number of regions. The sample re-gion in Cluster 

2 is Limburg-Weilburg. 

Table 2-7 and Figure 2-5 show the sample regions’ electricity demand (2030) over the course of a year 

and hourly. The hourly regional demand was modelled by the authors using the simulation model eLOAD 

[77] and in the framework of the research project [14]. Karlsruhe (Cluster 1) features a comparatively 

large population and thus a high annual demand. In terms of the load structure, it is characterised by a 

large tertiary sector, leading to distinct differences between day and night. This pattern is less accentu-

ated in Limburg-Weilburg (Cluster 2), which - as a small-town region - has a strong residential sector 

(particularly dominant during the winter due to the high demand for residential heating) and a relatively 

low annual demand despite its large area. 

Table 2-7: Annual electricity demand in the sample regions for the year 2030. Source: [14]. 
 

Limburg-Weilburg Karlsruhe Traunstein 

Annual demand in GWh 825.4 1820 1173 

 

 Cluster 1: Sample region Karlsruhe (City )

Demand characterised by highest population density, strong 
public sector. Low RE potential

 Cluster 2: Sample region Limburg-Weilburg

Strong public sector, service sector, wholesale and retail

 Cluster 3: 

High installed capacity of wind turbines, high PV expansion 
potential, especially roof-top plants

 Cluster 4: 

High share of nocturnal electricity demand, high PV potential

 Cluster 5:

Urban, high share of process industry, high population density

 Cluster 6: Sample region Traunstein

Lowest population density, very high PV open-field expansion 
potential 

Limburg-
Weilburg

Karlsruhe 
(City)

Traunstein
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Figure 2-5: Hourly demand of the sample regions on the first and second day of the year 2030, normal-

ised by the average regional demand per region. Data Source: [14].  

Overall, as illustrated in Figure 2-5, the hourly regional demand differs greatly between the three sample 

regions, depending on their structural characteristics such as population density, the existence of distinct 

industrial consumers and the share of the different demand sectors. Similarly, there are significant dif-

ferences in terms of the RE capacity assumed for the year 2030 that depend on the already installed 

capacity (see Table 2-8). This heterogeneity indicates that the three sample regions have very different 

preconditions in terms of regional autonomy. Consequently, the minimum degree of regional autonomy 

in 2030 (calculated according to Equation (2-1)) is already high in Traunstein and Limburg-Weilburg, but 

remains low in the urban region of Karlsruhe (see Table 2-9). This assumes wind and biomass capacity 

are expanded according to Section 2.4.1, but PV capacity remains at the level of 2018. 

Table 2-8: Installed capacities of wind and biomass in the sample regions in the year 2030 (own calcu-

lations based on [88]).

 Wind capacity 2030 in MW Biomass capacity 2030 in MW 

Karlsruhe, City 6.6 0.7 

Limburg-Weilburg 28.8 6.4 

Traunstein 11.3 48.6 

 

Table 2-9: Installed PV capacity used to calculate the minimum degree of autonomy (capacity data 

provided by [96]) and the minimum degree of autonomy per sample. 
 

Limburg-Weilburg Karlsruhe Traunstein 

Installed PV capacity 2018 in MWp 72.1 35.5 188.5 

Minimum degree of autonomy (PV2018 & Wind/Biomass2030) 16% 3% 33% 

2.4.3 Scenario analysis: reference case vs. regional energy system 

This section starts by showing the results at the level of the sample regions and subsequently analyses 

Southern Germany as a whole. 
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2.4.3.1 Implications on the regional level 

For the sample regions selected in the previous subsection, Figure 2-6 shows how increasing degrees of 

autonomy12 affect the capacity expansion and the corresponding total expenditures, including the costs 

for electricity imports and the revenue from selling electricity outside the region. 

                                                                                                                                                                      
12 When varying the degree of autonomy, we fix DoA. Hence, Equation (1) is formulated as an equality constraint. 
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Figure 2-6: PV and battery storage capacity and resulting total expenditures for varying degrees of 

electricity autonomy for the sample regions (2030). 

In all sample regions, we observe that total expenditures first decrease and then increase again from a 

certain point onwards for increasing degrees of autonomy. For Limburg-Weilburg and Traunstein, high 

degrees of autonomy are feasible (up to 95%) but at very high expenditures. Particularly in Limburg-
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Weilburg, the battery capacity has to be expanded very substantially in order to shift electricity from the 

time of generation to consumption to achieve high degrees of autonomy. In the case of Karlsruhe, elec-

tricity autonomy of 45% or more is not achievable due to limits on PV capacity potential. Thus, the model 

is interrupted after a degree of autonomy of 40%. However, Figure 2-6 clearly shows a cost spike due to 

the costs for battery storage for electricity autonomy of 40%. Overall, Figure 2-6 demonstrates that 

differences between the sample regions in terms of the supply of wind and biomass or the demand 

structure have enormous influence on the optimal configuration of the regions, i.e. the optimal capacity 

of PV and storage. 

Comparing the optimal solution determined by the model with no predefined degree of autonomy (i.e. 

the Reference Case) with a second case, which we defined as the Regional Energy System, we set the 

degree of autonomy to at least 60%. 

Table 2-10: Optimal PV and storage capacity for the sample regions for the Reference Case and the 

Regional Energy System (2030). 

 
Reference Case Regional Energy System 

 

PV capacity 

in MWp 

Storage  

capacity 

in MW 

Degree of 

auton-

omy 

PV capacity 

in MWp 

Storage capacity 

in MW 

Degree of 

autonomy 

Karlsruhe 800 0 34% 800 0 34% 

Limburg- 

Weilburg 
418 0 40% 962 379 60% 

Traunstein 691 0 48% 1526 100 60% 

 

Table 2-10 compares PV and battery expansion for both cases. PV capacity is expanded in all regions 

and in both cases. This means that, even though there are differences between the cases, installing 

additional PV capacity is economically viable - to some extent - in every region. However, as also shown 

in Table 2-10, no storage capacity is installed in the Reference Case. Thus, under the given assumptions 

with respect to the development of unit costs, operating battery storage systems is not rational from a 

purely economic perspective without additional financial incentives. This result corresponds to findings 

from other studies, which analysed the profitability of PV combined with battery storage systems for 

single buildings, such as residential (e.g. [97]) or municipal buildings (e.g. [98]). For the sample region 

Karlsruhe, both cases yield identical results, as the 60% degree of autonomy - required in the Regional 

Energy System - cannot be achieved in this urban region. No solution can be found for this sample 

region in the optimisation model. In such a situation, the entire PV potential available in the region is 

exploited (exogenously set) in the Regional Energy System, while storage capacity remains to be calcu-

lated in the model13. However, as the full potential is already exploited in the Reference Case for Karls-

ruhe, there is no difference between the cases. The regions Limburg-Weilburg and Traunstein both reach 

a degree of autonomy of more than 40% in the Reference Case. Furthermore, 60% autonomy is reached 

in the Regional Energy System Case. One reason for achieving this target is the existing capacity of wind 

and biomass, which complements the PV capacity to be installed. Nevertheless, PV forms the largest 

component of the generation capacity consumed within the regions. When comparing PV capacity in 

                                                                                                                                                                      
13 For this reason, unlike Figure 2-6 where the degree of autonomy is fixed, a degree of autonomy of 40% is not 

reached for the sample region Karlsruhe. 
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the Reference Case with the Regional Energy System, Limburg-Weilburg and Traunstein show substan-

tially higher capacities in the latter case (+130% in Limburg-Wilburg, +121% in Traustein). The addition-

ally installed capacity is a direct consequence of the autonomy condition. This means that, in order to 

implement and realise a Regional Energy System, and although storage capacity is built here, dispro-

portionately more PV capacity is required than in the Reference Case, where a higher degree of auton-

omy is not explicitly pursued. 

At this point, two conclusions can be drawn. First, the different optimal capacities for the cases show 

that reaching a certain degree of autonomy cannot be considered economically desirable under the 

given conditions. The marginal economic benefit of PV decreases with a decreasing share of electricity 

that can be consumed directly within the regions. Consequently, it is less expensive and thus economi-

cally preferable as long as there is no predefined autonomy target to buy electricity from outside the 

region. Second, storing electricity can become a viable option if large PV capacities lead to high amounts 

of surplus electricity. In our model, prices for purchasing and selling electricity are given with an hourly 

resolution and are thus affected by PV generation. Accordingly, in situations with surplus electricity in a 

region, prices already tend to be low. This makes it more profitable to store the electricity for later use 

in periods when purchasing electricity from the outside the region is more expensive. This is consistent 

with Figure 2-7, which shows the annual costs per region and case (relative to the respective population). 

As a general trend, the figure reveals that the Regional Energy System has higher costs. The additional 

expenditures necessary to achieve 60% autonomy come from substituting electricity purchases (from 

outside the region) by installing PV and storage capacity. In both the Reference and the Regional Energy 

System Cases, electricity purchases from outside the region still make up a large part of the total ex-

penditure. In contrast, while in both cases high amounts of electricity are sold to the outside (e.g. 46% 

(Reference) and 34% (Regional Energy System) in Traunstein), revenue from selling electricity to the 

outside is low. This stems from the fact that a generation deficit necessitating power purchases occurs 

particularly at times when the electricity price tends to be higher and vice versa (due to a correlation 

with PV generation). 
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Figure 2-7: Annual expenditures of the sample regions and cost components for the Reference Case 

and the Regional Energy System. 

One driver of DES is the desire to use more regionally available electricity sources in order to balance 

demand and supply directly and thus minimise the use of superordinate grid levels. While power flow 

and grid congestions are not analysed in this paper, Figure 2-8 provides in-formation on the maximum 

outflow of electricity from PV to neighboring or superordinate regions for the Regional Energy System. 

This figure clearly illustrates that the maximum PV outflow far surpasses the maximum load in the re-

gions Limburg-Weilburg and Traunstein (by 381% and 464%, respectively). In Karlsruhe, which has lower 

PV capacity and a lower degree of autonomy resulting from its limited PV potential, the maximum out-

flow is 30% higher than the maximum residual load. As a consequence, the aggregated electricity out-

flow over the year surpasses the annual demand in the regions Limburg-Weilburg and Traunstein. This 

is in line with the findings reported in Sato and Weidlich [99] and should be taken into account when 

dimensioning the necessary transfer capacities to adjacent or superordinate regions. 
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Figure 2-8: Maximum residual demand (demand minus generation from wind, biomass & PV) in the 

sample regions compared with PV outflow from the region for the Regional Energy System. 

To analyse the robustness of the input parameters, we conducted a sensitivity analysis of the PV and 

storage capacity in the Regional Energy System for the sample regions Limburg-Weilburg and Traunstein 

(Karlsruhe is restricted by its limited PV potential). We varied the unit costs for PV (𝑎𝑃𝑉𝐹𝐹
) and battery 

storage (𝑎𝐵𝐴𝑇) as well as the price for buying or selling electricity outside the region. The greatest influ-

ence on the installed PV capacity is the specific annual expenditure for PV and battery storage. Varying 

the PV unit costs by - 30% results in an increase in installed PV power of 27% (Limburg-Weilburg) and 

43% (Traunstein). It can therefore be deduced that if the costs for PV were reduced, e.g. due to techno-

logical progress, the ratio of PV and storage in a Regional Energy System would shift significantly to-

wards PV. Higher unit costs have the opposite but lower effect (increasing the PV unit costs by 30% 

reduces the PV capacity by 10% (Limburg-Weilburg) and 15% (Traunstein)). A change in the cost of 

storage has an inverse, but less pronounced effect on PV capacity. Varying the price of electricity sold 

to the outside has only a moderate impact on the installed PV capacity (<10% average increase for a 

30% increase of the electricity price). The purchase price of electricity from outside sources has hardly 

any influence on the installed PV capacity. The influence of PV unit costs is higher than the influence of 

the battery storage unit costs (a cost reduction of 30% leads to a decrease in storage capacity of 24% 

for Limburg-Weilburg and almost 34% for Traunstein). This shows the partial substitutability of PV and 

battery storage within certain limits and indicates that battery storage is comparatively expensive. 

2.4.3.2 Implications for Southern Germany 

Having analysed three representative DES individually, this section looks at the wider system level. There-

fore, we modelled the Reference Case as well as the Regional Energy System for all 166 regions and 

aggregated the results to the level of Southern Germany. Figure 2-9 illustrates the degree of electricity 

autonomy for each Southern German region and for the two cases examined as well as the minimum 

degree of autonomy (as defined in Section 2.4.1 - Figure 2-9, left). The average optimal degree of au-

tonomy across all regions is 44% (Reference Case). From the differences between the minimum degree 

of autonomy and the Reference Case, it can be deduced that capacity expansion is economically bene-

ficial in many regions, particularly in the western and southern regions of the area considered. This also 

correlates with the clusters we introduced: The urban clusters 1 and 5 have average degrees of autonomy 

below 40%, which do not often surpass the 60% threshold in the Regional Energy System due to capacity 

limitations (see Figure 2-9, right). The small-town and urban rural clusters 2 (Limburg-Weilburg) and 6 
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(Traunstein) feature average autonomy values of 44% and 48%, respectively, in the Reference Case. 128 

regions are able to achieve a degree of autonomy of more than 60%. 

 

Figure 2-9: Left: degree of autonomy if PV remains at the level of 2018 (and wind and biomass are 

expanded as planned until 2030, see Section 4.2). Center: optimal degree of of autonomy for 

all regions in Southern Germany (Reference Case). Right: Regional Energy System, i.e. 60% 

autonomy is pursued. 

Overall, in the Regional Energy System, the costs for PV and battery storage are substantially higher than 

in the Reference Case (+61% for PV installation costs). Due to the higher regional capacity, less electricity 

needs to be purchased from outside each region (-17% for the costs for external electricity supply). In 

total, however, costs in the Regional Energy System exceed those of the Reference by 9%. In terms of 

capacity, both cases induce a substantial increase compared to today. To put this into perspective, we 

compared the installed capacity to political targets for Southern Germany: As shown in Figure 2-10, the 

aggregated PV capacity in the Reference Case surpasses the aggregated targets for Southern Germany 

(Baden-Wuerttemberg, Hesse and Bavaria14) by 92%. 

 

Figure 2-10: Optimal installed PV capacity in the year 2030 aggregated at the level of the federal states 

of Baden-Wuerttemberg (BW), Bavaria and Hesse. Comparison with political targets.  

                                                                                                                                                                      
14 Targets for federal states are calculated based on [100,101]. 
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Southern Germany consisting of Regional Energy Systems surpasses the federal states’ targets by more 

than 200%. In this context, we remind the reader that interactions between regions are not modelled, 

therefore regions are not interconnected and cannot affect the spot market price. 

2.5 Discussion 

All the results presented in this study are based on a regional optimisation model. The capacity expan-

sion side of the model is limited to PV generation and flexibility provision using battery storage. The 

battery storage can - from a modelling perspective - be used as a seasonal storage, but (endogenously) 

it is primarily used to flatten the diurnal PV generation profile. Our results show that, although high 

degrees of electricity autonomy can be reached, there are periods with electricity deficits in all the re-

gions examined. With a stricter definition of the degree of autonomy, for example, at hourly level, this 

could be accounted for in the future - leading supposedly to more expensive systems or lower self-

supply. Alternatively, expanding other generating technologies endogenously that complement PV 

could improve the profitability of regional energy systems with higher degrees of autonomy while re-

ducing periods of electricity surplus. Furthermore, our results show that increasing PV capacity leads to 

a high degree of autonomy, but also to situations, when supply vastly exceeds demand, and other times 

when there is still a regional deficit. Thus, integrating grid-related aspects into our regional energy model 

could complement the findings as well. 

Optimisation models assume that all participants behave rationally. As a consequence, our results show 

that very high capacities of PV are installed in both of our scenarios while no storage at all is installed in 

the Reference Case. However, in reality, stakeholder behaviour, e.g. in terms of battery storage operation, 

is not rational from a global perspective, i.e. stakeholders prioritise their own benefits instead of achiev-

ing a regional optimum. Additionally, the adoption of a technology depends not only on financial at-

tractiveness but also on consumers’ preferences and non-economic barriers (e.g. ownership of buildings, 

lack of knowledge [102]). This slows down diffusion if consumers are less innovative and a technology is 

less popular but can also accelerate it if a technology is perceived as very positive [97] (which is the case 

for PV but also for battery storage (e.g. [103])). Thus, using a model that integrates stakeholder behaviour 

more realistically (e.g. an agent-based simulation) could yield insights that would enrich the findings of 

our optimisation approach. Moreover, we focused on one particular year for an in-depth look at 2030. 

Future research could analyse capacity expansion and operation assuming a long-term transition from 

today to the far future. 

Applying optimisation models to analyse regional energy systems is not a new approach, as explained 

in the literature review. However, our focus on autonomy and introducing degrees of autonomy above 

the optimum as a restriction to cost minimisation introduced a new angle to regional analysis, which 

reflects popular ambitions of many regions to become more energy-independent based on renewable 

energy. The focus of this paper was not only the analysis of individual cases, but also on assessing the 

consequences of a widespread development of partially autonomous decentralised electricity systems. 

In this context, we demonstrated that if all the regions modelled increased their autonomy, this would 

place enormous pressure on the superordinate system’s ability to provide balancing power. To measure 

this effect, we modelled the regional energy systems under the assumption that backup is always avail-

able. As long as these systems are still the exception, we consider this a reasonable assumption. However, 

as the electricity system evolves into a prosumer-driven, post-fossil system, the provision of backup 

power will become more challenging. Additionally, the high capacities necessary for a regional energy 
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system will affect prices on the central spot market as well, leading to lower revenues for selling elec-

tricity from PV. Further research should therefore integrate the interactive electricity exchanges of de-

centralised electricity systems into model-based analyses. 

Concerning the transferability of our findings, the different results for the three sample regions examined 

in this paper show the vast regional differences that exist with regard to the feasibility of high degrees 

of regional autonomy. Therefore, our results cannot be transferred directly from one region to another. 

However, as the examined regions are samples, which represent clusters of regions in Germany, similar-

ities within clusters are very likely. Additionally, our literature review revealed that decentralised energy 

systems are also attractive beyond Germany. This is not surprising given the many countries with similar 

market mechanisms, retail pricing structure and similar or even lower levelised costs of electricity from 

RE. We, therefore, have reason to suppose that the presented results also hold similarly for other regions. 

The presented model can be applied to any region without adjustments. However, our cluster analysis 

as well as the findings for the three sample regions clearly illustrate that the results are strongly depend-

ent on the specific respective regional conditions. This means that modelling such systems requires re-

gional-specific data in high spatial and temporal resolution, e.g. in terms of existing RE units and RE 

potential but also demand structure. The availability of such data is crucial for the trans-ferability of this 

approach to other regions and to the quality of such analyses. In this context, the regional level at which 

a decentralised system is implemented can be discussed as well. We selected the NUTS-3 level because 

we had access to data on this level. However, further research should examine how to determine the 

suitable geographic level, since this is essential when implementing a decentralised electricity system. 

2.6 Conclusions 

This paper evaluates the effects of implementing decentralised electricity systems in all regions of three 

federal states in Southern Germany in the year 2030. Its motivation is to address the existing research 

gap regarding the aggregated impact of (semi-)autonomous regions. We bridge this gap - to some 

extent - by quantifying the technical and economic impact of decentralised electricity systems in detail 

and by focusing on the wider system as well. Having identified the desire to increase regional electricity 

autonomy as a core driver of decentralised energy systems, we integrated this into our analysis by in-

troducing a degree of regional autonomy into a regional optimisation model. The optimal degree of 

autonomy per region type and the effect of autonomy on the overall system can be determined by 

combining this optimisation model with cluster analysis. 

We provided results for two levels of consideration, the level of individual regions and the level of South-

ern Germany. At the regional level, we demonstrated that degrees of electricity autonomy above 40% 

are feasible and even economically attractive in some regions. A degree of autonomy of over 60% is 

reached in 128 of the 166 regions examined. The results show that the potential to expand photovoltaic 

is insufficient to satisfy demand in urban areas, while high autonomy levels are economically viable in 

regions with a high share of wind energy. Furthermore, the regions’ different cost structures have sig-

nificant effects on the investment in and usage of photovoltaic systems and battery storages. For high 

degrees of autonomy, expenditures, particularly for investments in battery storage systems, are substan-

tially above the optimal configuration, whereas in the optimum (our Reference Case), battery systems 

are not economical under the assumptions made here. Photovoltaic capacity expansion above today’s 

level, however, proves to be economically efficient for all regions considered. 
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CONCLUSIONS 

The average regional degree of autonomy in all Southern German regions is 44% in an optimal config-

uration, which is substantially higher than the current degree. Aggregating the regional results to the 

level of Southern Germany shows that photovoltaic systems would have to become much more wide-

spread than targeted by current policy to achieve a high degree of regional autonomy. Overall, a degree 

of autonomy of 60% (where feasible) would lead to a total cost increase of 9% compared to the optimal 

configuration. However, we observe periods with a substantial surplus and periods with a shortfall of 

electricity from photovoltaic. On the one hand, this has to be managed outside the region and occurs 

particularly if higher degrees of electricity autonomy are aimed at. On the other hand, an external elec-

tricity supply must be ensured during periods of low generation, even if the overall degree of autonomy 

is high. 

Our analysis looked at different sample regions in detail and examined the economic benefits of decen-

tralised energy systems under different regional conditions. Additionally, we investigated the implica-

tions of developing multiple decentralised systems within an area. Therefore, this analysis addressed the 

shortcoming of individual case studies (that do not include the implications for the superordinate sys-

tem of developing multiple decentralised systems) and the shortcoming of macro approaches (that are 

not able to reflect the heterogeneity of regional electricity demand and supply). 

Ultimately, our findings illustrate the following dilemma: On the one hand, bottom-up energy initiatives 

promote the expansion of decentralised electricity systems, which are proving profitable, to some extent, 

and satisfy the desire for a higher degree of regional energy autonomy. On the other hand, our results 

underline that there are still frequent interactions with the superordinate electricity system.  

This shows that future research should not only examine the demand side in detail, but also further 

elements of a decentralised energy system such as the provision of flexibility, the interaction with the 

superordinate system and the behaviour of participating stakeholders. Beyond these aspects, decentral-

ised energy systems should be integrated into national and continental energy system modelling in 

order to examine the interactions between systems at different geographical levels more closely. 
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3 Impacts of avalanche effects of price-optimized electric vehi-

cle charging - does demand response make it worse?  
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Electric vehicles (EVs) are expected to provide substantial potential for demand response (DR) and thus 

the integration of renewable electricity sources in the future. However, DR can also have noticeable 

negative consequences, so-called avalanche effects. We systematically assess under which circumstances 

avalanche effects occur and what impact they have on the electricity system and cost savings for EV 

owners. Our results show that DR can provoke unwanted avalanche effects, which are particularly strong 

beyond 2030, when the leverage of EV charging will have increased to a significant level. It is possible to 

avoid avalanche effects by using a dynamically updated DR signal. If this is used, our findings confirm 

that shifting charging load from peaks to hours of low or negative residual load reduces the peak and 

variance of residual load and facilitates the integration of renewables. 
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3.1 Introduction 

In the course of the electricity sector’s transition towards low-emission generation technologies, con-

trollable power plants are being replaced by renewable energy sources. As a large share of renewable 

electricity (RE) is volatile, alternative forms of flexibility are needed to satisfy the demand for electricity 

at any given time. Demand response (DR) has proven to facilitate this transformation process by shifting 

demand according to the system’s flexibility needs [18]. 

Battery electric vehicles (EVs) as an alternative to vehicles using fossil fuels are an option for decarbon-

izing the transport sector [104]. The share of EVs is currently growing worldwide15 [40] and most studies 

predict a further significant increase in the market share of new EVs in the future [105–108]. 

The additional electricity demand of EVs can, on the one hand, pose challenges to the electricity system, 

such as increasing demand peaks - leading to capacity scarcity and rising electricity prices [107,109], or 

grid congestions [110]. On the other hand, controlled charging of EVs is expected to possess a substan-

tial potential for DR in the future [111,112]. Thus, EVs can facilitate the integration of RE generation.  

Beyond systemic benefits, controlled charging could also be economically attractive for vehicle owners. 

Both the systemic and the economic efficiency of controlled EV charging depend on the incentives used 

to stimulate DR [104,113,114]. There are several options to financially exploit demand-side flexibility. 

Nonetheless, shifting the charging time of a critical mass of loads could also have noticeable negative 

consequences such as the creation of new load peaks [115]. In the following, we refer to this effect as 

“avalanche effect”. 

This effect has been anticipated in various studies, e.g. Refs. [107,115,116] via the application of simula-

tion models. Recently, the effect was verified in empirical data by Kim [117], who finds a load peak in the 

electricity consumption pattern of EV owners, which coincides with the off-peak period of the applied 

electricity tariff. With the progressing market penetration of EVs, avalanche effects are likely to increase 

and could potentially have a dramatic effect on the system load and consequently the electricity system. 

Yet, the question of how to address avalanche effects effectively, how to assess their appearance and 

whether measures to avoid them are sufficient is still to be answered. 

3.1.1 Background 

Several general strands of research are relevant to our paper. Within this literature review, we first give 

an overview of relevant DR signals and incentives and then focus on studies which address, at least in 

parts, the negative effects of DR. 

3.1.1.1 Incentives for demand response 

DR is fundamentally based on the assumption that electrical load is shifted due to a (financial) incentive 

[118]. The simplest form of DR is for the consumer to turn an appliance on in times with low electricity 

prices. This can be done manually or with a timer. This form of DR can be found in real-life: effects on 

consumption patterns are for example reported in the studies of Olkkonen et al. [119], Dobbyn and 

Thomas [120] as well as Bergman et al. [121]. However, up to now, the effects are small [122]. In the 

                                                                                                                                                                      
15 While the global share of EVs is still small (approx. 2.6% of all global car sales in 2019), the International Energy 

Agency reported a growth of 40% from 2018 to 2019 [40]. 
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future, appliances with internal storage, such as EVs, are expected to increase the flexibility potential. 

Furthermore, technological progress will make a diverse portfolio of energy management systems avail-

able, which allows an autonomous dispatch of demand-side flexibility [123]. 

If consumers subscribe to a flat tariff, i.e. each kilowatt hour (kWh) of electricity costs the same, inde-

pendent of the time of its consumption or the consumed amount, a deviation from the consumption 

pattern is not incentivized. Thus, apart from cases in which demand is remotely controlled by an external 

entity (so-called “direct load control” [118,124]) the existence of a dynamic tariff, i.e. a dynamically 

changing electricity price, is a prerequisite for DR. 

Historically variable tariffs have existed in several countries in the form of nighttime tariffs. These tariffs 

usually feature an off-peak price for several hours during the night and aim to reduce demand during 

the day to ensure the consumption of base-load power from coal and nuclear plants overnight [125]. 

See for example the “Economy 7” tariff in the United Kingdom, a simple time-of-use (ToU) tariff with 

cheaper electricity prices during nighttime [126]. The more complex “Tempo Tariff” in France consists of 

three different day types (blue, white, and red) dependent on the forecast of electricity demand and 

congestions on the electricity network [127]. Additionally, each day type has a day/night tariff design. 

There is a fixed number of days of each color per year. The color of the next day is available from 8 p.m. 

[127]. 

We also found opt-out tariffs in Spain and Denmark as well as a mandatory ToU tariff in Italy and differ-

ent dynamic price tariffs in Norway [128]. Furthermore, ongoing research projects on smart tariff design 

aim to facilitate more variable tariffs for household customers in the future (e.g. Ref. [129]). 

Due to the smart meter rollout in European countries, spot market-based pricing becomes an option for 

households and small commercial consumers. Nevertheless, up to now, it has only been established in 

a few countries such as the United Kingdom, Italy, France, Finland, Estonia, and Norway as an opt-in 

possibility [128]. 

In Finland, there is the possibility to receive an hourly dynamic electricity price based on the Nord Pool 

spot price [128]. Another hourly electricity price depending entirely on the Nord Pool spot price is avail-

able in Estonia. According to Ref. [130] it features a retailer’s premium and a monthly fee on top of the 

spot price. Prices and electricity consumption can be monitored via a mobile app [130].  

An alternative option to financially benefit from DR, applied in Germany, is the direct participation in 

different power markets. To overcome market entry barriers such as minimum capacity and fulfill other 

prequalification criteria, so-called virtual power plants bundle smaller generation units [131]. As a result, 

RE and storage units gain access to day-ahead and spot markets [131]. They are able to participate 

directly in the continuous bidding process and are dispatched in a controlled order to meet their com-

mon schedule (e.g. Refs. [132–134]). Large, industrial consumers are controlled similarly by some German 

service providers. Until now, they have focused on the provision of ancillary services (e.g. Refs. [135,136]) 

or the reduction of load peaks (e.g. Ref. [137]). Thus, from a technical perspective, the feasibility of a 

controlled dispatch of multiple entities is already proven. Yet, up to now, there has been no successful 

business case for owners of small flexible devices that provides an actual incentive to participate 

[116,124].  
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3.1.1.2 Effects of demand response 

Regarding the impact of DR on the electricity system in general, several overview papers exist (e.g. Refs. 

[118], [48,138,139]). Further literature reviews are dedicated to modeling DR within energy system mod-

els (e.g. Refs. [140,141]). 

Due to the expected substantial electricity demand of EVs [42,142], (controlled) charging of EVs is as-

sessed by many scholars. Addressed aspects are impacts of DR of EVs on the electricity system, electricity 

generation and resulting CO2 emissions (e.g. Refs. [42,104,109,113,143]), challenges arising from grid 

integration [110,112,144], or interactions of controlled charging with DR of other sources of flexibility 

[145]. While the majority of these studies draw a positive conclusion with regard to the effect of DR, a 

limited number of studies analyze avalanche effects of demand, i.e. negative impacts of DR. An avalanche 

effect is defined as an “overreaction of DR” [107], i.e. an unexpected increase of load in a certain period 

because demand is allocated in a price-sensitive way [115,116,146]. In Figure 3-1 we illustrate this effect: 

according to Gottwalt et al. [116], avalanche effects appear due to a “sequential game between price 

setter and taker”: At first, the price setter creates a DR signal to incentivize load shifting (in Figure 3-1 

this is visualized as red dots). Depending on the objective of DR, this signal often aims at reducing 

electricity price peaks resulting from high residual load16. Secondly, flexible devices react to this DR signal 

by rescheduling their demand (green dotted line in Figure 3-1). As a consequence, original peaks disap-

pear. However, if too much of the load is shifted away from original peaks and to periods of original 

residual load valleys, alternative peaks can occur and new valleys can be created.  

 

Figure 3-1: Schematic illustration of an avalanche effect: due to an overreaction of the flexible load to 

an incentive (e.g. high prices), the load is shifted away from peaks and builds new rebound 

peaks (in hours with low prices) instead.  

Gottwalt et al. [116] investigate the impact of smart appliances combined with variable tariffs on resi-

dential electricity prices. They observe that, if appliances were able to behave flexibly, the load in hours 

of original price peaks decreased, but new peaks were created instead. They introduce the expressions 

“avalanche effect” and “herd effect” to describe this phenomenon [116]. It is noteworthy that in their 

model, all appliances receive an identical price signal day-ahead. Thus, the appliances’ behavior is similar, 

since they differ only in their respective technical restrictions. Gottwalt et al. emphasize that avalanche 

                                                                                                                                                                      
16 Residual load in this case is defined as demand minus generation from volatile RE, i.e. the demand which has to 

be met by dispatchable power plants. 
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effects need to be analyzed thoroughly before introducing dynamic tariffs to a market, but do not pro-

pose means of avoiding avalanche effects. 

Without explicitly using the name avalanche effect, Ramchurn et al. [147] describe the same mechanism 

in the context of applying ToU and real-time tariffs for smart appliances. In their analysis, this effect is 

caused by “overly-homogenous optimized consumption patterns” [147]. To avoid unwanted effects 

Ramchurn et al. propose an adaptive mechanism, in which the total number of devices optimizing their 

behavior is limited using a probability factor for each device. According to the authors, this model avoids 

avalanche effects without central coordination, its performance is, however, not compared to a system 

with a central control. 

Focusing on DR with EVs, Dallinger and Wietschel [112] analyze how plug-in hybrid vehicles contribute 

to RE integration. In their model, EVs are divided into pools. If all pools receive the same price signal (in 

this case provided by a market equilibrium model), Dallinger and Wietschel can observe residual load 

peaks. The authors identify this as the major disadvantage of DR with indirect control using variable 

tariffs. By operating the EV pools in a predefined order and allowing the consideration of the behavior 

of preceding pools in a pool’s optimization, the scholars use direct control to remedy this. However, 

since the authors put their research focus on implications of DR in terms of residual load peak reduction 

as well as changes regarding negative residual load and local transformer utilization, quantitative im-

pacts of avalanche effects on economic or systemic benefits are not analyzed. 

While Dallinger and Wietschel [112] only look at one electricity market (Germany), Ensslen et al. [107] 

compare EV DR in Germany and France. Similar to Ref. [112], they integrate EVs in a market simulation 

model that sets hourly electricity prices the pools receive as incentives. In their set-up, the price is re-

ceived via a “charging manager” responsible for procuring the electricity needed for charging all EVs in 

the manager’s pool at the lowest expenditures possible while on the other side controlling the pool’s 

flexibility. By introducing the function of a “charging manager”, Ensslen et al. apply a direct control 

mechanism, in which this manager uses information on all EVs state of charge and technical restrictions 

on the one hand and the market situation on the other hand. Avalanche effects are intentionally avoided 

by placing bids on the spot market and iterating the price forecast afterward. It is worth noting that in 

the authors’ logic, EVs do not receive the price they bid for in the first place but the one calculated after 

the last iteration of the market simulation. Therefore, in the case of Ensslen et al. avalanche effects lead 

to decreased cost savings for all EV users. Regarding the differences between France and Germany, the 

authors find that, due to differences in the merit-order, i.e. the structure of the countries cost-sorted 

order of power plants, avalanche effects are more undesirable in France than in Germany (30% cost 

increase in a scenario with 15 kW charging in France compared to 14.3% in Germany) [107]. 

3.1.2 Research gap and objective 

Avalanche effects in the context of DR have been reported before - as side effects of simulations with 

different scopes or in empirical data. Yet, as Pimm et al. [125] point out, there exists a significant gap in 

the literature surrounding the effect that household-level storage devices could have when responding 

to time-variable electricity tariffs. Due to the expected high impact of EVs on the system load, an ava-

lanche effect caused by EVs could have an incomparably stronger impact than single residential appli-

cations or even home storage batteries. Therefore, particularly in the context of EVs, it is necessary to 
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assess the emergence and the systemic and economic impact of avalanche effects, but equally to eval-

uate with which measures they can be efficiently avoided. We, thus, aim to contribute to closing this 

research gap by addressing the following questions: 

 How can avalanche effects be identified and avoided, how can this be measured?  

 What is the impact of an avalanche effect on the electricity system in Germany? 

 How does avoiding avalanche effects affect EV owners’ benefits stemming from controlled charg-

ing? 

The paper is structured as follows: the methodology we apply to simulate DR is outlined in Section 3.2. 

Here, we also present indicators we use to evaluate whether an avalanche effect appears or is avoided. 

In this section, a formal description of the model used is given. Section 3.3 describes results in terms of 

economic implications of DR and systemic impacts of DR, particularly with respect to the question of 

how avalanche effects arise and how they can be prevented. Subsequently, we discuss the conclusions 

that can be drawn from our modeling results and outline possible future research directions derived 

from the findings. 

3.2 Methodology 

Before continuing to describe the applied methodology, it should be mentioned that a few particular 

characteristics of EVs have to be considered when modeling the effect of their charging behavior: Firstly, 

EVs are (still) a future technology. Up until now the market share of EVs, and correspondingly their effect 

on the electricity system, has been small. The electricity system, however, will undergo structural changes 

in the future, and consequently, time-variable tariffs will look different in 2050 than they do today. Sec-

ondly, EVs are not always connected to the grid. Their availability and flexibility potential varies over 

time. Furthermore, it is relatively likely that not all EV owners will receive the same pricing signal as an 

incentive for DR. However, there is little research on the effect of different pricing groups on the elec-

tricity system or the economic benefit for EV owners. 

To take these characteristics into account, we use the following approach: 

i. We model the future system load curve of Germany in the years 2030 and 2050 with the simu-

lation model eLOAD (Section 3.2.1) and derive a time-variable electricity price that serves as DR 

signal (Section 3.2.2). 

ii. To assess possible impacts of an avalanche effect, we disaggregate the total of all EVs in Ger-

many into groups to vary the number of EV groups between model runs in the next step (Section 

3.2.3). 

iii. We define a termination criterion to evaluate the number of EV groups sufficient to avoid an 

avalanche effect (Section 3.2.4). 

iv. We simulate DR of EV groups, considering restrictions with regard to charging capacity and 

vehicle location (Section 3.2.5). During this step, the number of EV groups is increased gradually 

until the algorithm breaks off, when the termination criterion is met. 

The resulting charging profiles of EVs are analyzed regarding average economic benefits for DR and also 

their systemic impacts in the form of implications on residual load.  
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3.2.1 Modeling future electricity demand 

We use a partial decomposition approach to model the hourly load for a base year (here: 2015) and 

project this load into the future (2030 and 2050) using the simulation model eLOAD (Energy Load Curve 

Adjustment Tool). Within this model, the base year’s historical electricity system load is decomposed 

into sectoral, sub-sectoral, and application-specific load curves. To do this, we utilize a database of more 

than 1000 technology-specific generic load profiles, which are scaled according to the annual applica-

tion- and process-specific demand from the year 2015. Subsequently, all load curves are projected to 

the years 2030 and 2050 by scaling them according to their future annual demand using the underlying 

demand scenario. For more information on the framework scenario, we refer to section 3.2.6. Finally, the 

system load curve is generated by reassembling process-specific load curves. 

Using this method, we are capable of examining EV behavior while at the same time taking into account 

the influence on total hourly demand caused by other technological effects. These effects - develop-

ments regarding industrial processes or tertiarization - are not directly linked to the diffusion of EVs. Yet, 

they have an impact on the total hourly demand. Thus, they should be considered when evaluating DR 

for future years. For more information on eLOAD, please refer to Refs. [21,77]. 

3.2.2 Modeling future electricity prices 

As mentioned earlier, we use hourly electricity prices as a DR signal to stimulate load shifting. To provide 

a future electricity wholesale price, we use the fact that wholesale electricity prices in Germany correlate 

with residual load: prices on the German wholesale markets are set according to the intersection of 

demand with supply, the so-called merit-order curve [148]. The merit-order curve is a step function, in 

which all generation units participating in the market are included and ordered by their variable elec-

tricity generation costs [148,149]. RE, particularly PV and wind power, have very low variable costs. Thus, 

they are located on the lower end of the merit-order and determine the share of demand, which has to 

be covered by conventional power units [148], the residual load. For this reason, other scholars have 

already identified residual load as an important factor for explaining the formation of spot market elec-

tricity prices and have applied different forms of regressions (e.g. linear [150] or polynomial [149]) to 

predict prices. Roon et al. have produced good results using a linear regression for the years 2007–2009 

[150]. However, since the merit-order assumes a steeper slope for a higher residual load (due to high 

variable costs of peak units like gas and oil-fired power plants), we chose a polynomial regression. This 

approach is similar to Smolen and Dudic [149], who examined the Czech electricity market for the year 

2016. 

We use hourly wholesale prices, hourly load, and hourly generation of wind and PV for the year 201517 

(all provided by “Open Power System Data” [96]) for the regression. Figure 3-2 visualizes actual wholesale 

prices and residual load of the year 2015 and different regression fits. The different regressions are gen-

erally capable of predicting wholesale prices sufficiently (linear: R2 = 0.778; quadratic: R2 = 0.781; cubic: 

R2 = 0.784; quartic: R2 = 0.783, quintic: R2 = 0.778), although steep ramps followed by peak prices are 

underestimated, while the prediction overestimates steep ramps followed by very low prices. 

                                                                                                                                                                      
17 We chose the year 2015 in order to be consistent within the scenario, since 2015 is the base year for other pa-

rameters such as solar radiation, temperature and structure of the year in terms of weekdays/weekends/holi-

days. 
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Until the year 2050, however, there will be a substantial increase of RE generation. This will result in hours 

with highly negative residual load, i.e. in values which did not occur in 2015. While all regression models 

give similar results in the range of the historic residual load, it is evident from the figure that the higher 

the degree of the polynomial regression, the more extreme the modeled prices for very low or high 

residual load values are. Merely the linear and the quadratic linear regression take on moderate values 

at the upper and lower limits of the value range. For this reason, we choose a quadratic linear prediction 

for our model. Further, we assume that the level of average prices remains constant. Thus, predicted 

prices are shifted (up) according to the average wholesale price of 2015. 

 

Figure 3-2: Wholesale price prediction using linear regression with different polynomial regression fits. 

Blue dots visualize historic price/residual load tuples of the year 2015.  

3.2.3 Modeling varying tariff groups 

EVs and their corresponding charging load are looked at in an aggregated way. To assess the avalanche 

effect in the simulation of controlled charging, we disaggregate the total number of EVs in Ger-many 

into smaller groups. The EV groups are then simulated sequentially. With each EV group’s load shifting 

activity, the residual load curve changes and correspondingly, the DR signal is dynamically (and endog-

enously) updated. Due to the iterative update, each EV group receives a different DR signal. 

The order of the EV groups in the optimization queue is fixed for all days and all model runs to analyze 

potential differences resulting from the position of an EV group in the optimization queue. This means 

that in the case of one EV group, all EVs receive an identical DR signal, while for example for two EV 

groups, the DR signal is adapted after DR of EV group #1. The case of one single EV group corresponds 

to a time-variable tariff scheme, where all flexible consumers receive the same DR signal, irrespective of 

other consumers’ behavior (this kind of tariff exists in several countries and was already introduced in 

Section 3.1.1). In all other cases, i.e. those with more than one EV group, the DR signal is influenced by 

other consumer groups’ behavior. 

To assess possible impacts of an avalanche effect, we conduct independent model runs, in which the 

number of EV groups is varied. We further assume that in 2030 50% of all private EVs participate in DR, 

while in 2050 we assume that 100% of the EVs are controllable. 

Overall, our approach represents centralized control of all EVs suit-able for DR. This means that the 

central entity responsible for controlled charging has perfect foresight of future residual load and future 

theoretical charging/driving behavior of all EVs. Nevertheless, electricity costs are optimized from the EV 
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owners’ perspective in the sense that we minimize the electricity costs caused by EV charging and not 

the total system costs.  

3.2.4 Termination criterion 

One objective of our simulation is to determine the number of EV groups sufficient to avoid avalanche 

effects and enable effective DR. This means that we need to define a termination criterion, which breaks 

off the simulation, as soon as the number of groups is sufficient. This is the case if the effectiveness of 

DR is high. To measure this, we distinguish three qualities of DR. 

1) Enhance utilization of dispatchable power units: the utilization of dispatchable power units is 

increased by decreasing the dispersion of the residual load since a steadier residual load induces 

less ramp up and ramp down operations. 

2) Reduce the maximum necessary capacity of dispatchable power units and backup capacity: a 

major promise of DR is the substitution of conventional backup capacity by means of demand-

side flexibility while the security of supply is still maintained. 

3) System integration of RE, i.e. avoiding dumped power: the most substantial leverage of DR to 

reduce CO2 emissions is by avoiding RE surplus, i.e. shifting demand to hours in which RE gen-

eration originally surpasses demand. The more dumped power is avoided, the better the inte-

gration of RE. 

The better these effects are addressed, the more effective a DR strategy is. To the best of our knowledge, 

no indicator addresses the determinants of DR holistically. For this reason, we calculate three different 

indicators (Equation (3-1), (3-2), and (3-3)) to determine the change between successive model runs. 

To address the development of the dispersion of residual load due to DR, we use the percentage change 

of the standard deviation of the residual load between two model runs with a total of 𝑎, respectively 

(𝑎 − 1) EV groups (see Equation (3-1)), where 𝑟𝑙𝑖
𝑎 corresponds to the residual load of hour 𝑖 in the case 

of a total number of a EV groups), 𝑟𝑙𝑎−1̅̅ ̅̅ ̅̅ ̅ is the arithmetic mean of the residual load over the course of 

the year. 𝐴 is the total set of model runs. 

𝑠𝑡𝑑𝑒𝑣 𝑐ℎ𝑎𝑛𝑔𝑒𝑎 𝑣𝑠.  𝑎−1 =
√ 1

8760
∑ (𝑟𝑙𝑖

𝑎−1 − 𝑟𝑙𝑎−1̅̅ ̅̅ ̅̅ ̅)
2

8760
𝑖=1

√ 1
8760

∑ (𝑟𝑙𝑖
𝑎 − 𝑟𝑙𝑎̅̅ ̅̅̅)

28760
𝑖=1

− 1, ∀𝑎 ∈  𝐴 (3-1) 

To determine the development of the energy, which has to be served by conventional power units or 

other forms of storage, we identify the change of the maximum residual load between model runs, as 

described in Equation (3-2), as an adequate indicator (I represents the interval of all hours modeled, in 

this case 8760). 

𝑚𝑎𝑥 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑 𝑐ℎ𝑎𝑛𝑔𝑒𝑎 𝑣𝑠.  𝑎−1 =
𝑚𝑎𝑥

𝑖∈𝐼
(𝑟𝑙𝑖

𝑎−1)

𝑚𝑎𝑥
𝑖∈𝐼

(𝑟𝑙𝑖
𝑎)

− 1, ∀𝑎 ∈  𝐴 (3-2) 

The development of the system integration of RE depending on the model run 𝑎 (and the corresponding 

number of EV groups) is determined by calculating the change of the cumulated sum of all negative 

residual load values 𝑧𝑖 see Equation (3-3). 
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𝑅𝐸 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑐ℎ𝑎𝑛𝑔𝑒𝑎 𝑣𝑠.  𝑎−1 =
∑ 𝑧𝑖

𝑎−1
𝑖∈𝐼

∑ 𝑧𝑖
𝑎

𝑖∈𝐼

− 1; 𝑧𝑖 = {
𝑙𝑜𝑎𝑑𝑖 − 𝑅𝐸𝑖 , 𝑙𝑜𝑎𝑑𝑖 − 𝑅𝐸𝑖  < 0

0, 𝑙𝑜𝑎𝑑𝑖 − 𝑅𝐸𝑖 ≥ 0
,

∀𝑖 ∈  𝐼, ∀𝑎 ∈ 𝐴 

(3-3) 

To break off the simulation, we define a threshold, which must be reached to abort the simulation if a 

substantial improvement of all three indicators is achieved. This threshold is set to -1% to 0% for all 

three indicators (see Equation (3-4)). 

𝐷𝑅 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 ∶= (−1% <  𝑠𝑡𝑑𝑒𝑣 𝑐ℎ𝑎𝑛𝑔𝑒𝑎 𝑣𝑠,𝑎−1 <  0%)  ∧ (−1%

<  𝑚𝑎𝑥 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑 𝑐ℎ𝑎𝑛𝑔𝑒𝑎 𝑣𝑠.  𝑎−1 <  0%)  ∧ (−1%

< 𝑅𝐸 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑐ℎ𝑎𝑛𝑔𝑒𝑎 𝑣𝑠,𝑎−1 < 0%) 

(3-4) 

3.2.5 Simulating demand response 

To model DR of EVs, we use a mixed-integer linear optimization embedded in the simulation of the load 

projection with eLOAD. This means that we assume a predefined share of all private EVs to be capable 

of adjusting their charging behavior according to a DR signal. Since the DR signal in this study equals 

the wholesale electricity price 𝑝𝑔   in Equation (3-5), the optimization targets a cost-optimal allocation of 

load for each EV group 𝑔 ∈ 𝐺. This means that - as EV owners are assumed to be rational market partic-

ipants - costs are minimized from the perspective of EV owners, not necessarily from a systemic per-

spective (this aspect is addressed in more detail in Section 3.2.3). Charging load is allocated using the 

following objective function (Equation (3-5)): 

𝑀𝑖𝑛 ∑ ∑ 𝑃𝑙𝑠,𝑖𝑗
𝑔

∙ (𝑝𝑗
𝑔

ℎ𝑚𝑎𝑥

𝑗=ℎ𝑚𝑖𝑛 

ℎ𝑚𝑎𝑥

𝑖=ℎ𝑚𝑖𝑛

− 𝑝𝑖
𝑔

), ∀ 𝑔 ∈ 𝐺 (3-5) 

Therein, 𝑃𝑙𝑠,𝑖,𝑗
𝑔

 is the load of EV group g shifted from hour 𝑖 to hour 𝑗 and 𝑝𝑖  𝑎𝑛𝑑 𝑝𝑗 are the DR price 

signals of the respective hour, with 𝑖 ≠ 𝑗 and 𝑖, 𝑗 є [ℎ𝑚𝑖𝑛;  ℎ𝑚𝑎𝑥]. After each EV group, the price signal is 

recalculated. 

Since the usage of EVs follows a diurnal and weekly rhythm, we define an optimization interval of 24 h 

for DR of EVs. In practice, this means that we have 365 optimization blocks per year18.  

The ability of a process (in this case groups of EVs) to adjust its load is restricted by the minimal and 

maximal load 𝑃 𝑚𝑖𝑛
𝑔

 and 𝑃𝑚𝑎𝑥
𝑔

 (Equation (3-6)): 

𝑃𝑚𝑖𝑛
𝑔

≤ 𝑃𝑖
𝑔

+ ∑ 𝑃𝑙𝑠,𝑗,𝑖 
𝑔

ℎ𝑚𝑎𝑥

𝑖=ℎ𝑚𝑖𝑛

−   ∑ 𝑃𝑙𝑠,𝑖,𝑗 
𝑔

ℎ𝑚𝑎𝑥

𝑖=ℎ𝑚𝑖𝑛

≤  𝑃𝑚𝑎𝑥
𝑔

, ∀ 𝑔 ∈ 𝐺, ∀ 𝑖 (3-6) 

with the original load of the application (i.e. EV group) 𝑔 in hour 𝑖, 𝑃𝑖
𝑔
 , the load shifted from hour 𝑖 to 𝑗, 

𝑃𝑙𝑠,𝑖,𝑗
𝑔

 and the load shifted from hour j to hour 𝑖, 𝑃𝑙𝑠,𝑗,𝑖
𝑔

.  

EVs are mobile storages with load and storage capacity limits. We take into consideration whether or 

not vehicles are connected to the grid at a given hour by adapting load and storage limits for the opti-

mization dynamically. The distribution of the locations of private passenger cars over the course of a day 

is taken from Gnann et al. [145]. 

                                                                                                                                                                      
18 For day 1, this means ℎ𝑚𝑖𝑛 = 1; ℎ𝑚𝑎𝑥 = 24 and so forth. 
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We assume that charging infrastructure is available at home and work. Thus, all vehicles in a public 

location or currently in motion are excluded from load shifting. For more information on the dynamic 

modeling of the EVs’ mobile storage, we again refer to Ref. [145]. Moreover, while a vehicle is driving 

(mobile), the charging level of its battery is reduced. 

These assumptions are defined in storage constraints which are formulated for the three groups of con-

nected, mobile, and disconnected vehicles. The storage capacities of the three groups of vehicles in hour 

i are calculated (i.e. aggregated) using the total storage capacity of a vehicle and the time-dependent 

vehicle share (𝑣𝑠ℎ) of connected, mobile, or disconnected EVs within an EV group. 

In the connected state, the storage fill level can change via charging (planned (𝑃ℎ
𝑔
) if charging load is 

shifted away from (𝑃𝑙𝑠,ℎ,𝑗
𝑔

)or to another hour (𝑃𝑙𝑠,𝑗,ℎ
𝑔

) or if vehicles change to the mobile state. Their storage 

fill level is then no longer included in the storage capacity of the connected vehicles. The energy that is 

taken out of the connected storage in hour ℎ due to the transfer of vehicles (𝑣𝑒𝑥  vehicle exchange) 

from the connected to the mobile state is referred to as 𝑣𝑒𝑥𝑐𝑜𝑛𝑛−𝑚𝑜𝑏,ℎ . 

The storage capacity of connected vehicles in EV group g is restricted by Equation (3-7). 

𝑆𝐹𝐿𝑚𝑖𝑛
𝑔

∙ 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,ℎ

≤ ∑ 𝑃ℎ
𝑔

−  ∑ ∑ 𝑃𝑙𝑠,ℎ,𝑗
𝑔

+  ∑ ∑ 𝑃𝑙𝑠,𝑗,ℎ
𝑔

ℎ𝑚𝑎𝑥

𝑗=ℎ𝑚𝑖𝑛

𝑖

ℎ=ℎ𝑚𝑖𝑛

𝑖

𝑗=ℎ𝑚𝑖𝑛

𝑖

ℎ=ℎ𝑚𝑖𝑛

𝑖

ℎ=ℎ𝑚𝑖𝑛

−  ∑ 𝑣𝑒𝑥𝑐𝑜𝑛𝑛−𝑚𝑜𝑏,ℎ
𝑔

𝑖

ℎ=ℎ𝑚𝑖𝑛

≤ 𝑆𝐹𝐿𝑚𝑎𝑥
𝐸𝑉 ∙ 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,𝑖 , ∀𝑖, ∀𝑔 ∈ 𝐺 

(3-7) 

with the minimal and maximal storage fill levels 𝑆𝐹𝐿𝑚𝑖𝑛
𝑔

 and 𝑆𝐹𝐿𝑚𝑎𝑥
𝑔

, respectively. 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,𝑖 is the share 

of connected vehicles in each hour. 

Mobile storages are subject to Equation (3-8), where the storage fill level in the mobile storage has to 

remain within the minimum and maximum storage levels in each optimization interval. It equals the 

energy in storage of vehicles that begin moving at all hours until hour 𝑖 (∑ 𝑣𝑒𝑥𝑐𝑜𝑛𝑛−𝑚𝑜𝑏,ℎ
𝑔𝑖

ℎ=ℎ𝑚𝑖𝑛
) minus 

the energy stored in vehicles parked at a public place until hour 𝑖 (∑ 𝑣𝑒𝑥𝑚𝑜𝑏−𝑑𝑖𝑠𝑐𝑜𝑛𝑛,ℎ
𝑖
ℎ=ℎ𝑚𝑖𝑛

) minus the 

discharge, i.e. the energy consumed while driving (∑ 𝑃𝑑𝑖𝑠,ℎ
𝑔𝑖

ℎ=ℎ𝑚𝑖𝑛
).  

𝑆𝐹𝐿𝑚𝑖𝑛 
𝑔

∙ 𝑣𝑠ℎ𝑚𝑜𝑏,ℎ ≤ ∑ 𝑣𝑒𝑥𝑐𝑜𝑛𝑛−𝑚𝑜𝑏,ℎ
𝑔

− ∑ 𝑣𝑒𝑥𝑚𝑜𝑏−𝑑𝑖𝑠𝑐𝑜𝑛𝑛,ℎ
𝑔

−  ∑ 𝑃𝑑𝑖𝑠,ℎ
𝑔

𝑖

ℎ=ℎ𝑚𝑖𝑛

𝑖

ℎ=ℎ𝑚𝑖𝑛

𝑖

ℎ=ℎ𝑚𝑖𝑛

≤ 𝑆𝐹𝐿𝑚𝑎𝑥
𝑔

∙ 𝑣𝑠ℎ𝑚𝑜𝑏,ℎ , ∀𝑖, ∀𝑔 ∈ 𝐺 

(3-8) 

Further, the storage fill level has to be equal at the start and the end of each optimization interval (Equa-

tion (3-9)): 

∑ 𝑣𝑒𝑥𝑐𝑜𝑛𝑛−𝑚𝑜𝑏,ℎ
𝑔

− ∑ 𝑣𝑒𝑥𝑚𝑜𝑏−𝑑𝑖𝑠𝑐𝑜𝑛𝑛,ℎ
𝑔

ℎ𝑚𝑎𝑥

ℎ=ℎ𝑚𝑖𝑛

−  ∑ 𝑃𝑑𝑖𝑠,ℎ
𝑔

ℎ𝑚𝑎𝑥

ℎ=ℎ𝑚𝑖𝑛

 

ℎ𝑚𝑎𝑥

ℎ=ℎ𝑚𝑖𝑛

=  0, ∀𝑔 ∈ 𝐺 (3-9) 

In the disconnected state, the storage fill level can only change by the transfer of vehicles from the 

mobile to the disconnected state. Thus, the following applies to all EV groups (Equation (3-10)): 

𝑆𝐹𝐿𝑚𝑖𝑛
𝑔

(1 − 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,ℎ − 𝑣𝑠ℎ𝑚𝑜𝑏,ℎ) ≤ ∑ 𝑣𝑒𝑥𝑚𝑜𝑏−𝑑𝑖𝑠𝑐𝑜𝑛𝑛,ℎ
𝑔

𝑖

ℎ=ℎ𝑚𝑖𝑛

≤ 𝑆𝐹𝐿𝑚𝑎𝑥
𝑔

(1 − 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,ℎ − 𝑣𝑠ℎ𝑚𝑜𝑏,ℎ), ∀𝑖, ∀𝑔 ∈ 𝐺 

(3-10) 
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Again, the electricity fill level of the storage must be identical at the beginning and the end of the opti-

mization interval (i.e. after 24 h). In the case of disconnected vehicles, the transfer is constrained by 

(Equation (3-11)): 

∑ 𝑣𝑒𝑥𝑚𝑜𝑏−𝑑𝑖𝑠𝑐𝑜𝑛𝑛,ℎ
𝑔

ℎ𝑚𝑎𝑥

ℎ=ℎ𝑚𝑖𝑛

= 0, ∀𝑔 ∈ 𝐺 (3-11) 

The restrictions (3-12), (3-13), and (3-14) ensure that the available storage capacity is considered for all 

exchanges between storage groups: 

− 𝑆𝐹𝐿𝑚𝑎𝑥
𝑔

∙ 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,ℎ ≤ 𝑣𝑒𝑥𝑐𝑜𝑛𝑛−𝑚𝑜𝑏,ℎ
𝑔

≤ 𝑆𝐹𝐿𝑚𝑎𝑥
𝑔

∙ 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,ℎ, ∀𝑔 ∈ 𝐺 (3-12) 

− 𝑆𝐹𝐿𝑚𝑎𝑥
𝑔

∙ 𝑣𝑠ℎ𝑚𝑜𝑏,ℎ ≤ 𝑣𝑒𝑥𝑚𝑜𝑏−𝑑𝑖𝑠𝑐𝑜𝑛𝑛,ℎ
𝑔

≤ 𝑆𝐹𝐿𝑚𝑎𝑥
𝑔

∙ 𝑣𝑠ℎ𝑚𝑜𝑏,ℎ, ∀𝑔 ∈ 𝐺 (3-13) 

− 𝑆𝐹𝐿𝑚𝑎𝑥
𝑔

 (1 − 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,ℎ − 𝑣𝑠ℎ𝑚𝑜𝑏,ℎ) ≤ 𝑣𝑒𝑥𝑚𝑜𝑏−𝑑𝑖𝑠𝑐𝑜𝑛𝑛,ℎ
𝑔

, ∀𝑔 ∈ 𝐺 (3-14) 

In our model, the charging of individual vehicles is restricted to 3.7 kW. In order to ensure that the EV 

owners are able to conduct all planned trips, we restrict the storage capacity available for DR to an 

average of 15 kWh [145]. 

3.2.6 Framework assumptions 

In the study, a substantial increase of total electricity demand is assumed due to electrification of heating 

and transport but also process and fuel switches in the industry sector (for the underlying demand sce-

nario, we refer to [151]). According to the German RE expansion targets, RE are to account for 65% of 

the total electricity demand in 2030 and 80% in 2050. The RE technology-specific share is taken from 

Ref. [105]. RE profiles correspond to historic profiles for the year 2015 and are provided by Ref. [152]. 

The future diffusion of EVs is based on a total cost of ownership approach; the charging behavior was 

simulated on the basis of measured driving profiles of conventional vehicles using the model ALADIN. 

Table 3-1 gives an overview of important framework assumptions. For more information on the model-

ing of the charging behavior of EVs, we refer to Refs. [153,154]. 

Table 3-1: Framework assumptions for RE, total electricity demand, and EV demand in Germany. As-

sumptions are in line with [151].  

 
Generation/Demand in TWh 

2030 2050 

PV 100.7 180.8 

Wind onshore 161.0 352.5 

Wind offshore 52.6 73.4 

Demand total 578.0 853.0 

Electric mobility total 22.3 95.3 

Electric mobility - private passenger cars  15.4 81.1 
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3.3 Results 

To analyze avalanche effects of EV charging, we simulated DR varying the number of EV groups. In this 

section, we look first at the development of the selected DR effectiveness indicators. We subsequently 

analyze systemic impacts of DR and in a third step, analyze impacts regarding cost savings for EV owners. 

3.3.1 Effective numbers of EV groups  

We vary the total number of EV groups used for load shifting between separate model runs. In this 

regard, we hypothesize that fewer EV groups lead to a higher probability of avalanche effects occurring. 

Figure 3-3 shows the development of the three DR effectiveness indicators we introduced in Section 

3.2.4 as well as the threshold area of 0% to - 1% (i.e. above the "Threshold value" in the figure) we chose 

as sufficient for all indicators to break off the simulation. For one EV group, the residual load before DR 

is used as a reference value. Therefore, a calculation of the RE integration indicator is not possible. For 

2030, we observe that all three indicators are in the “below zero” range, which means that there is a 

gradual improvement due to DR. This hints at the fact that under the conditions of the year 2030, there 

is no avalanche effect caused by controlled charging of EVs. The improvement of RE integration, maxi-

mum residual load, and standard deviation lying within the threshold area of - 1% to 0% can already be 

observed by using three EV groups (see Figure 3-3). Therefore, the simulation is broken off at a total of 

three EV groups for 2030. 
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Figure 3-3: DR effectiveness indicators and threshold values for model runs with varying number of EV 

groups for the simulations of 2030 and 2050. 

In 2050, the EV electricity demand and subsequently its impact on the three DR effectiveness indicators 

is considerably higher. For this reason, the maximum load and the standard deviation of residual load 

increase in the model run even with only one EV group (see Figure 3-3). Our results show that over the 

course of one year the charging behavior in the case of one EV group leads to an increase of peak 

residual load by 66%, the standard deviation of the residual load increases by 1.32%. This behavior fits 

the definition of an avalanche effect stated above and can, thus, be classified as such (see definition in 

Section 3.1.1.2 and the corresponding Figure 3-1). From two EV groups upwards, we observe a gradual 

improvement of the DR effectiveness indicators. At a total of eight EV groups, all indicators reach the 

threshold area. Thus, from this point onwards, within our analysis, we consider three EV groups in the 

year 2030 and eight EV groups in the year 2050. 

3.3.2 Systemic impacts of DR 

Figure 3-4 shows the change of charging load in reaction to the DR signal (i.e., the charging load after 

DR minus charging load before DR) for two consecutive summer days in 2030. Without DR, charging on 

weekdays takes place particularly when arriving at work (late morning) and in the evening - when arriving 

at home. Charging on Sundays differs from weekdays in the way that it is distributed more evenly over 

the course of the day. Figure 3-5 shows the resulting residual load before and after DR.  
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Figure 3-4: Change of EV charging load (i.e. load after DR minus load before DR) for two summer days 

in 2030. 

 

Figure 3-5: Residual load without DR and after applying DR for varying numbers of EV groups for two 

summer days in 2030. 

In both figures, we show the results for a total of one to three EV groups, where the simulation is inter-

rupted. The wholesale price in Figure 3-4 indicates that high PV generation during noon results in low 

prices. The first group receives this wholesale price as the DR signal. Thus, high amounts of load are 

shifted to the midday hours and away from hours with high prices, e.g. during the evening, where un-

controlled charging load would occur. However, comparing the model runs, it becomes apparent that 

the difference between different total numbers of EV groups is small. Regarding the residual load (see 

Figure 3-5) this implies that peaks are shaved and load is shifted away from hours of low or negative 

residual load. The same applies on average over the course of the whole year. 

In 2050, the framework conditions change: due to high RE generation, residual load takes on negative 

values for many hours, while at the same time the total demand of EVs increases by more than 500%. 

Thus, unlike in 2030, the leverage of EV charging is large enough to have a strong impact on residual 

load. In the case of DR with one EV group, Figure 3-7 shows that on both days a new residual load peak 

develops around noon, in hours with formerly negative residual load and correspondingly low electricity 

prices. The low electricity prices that ultimately lead to the new load peak are caused by high PV gener-
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ation on both days. Other principal drivers for DR such as wind generation or the absence of RE gener-

ation also play an important role in the charging behavior of EVs, particularly in winter. Principally, Figure 

3-7 underlines that for one EV group, i.e. if all EVs are shifted at once (see Figure 3-6), an increasing 

volatility of residual load in the course of the day and between neigh-boring hours combined with the 

formation of new load peaks can be observed (this is already detected by the effectiveness indicators in 

Figure 3-3). It, thus, emphasizes again, that for one EV group, an avalanche effect occurs. Additionally, 

as shown in Figure 3-6 and Figure 3-7, in 2050, controlled charging with two or three EV groups still 

leads to substantial ramps between adjacent hours. This further confirms that more EV groups are 

needed to avoid avalanche effects entirely in 2050. 

In the cases of five or more EV groups, Figure 3-7 shows that the overall charging behavior differs greatly 

from the one for a single group. This is due to the fact that the charging load of EVs is large enough to 

affect prices sufficiently to induce noticeable price changes (see Figure 3-6). As a consequence, the at-

tractiveness of hours in which an EV group’s load is shifted decreases for the successive groups, leading 

to a different optimal charging pattern. The more charging load is disaggregated, the more the residual 

load curve is flattened and the dispersion of residual load is reduced (maximum residual load is reduced 

by up to 9.4 GW (- 8%), standard deviation by 12.7% (8 EV groups, Table 3-3). This can be seen in the 

figure for a specific day, but also applies on average over the year. In this respect, Table 3-2 contains 

details on minimum and maximum residual load for all cases examined here. 

Table 3-2: Minimum and maximum residual load for varying numbers of simulated EV groups. 

 Minimum residual load in GW Maximum residual load in GW 

 2030 2050 2030 2050 

Total number of EV groups = 1 -55.5 -124.0 85.9 204.0 

Total number of EV groups = 2 -55.5 -114.5 85.9 142.0 

Total number of EV groups = 3 -55.5 -104.9 85.9 131.1 

Total number of EV groups = 4 - -102.5 - 120.5 

Total number of EV groups = 5 - -100.3 - 118.3 

Total number of EV groups = 6 - -100.9 - 118.9 

Total number of EV groups = 7 - -99.5 - 114.7 

Total number of EV groups = 8 - -98.6 - 113.9 

No DR -59.3 -133.4 87.2 123,2 
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Table 3-3: Standard deviation for the simulated years 2030 and 2050 for varying numbers of simulated 

EV groups. Reference case: EV charging without DR 

 

Standard deviation change of the 

residual load 

Standard deviation change of the 

residual load 

 
2030 2050 

Total number of EV groups = 1 -2.94% 1.32% 

Total number of EV groups = 2 -2.96% -9.23% 

Total number of EV groups = 3 -2.96% -11.44% 

Total number of EV groups = 4 - -12.04% 

Total number of EV groups = 5 - -12.36% 

Total number of EV groups = 6 - -12.52% 

Total number of EV groups = 7 - -12.62% 

Total number of EV groups = 8 - -12.69% 

 

 

Figure 3-6: Change of EV charging load (i.e. load after DR minus load before DR) for two summer days 

in 2050. 
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Figure 3-7: Residual load without DR and after applying DR for varying numbers of EV groups for two 

summer days in 2050. 

Both the different values of the DR effectiveness indicators (Figure 3-3) and the residual load after ap-

plying DR with different numbers of EV groups (Figure 3-6 and Figure 3-7) underline that dividing EVs 

into an adequate number of groups with coordinated charging strategies avoids avalanche effects. How-

ever, our modeling results show that the number of EV groups used for controlled charging has to be 

adapted in accordance with the total demand for EVs. Overall, if DR is applied correctly and with a suf-

ficient number of EV groups, controlled charging of EV changes the aggregated load pattern of EVs 

substantially and, therefore, has a noticeable impact on residual load: if DR is applied, charging is - on 

average over the course of the year - shifted particularly to hours of high solar radiation (around noon) 

but also to nighttime hours with generally lower electricity demand. Due to comparatively lower shares 

of EVs, the effect on the residual load is rather moderate in the year 2030. This changes in 2050: since 

the high electricity demand for vehicle charging represents a vast DR potential, the average residual load 

profile changes significantly. Evening peaks are reduced and midday valleys are filled. Assuming that 

50% of all EVs are suited for controlled charging in 2030, the maximum residual load is reduced by about 

2%, underlining that the impact of EV charging load on the total system load is visible, but is limited due 

to the limited leverage of EVs in 2030. Additionally, not only the extremes but also the general dispersion 

of the residual load de-creases (standard deviation reduced by 3% in 2030). In 2050, due to the higher 

diffusion of EVs and their controllability, the reducing effect on the dispersion of the residual load is 

substantially stronger. 

3.3.3 Impacts of DR on cost 

For the assessment of financial benefits for EV owners, the arbitrage on wholesale prices, which act as a 

DR signal, is directly transferred to the EV owners. Thus, we assume that no additional costs or risk 

margins are associated with the participation in DR. Figure 3-8 shows wholesale electricity costs for one 

to three (2030) and eight (2050) EV groups and costs for charging without DR. Since uncontrolled charg-

ing takes place in hours in which demand is already rather high, average costs per MWh are higher than 

with a flat tariff if EVs are charged with a real-time price, but do not apply DR. In all other cases, costs 

are reduced as EVs charge in hours with lower wholesale prices. In all cases, in which EVs are dis-aggre-

gated into groups, only the first EV group receives the most attractive prices. For all subsequent EV 

groups, prices are adapted, and, thus, potential savings due to load shifting remain the same or decrease 
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progressively. As a consequence, all EV groups have different wholesale electricity costs. Potential sav-

ings decrease from the first to the last simulated EV group: for a total of three groups, for 2030, average 

costs of EV group #1 are almost 3 Euro/MWh above those of EV group #3. For 2050, the difference adds 

up to 29.5 Euro/MWh, since a higher dispersion of the 2050 residual load compared to 2030 leads to 

high price spreads. In 2050, EV groups #1, #2 and #3 are even able to profit from hours with negative 

prices and generate income from EV charging, while all others still have positive electricity costs. 

If we assume that we do not have a fixed but a rolling order19 in which the EV groups receive the DR 

signal, we get an average electricity price for all groups (black diamonds in Figure 3-8). In 2030, the 

difference in the electricity price for different number of EV groups is small (14.7 Euro/MWh for 1 EV 

group to 16.2 Euro/MWh for 8 EV groups), whereas in 2050 the spread between the different cases is 

much higher (-15.6 Euro/MWh for 1 EV group to 2.6 Euro/MWh for 8 EV groups). 

 

Figure 3-8: Wholesale electricity cost in Euro/MWh for 2030 (left figure) and 2050 (right figure) by EV 

group and the total number of EV groups per model run. No DR (real-time price) = actual 

wholesale electricity costs of charging, No DR (flat tariff) = average annual wholesale elec-

tricity price.  

3.4 Discussion and limitations 

In the preceding section, we simulated DR of EVs for 2030 and 2050 and pointed out under which cir-

cumstances avalanche effects occur. 

Does DR make it worse? Our results show that the impacts of controlled EV charging can be seen as 

positive in 2030 - even if an identical DR signal is given to all EVs. Thus, under the given assumptions, 

we did not observe avalanche effects in 2030. However, we have only simulated DR of EVs in our model. 

                                                                                                                                                                      
19 Essentially, a rolling order in this respect corresponds to calculating an average electricity price for all EV groups 

ex-post and passing this price and resulting savings on to all participating EV owners. 
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If DR involves other processes as well, the shifted load and, therefore, the corresponding systemic impact 

could be larger and avalanche effects are more likely to occur, although other processes possess differ-

ent temporal and technical restrictions leading to a different shifting behavior. In 2050, the situation is 

different: since the leverage of EV charging will increase drastically, a simple DR strategy does indeed 

induce avalanche effects. In turn, it in-creases residual load peaks and load dispersion, which both result 

in higher systemic costs. However, our results also show that new load peaks can be avoided by dis-

aggregating the flexible EV load into groups. If measures are taken, the impact of DR is positive - as 

confirmed by various scholars (e.g. Refs. [104,107,112]). 

As a consequence of disaggregating the EV load, each EV group receives a different DR signal. This, 

however, creates new challenges: from the vehicle owners’ perspective, we have observed strong impacts 

of the optimization order on cost savings of controlled charging: prices are less attractive the more EV 

loads have been optimized before. Thus, this effect lowers financial benefits for vehicle owners, since 

they cannot assume to always be first in line. This is an interesting finding since it would mean that 

benefits from the same product would be different. In essence, it constitutes price discrimination. Thus, 

there has to be some averaging effect to treat all vehicles equally. However, this means that the actual 

savings potential is lower than the maximum savings (see Figure 3-8), which opens up further questions 

on how utilities could offer such a service. In our study, we provide a scientific approach to a feasible 

number of EV groups receiving different DR signals. In practice, it is likely that different tariff providers, 

e.g. utilities, would offer different DR signals and, thus, there are various mechanisms to define the num-

ber of EV groups. Nevertheless, our results give an indication of the necessary number of groups for a 

system-friendly DR deployment. With eight groups in 2050, we find that the necessary number is rela-

tively small. 

The occurrence of unwanted avalanche effects is a result we share with previous research, particularly 

from the residential sector (e.g. Refs. [116,155]). We find that currently existing ToU-tariffs that are based 

on spot market prices and are, therefore, identical for all residential consumers could lead to avalanche 

effects if they are adopted by a large number of flexible loads such as EVs. In this study, we presented 

an approach that simulates different tariff groups. This approach is able to prevent unwanted avalanche 

effects. We further introduced a termination criterion that can determine the degree of disaggregation 

required. The presented methodology should, however, be further refined in future research. We also 

extend existing research in the sense that we are not only looking at the appearance of avalanche effects. 

We are also focusing on identifying financial impacts from the user perspective and analyze in detail 

how, and with what financial consequences for users, avalanche effects can be reduced. 

Our study is relevant for the practical implementation of measures to avoid avalanche effects, as EVs will 

be a dominant consumer group in the near future. On the other hand, the already existing/integrated 

software and hardware (to a considerable extent), make them suitable for DR. The issue of avalanche 

effects is a theoretical one in the sense that DR of a large group of consumers does not currently exist 

in electricity markets and markets are - without doubt - much more complex than portrayed in our 

paper. However, as the need for flexibility in-creases and market rules are adapted to incentivize the 

participation of demand flexibility, DR measures are likely to become a bigger factor in power markets 

soon. Nevertheless, the question of how flexible consumers like EVs will participate in power markets 

and how they will be compensated has yet to be answered. As empirical research on the preferences of 

potential DR participants shows, direct control and bidirectional data exchange with an external coordi-

nator tend to hamper participation in DR programs [27]. DR measures must be designed as a trade-off 

between ensuring privacy, financial attractive-ness, and systemic benefits. Technically, and in a perfectly 
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functioning market, EVs should be controlled individually. In this sense, using indicators to determine 

the extent of (dis-) aggregation necessary, such as the termination criterion presented in this paper, 

could simplify the implementation of efficient DR measures, albeit this could be further refined. 

Our case study assumes a neutral entity looking for the cost-minimal solution in terms of charging load 

allocation. In reality, however, we can assume that utilities providing the services necessary to profit from 

DR pursue their own goals. For this reason, further research should also include the question of how to 

prevent entities profiting from avalanche effects and, therefore, having an interest in provoking them. 

In the modeling DR of EVs we have simplified a number of aspects which should be considered when 

evaluating the results. We are aware that the polynomial regression we used to model a future electricity 

price is an approximation with space for improvement concerning two major aspects: firstly, an electricity 

market model, particularly integrating a multi-agent trading simulation, could be able to model prices 

with a higher degree of correctness, since techno-economic parameters such as ramping, agent behavior 

or withholding capacity for ancillary services are modeled explicitly in such a model. Additionally, our 

approach is not capable of accounting for structural changes in the merit-order and the electricity gen-

eration portfolio of a market (e.g. if a high number of baseload power plants were substituted by more 

flexible units). Since we looked at the year 2030, when the dominant power sources lignite and hard coal 

are still in the market and as our focus was on EV charging, we consider this simplification acceptable. 

Moreover, a regression-based pricing signal allows us to model negative wholesale prices. This can be 

considered a strength of our approach, as this is not possible with many electricity market models. Nev-

ertheless, in future research, it could be an option to couple our model with a market simulation. Sec-

ondly, we built our price prediction on data from the past. It is, therefore, based on framework conditions 

which are likely to change fundamentally in the future. Particularly the fact that most electricity will have 

to be provided by RE will have a severe impact on the way prices will be arrived at, since this undermines 

the merit-order principle in many hours of the year (this aspect is also not considered by market models 

used currently). 

In terms of modeling EV charging, we neglected the possibility of feeding electricity back into the grid 

(so-called “vehicle-to-grid”). Due to potentially negative impacts on battery degradation, this concept is 

regarded critically by some scholars (e.g. Refs. [113,143,156]). Yet, having the possibility to feed back 

into the grid would increase the leverage of EVs. Thus, neglecting the vehicle-to-grid concept reduces 

the peak shaving potential of EVs but also the negative impacts of avalanche effects. 

Furthermore, we did not consider the public charging infrastructure and did not model charging capacity 

larger than 3.7 kW. In practice, higher charging capacities could increase the effects of DR. We know, 

however, from preceding studies (e.g. Ref. [87]) that higher charging capacity does not lead to substan-

tial charging profile changes if an hourly resolution is applied. 

Our findings show that if avalanche effects are successfully avoided, DR has positive impacts on the 

system level. However, this does not allow us to derive conclusions on the grid level: in our research 

design, we target cost minimization using the spot market price as a DR signal. Hence, the local situation 

is not considered and local grid congestions can appear nevertheless. We also did not consider the 

possibility to participate in ancillary markets. Further studies should take these additional aspects into 

account. However, this would represent a multi-objective optimization with possible interactions be-

tween the respective targets. 
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3.5 Conclusions 

Demand Response (DR) of electric vehicles (EVs) addresses the need for a more flexible electricity system. 

Our findings show that shifting charging load from peaks to hours of low or negative residual load 

reduces peak residual load and residual load variance and facilitates the integration of renewable elec-

tricity (RE). From an EV owner’s perspective, DR reduces electricity costs substantially, if real-time prices 

are transferred directly to the EV owner. However, our results also show that controlled charging can 

provoke unwanted avalanche effects. These effects are particularly strong beyond 2030, when the diffu-

sion of EVs will have progressed and the leverage of the charging load will have increased to a significant 

level. Avoiding avalanche effects is possible if a dynamically updated DR signal is used, i.e., if EVs are 

divided into EV groups and the DR of one EV group takes the DR of preceding groups into consideration. 

From our modeling results, we derive that a total number of eight EV groups is sufficient to avoid neg-

ative effects in 2050. Our findings raise further questions concerning financial compromises and com-

pensations for system-friendly behavior. From a systemic perspective, there is a trade-off between 

providing sufficient incentives to activate DR potential and avoiding unwanted effects. 
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4 Prepared for regional self-supply? On the regional fit of elec-

tricity demand and supply in Germany 

 

 

 

 

 

Abstract:  

Decentralized systems seeking to balance electricity supply and demand regionally are increasingly be-

ing discussed. Regional electricity concepts, however, require spatially and temporally highly resolved 

knowledge. To provide this, we investigate the 2030 demand, supply, and demand-side flexibility for the 

German NUTS-3 regions. We (1) model the hourly regional electricity demand and supply, (2) cluster 

regions with regard to the regional demand and supply fit and (3) evaluate demand response for the 

identified clusters. While in windy or industrialized regions, the impact of demand response is low, in 

urban regions on the other hand, the effectiveness of flexible end uses is higher and residual load is 

flattened. Regions with medium-sized cities or those with smaller energy-intensive industries show a 

good regional fit. Here, demand response can be used very effectively to increase the regionally con-

sumed share of electricity. 
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INTRODUCTION 

4.1 Introduction 

The current developments of electricity systems in many countries are characterized by increasing de-

grees of integration of (variable) renewable electricity (RE) generation, higher degrees of electrification 

especially in heating and mobility applications, and stronger decentralization, i.e., less spatial concentra-

tion of supply, as renewable sources are highly distributed across larger areas. 

In today’s electricity system, the electrical grid is demand-oriented: A regional electricity surplus is trans-

ferred to superordinate grid levels and balanced there. Likewise, regional deficits are met by conven-

tional power plants connected to the high voltage grid. Integrating decentralized RE while maintaining 

the concept of centralized balancing is challenging: Firstly, it induces increased grid congestions [157] 

(leading to both costs for grid extensions and - to some extent - compensation for curtailment of RE 

[158]). Secondly, since controllable conventional generation capacity is decreasing, flexibility has to be 

provided via other means [159]. To reduce the need for wide-area electricity exchanges and flexibility 

provision from conventional power plants it seems reasonable to increase the balancing of demand and 

supply on a regional level. Accordingly, a multitude of “smart” concepts (microgrids, energy cells, de-

centralized markets) has emerged in recent years. The common thread of these concepts is their devel-

opment in the regional context. Yet, to put smart regional solutions into practice, we need to know the 

structure of demand and supply with a high spatial and temporal resolution. 

The aim of this paper is, therefore, to model and assess the fit of regional electricity demand and supply 

from distributed RE sources in Germany with a high spatial and temporal resolution. Furthermore, we 

investigate the regional availability of demand response (DR) in the near future (2030) and its effective-

ness in enhancing the hourly fit between demand and supply. We address the following key questions 

using a model-based approach: 

 How are hourly demand and supply regionally distributed geographically and to what extent do 

regional load curves differ? 

 To what extent are demand and supply in equilibrium at a regional level? Can German regions be 

clustered with regard to their regional electricity (mis-) match? 

 Can regional flexibility requirements be adequately addressed by regionally available demand-side 

flexibility options? 

We chose Germany for this analysis, since, despite its relatively small area, it currently has the third 

highest installed capacity of wind and PV (photovoltaics) in the world [160] with high concentrations of 

single technologies in some regions. Our approach meets the requirements arising from an increasingly 

distributed electricity system and provides a (data) basis for a regional, market-oriented valuation of RE 

and flexibility options20. 

This paper is structured as follows: We start by reviewing current literature with a focus on demand, 

supply and DR modeling. In Section 4.3, we present the methodology developed to evaluate the regional 

electricity demand and supply fit, which consists of the following steps: (1) modeling hourly electricity 

demand with regional resolution, (2) projecting electricity demand and supply to the year 2030, (3) 

matching of regional demand and supply, (4) simulation of DR. To analyze the regional fit of demand 

and supply and to categorize regional patterns, in the first part of our results (Section 4.4.1), we perform 

and present a cluster analysis. We use sample regions for each cluster to investigate the effect of DR on 

                                                                                                                                                                      
20 The hourly-resolved regional demand data modelled in the framework of this paper is also accessible as an 

open dataset. For more information we refer to the end of this paper (Section Data Availability). 
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the regional electricity balance in detail (Section 4.4.2). Ultimately, we discuss limitations and end with 

concluding remarks. 

4.2 Literature overview 

To address the key questions outlined in Section 4.1, we need a modeling tool with a high temporal and 

spatial resolution, in which distributed RE generation as well as regional electricity demand and DR po-

tentials can be considered. According to our literature review, we identify four major types of models: 

 Electricity system or electricity market models focusing on DR and/or RE 

 Georeferenced RE potential models 

 Demand or DR simulation models with high spatial and temporal resolution 

 Urban scale and building simulation models 

In the following sections, we go into more detail on the different models and applications relevant for 

our analysis. 

4.2.1 Electricity system models focusing on DR and/or RE 

Electricity system models mostly look at the national scale in order to derive scenarios for systemic de-

velopments. Since most countries are considered a single market (so-called "copper plate"), the focus 

lies on temporal information, while spatial data is often neglected (e.g. Refs. [161,162]). Within this re-

search field, a significant amount of studies analyzes DR potentials for multiple consumers (e.g., Gils 

[163] for Europe or Müller and Möst [23] for Germany) or individual consumers (e.g., heat pumps 

[164,165] or electric vehicles [107,145]). However, since this is mostly done using market models with an 

underlying central spot market, a spatial consideration, e.g., by allocating DR potential regionally, is not 

relevant and thus not evaluated. An exception to this are models looking at the electricity grid. Here, RE 

is allocated to grid nodes and the models thus have a spatial component. Grid nodes can be entire 

countries [162,166], federal states [167] or smaller entities [168]. 

Additionally, the future evolution of demand is merely considered by scaling national system load ac-

cording to the annual development of demand. This facilitates the reproduction of results by other 

scholars. However, it neglects that the structure of regional load varies vastly between different years 

and different regions. A small portion of the literature also deals with identifying structural changes of 

future hourly demand (e.g. Ref. [159], for the UK and Germany or Ref. [145] with a focus on Germany 

only), however still without looking at spatially resolved demand. 

4.2.2 Georeferenced RE potential estimation 

Unrelated to the above-mentioned research strand but nonetheless important for this paper are studies 

looking at the quantification of RE potential. Using historic wind speed and solar radiation data and 

spatial patterns, this area of research attempts to estimate RE potential under certain constraints (e.g., 

vicinity to houses). 

In a recent paper, Tröndle et al. [70] model demand and supply potential to analyze electricity autarky 

on different administrative levels (continental, national, regional, municipal). The authors use geograph-

ical constraints to conclude the surface available for RE generation in Europe [70] and apply a very de-

tailed approach to model supply potential and its spatial distribution. Targeting the aspect of relative 
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autarky, they partially address the regional fit of demand and supply in their paper. Yet, they use an 

annual resolution for their calculations and thus neglect hourly imbalances and resulting storage and 

balancing requirements. 

Heide et al. [169] calculate theoretically ideal combinations of PV and wind for a 100%-RE-scenario in 

Europe. Using an optimization they also quantify the necessary backup storage capacity. In a further 

paper of these authors, this concept is extended to hourly balancing power and annual balancing energy 

required depending on the share of wind and PV built in Europe [170]. 

While these studies model potentials of RE with high spatial resolution and for a large territory (e.g., the 

whole of Europe) and although some of the papers calculate RE output with a higher temporal resolution 

(e.g., hourly), most studies in this research field are more interested in the spatial component of RE 

generation and thus use mostly annual values. 

To improve the quality of models used for energy scenarios, some studies combine both types of mod-

els, GIS-based RE potential calculation and scenario-specific capacity expansion (e.g. Refs. [14,83]). Com-

bining both research fields enabled the improvement of the quality of energy scenarios substantially. 

Nevertheless, the importance of spatial information is still mainly accounted for on the supply side. 

4.2.3 High-resolution spatial and temporal electricity demand mod-

eling 

The literature on high-resolution spatial and temporal modeling of electricity demand is limited. This 

could be due to the fact that many research projects focus on aspects on the supply side, such as de-

carbonization pathways (e.g. Ref. [171]) or market design (e.g. Ref. [172]) whereas hourly demand is 

merely scaled according to national annual demand, leaving the load curve’s hourly structure un-

changed. However, there are some references, e.g. Ref. [14], or [83], in which hourly demand modeling 

serves as input for supply side energy system models. 

Some authors also focus entirely on the modeling of demand simulating individual drivers such as single 

consumers or future load peaks. Eggimann et al. [173] emphasize the need for modeling demand with 

a high temporal and spatial resolution in order to analyze the effects of decentralizing the energy system. 

For this reason, they develop a model with an hourly resolution, in which demand is calculated at the 

NUTS-3 level based on dwellings-models but also considering behavioral and efficiency changes. Similar 

to Ref. [159], the authors use a partial decomposition method to convert the annual demand to an hourly 

resolution. They, however, assume industrial demand to be entirely flat. DR is modeled with a simplified 

model, which flattens process-specific profiles. Only heat pumps are considered for DR. The model is 

applied in a case study for the UK in which demand for the year 2050 is analyzed and spatial patterns 

such as peak load reductions and increases in several regions are identified. 

Klingler et al. [174] analyze the development of load peaks in Germany for 2035 using an earlier version 

of the model we use in parts in this paper. Their objective is to project annual demand into the future. 

To do so they apply a bottom-up approach using macroeconomic and process-specific drivers. Klingler 

et al. focus particularly on the development of the total regional load [174]. The authors, however, ne-

glect the consideration of implications of the regional relationship between demand and supply and do 

not investigate possible effects of DR. 

Analyses using models with a high temporal and spatial resolution seem to face one dilemma: Due to 

the high level of detail of the input data, the analyses are data-intensive. The high level of detail would 
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allow for a profound analysis of regional developments. However, if a high number of regions is consid-

ered, regions are often aggregated to present them in a compact form, or the temporal resolution is 

reduced to derive overall results. 

4.2.4 Urban scale and building simulation models 

In urban and building scale models, spatial information is crucial in order to quantify the heating and 

electricity demand of buildings and districts (for example [175]), classify urban areas (e.g. Ref. [176]) or 

forecast spatially distributed demand (e.g. Ref. [177]). Temporal variations resulting from different build-

ing types, locations and use are often neglected, since empirical data is rarely accessible for the public 

[178]. Urban planning using spatio-temporal modeling has been applied by multiple scholars such as 

[179] or [178]. However, for this kind of analysis, researchers looked at a limited number of smaller areas 

instead of deriving findings for a large number of regions. 

4.2.5 Analysis of regional electricity systems and the necessity of a 

new approach 

To summarize, we identified four types of models, which analyze demand and supply with different foci. 

Table 4-1 gives an overview of all types as well as their benefits and drawbacks. 

Table 4-1: Relevant literature strands in the framework of regional electricity modeling and correspond-

ing benefits and drawbacks. 

Type Description Strengths and weaknesses Examples 

Energy system or 

electricity market 

models focusing 

on RE and/or DR 

 Optimization and simulation 

models 

 Market zones 

 Mostly look at future security of 

supply, capacity expansion, elec-

tricity costs, emissions 

 High temporal but low spatial 

resolution  

 Neglects spatial component of 

demand and supply 

 Low detail in RE and demand 

modeling 

[23,83,115,14

8,163,180,181

] 

GIS-based RE  

potential models 

 Approaches mostly use land-use 

datasets to identify spatial pat-

terns  

 Calculate the surface available 

for RE and corresponding po-

tential  

 High temporal and regional 

resolution 

 Focus exclusively on supply 

[14,70,169,17

0,182,183] 

Demand or DR 

simulation mod-

els  

 Simulation of individual demand 

drivers such as single consumers  

 Future load peaks 

 Input for supply-side energy 

system models 

 Partly high temporal and spa-

tial resolution 

 Focus exclusively on demand 

[159,173,174] 

Urban expansion 

planning models 

 High technological, spatial or 

temporal scale or a combination 

of all 

 Urban scale or below 

 High regional and temporal 

resolution 

 Detailed modeling of supply 

and demand 

[175–

177,179,184,1

85] 
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 Multiple techniques applied (op-

timization, simulation, cluster 

analysis, regression) 

 Only practical for smaller re-

gions 

 

Urban expansion-planning models focusing on smaller regions are the only type of model identified that 

features a high temporal and regional resolution. However, models with such a high level of detail are 

very data-intensive when being used for larger entities such as whole countries or many different re-

gions. Some of the presented electricity system models used for the presented studies could potentially 

be capable of addressing questions within a regional context. Despite this, since electricity markets are 

considered as "copper plates" - at least in Europe, they lay focus on modeling national or even conti-

nental systems. 

Literature looking at the design of decentralized electricity systems exists. However, it faces a dilemma 

similar to the papers presented in Section 4.2.3: In order to derive generalizable findings, many regions 

(i.e., many decentralized systems) have to be analyzed simultaneously, this, however, makes the analysis 

itself very expansive. 

Some authors address this with case studies: One or a limited number of regions is assessed in much 

detail, e.g., by looking at the success of individual community energy systems (for example [53] for a 

region in Austria or [54] in Finland) or regional energy markets (e.g. Ref. [186]). This approach is very 

detailed. However, it is hardly transferrable to analyzing multiple regions at the same time: On the one 

hand, case studies are site-specific and thus often use site-specific indicators. On the other hand, the 

effort put into calculating individual indicators for a certain region is often substantial, so that this cannot 

be repeated for other regions. As a consequence, scholars examining multiple regions at once are com-

pelled to refer to abstract, simplified indicators and thus face the risk of losing relevant information. 

An alternative approach is to develop regional typologies to reduce the amount of data needed for a 

simultaneous multi-region analysis: Killinger et al. [71] select four sample regions for closer analysis 

(without providing reasons for the choice). For these regions, they optimize RE supply based on the 

available RE potential and statistical values for different demand sectors. Scaramuzzino et al. [68] use RE 

potential as well as economic, sociodemographic and geographic indicators to derive spatial patterns 

with regard to RE. Based on indicators with an annual resolution, Weinand et al. [69] develop a typology 

on the municipal level. They use predominantly generic socio-economic indicators (e.g., “population 

development”, “living space per person”, “number of cars per 1000 inhabitants”) in order to derive esti-

mations for the municipalities’ readiness to become autonomous in terms of energy use. 

Scaramuzzino et al. and Weinand et al. have in common that they address the dilemma described in 

terms of the large quantity of results by clustering the regions considered. Both draw conclusions for 

the clusters in total, whereas conclusions considering a high temporal resolution, e.g., with regard to the 

hourly fit of demand and supply, are not derived. The lack of specific consideration of the regional char-

acteristics of demand are a common thread of these studies. Either demand is not modeled at all (e.g. 

Ref. [68]). Or the simplified models using either standardized sectoral profiles [71] or annual indicators 

only [69], do not sufficiently take into account the high heterogeneity of regional demand, demonstrated 

by specialized demand models (such as [173] or [174]). 

Overall, as the energy transition progresses some scholars have recognized the importance of regional 

aspects of the electricity system in recent years. However, to derive generalizable patterns for decentral-

ized systems in terms of integration of RE, flexibility or regional electricity transfer requirements, we see 
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the need to look at the regional component of electricity – both supply but also demand - in a holistic 

way. To focus not only on single aspects but at decentralized electricity systems as a whole, we consider 

it essential to model electricity demand, demand-side flexibility and RE generation on a regional scale 

and also with high temporal resolution. However, none of the presented models fully meet our require-

ments. We, therefore, consider it necessary to develop an approach, which combines some of the meth-

ods described in our review: We project electricity demand bottom-up into the future (similar to Ref. 

[187] and use a partial decomposition approach to integrate structural differences into the regional 

modeling of hourly load curves. Flexible behavior of demand is modeled using an optimization embed-

ded in the demand simulation. RE supply is modeled using established open source tools. In order to 

maintain a high degree of detail during the analysis of results while looking at multiple regions at once, 

we use a cluster analysis, in which the hourly load curves are converted to suitable indicators. These in 

turn are applied to investigate the regional fit of demand and supply. This cluster analysis also enhances 

the generalizability of our findings. Since evaluating the ability of DR to improve this fit necessitates to 

assess specific regional load situations in detail, we identify and examine a sample region for each clus-

ter. 

To perform the clustering of German regions according to hourly demand and supply patterns, we pro-

duce a regional electricity demand dataset, which can be used for further analysis of regional electricity 

systems and which is thus made available to other researchers as well. 

4.3 Methodology 

The objective of this paper is to analyze the hourly fit of demand and supply of the German NUTS-3 

regions for the year 2030. We also look at the impact of DR on the regional level. To achieve this, demand 

and supply are modeled with hourly NUTS-3 resolution and projected to 2030. Subsequently, DR is 

simulated, and regions are classified using a cluster analysis. 

4.3.1 Modeling regional electricity demand with hourly resolution 

Regional load curves are modeled using the model eLOAD (“electricity LOad curve ADjustment” [77]. It 

calculates the long-term projection of hourly electricity demand for the future, integrating structural 

load changes caused by technological and social drivers. It consists of three modules: regionalization, 

demand projection and DR. In the following section we present the three modules in detail. 

Since historic data for the total hourly demand is not publicly available on a regional level, we calculate 

regional demand with hourly resolution for our base year 2015 using a regional partial decomposition 

approach. Subsequently, we project the regional load curve to 2030 in order to estimate future regional 

flexibility requirements. The idea of this partial decomposition approach is to identify processes and 

appliances with a high impact on the structure of load. The approach consists of four steps: 

1) We select industrial processes and applications from the residential and tertiary sector with a 

relevant impact on the hourly demand. Figure 4-1 shows the selected processes. Some fractions 

of the demand are also allocated to whole subsectors (such as the residential sector excluding 

several applications, which we look at separately). Subsequently, the total regional electricity 

demand (annual) is dis-aggregated into these processes for each region in Germany for 2015. 

To cover 100% of the total annual demand, we calculate the remaining gap, the “residual de-

mand” which is the difference be-tween the sum of the annual demand of all selected processes 
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and applications and the total annual demand. The “residual demand” contains processes from 

the tertiary sector and from non-energy-intensive industries. At this point, regional demand on 

an annual basis (only) is known for all processes and applications given in Figure 4-1. 

2) All of the selected processes and applications are mapped to hourly load profiles from the 

eLOAD load profile database. To obtain a profile for the “residual demand”, we decompose the 

German national historic system load from the year 2015 (available from Ref. [188]) by aggre-

gating the regional process-specific profiles (calculated in Step 1) to the respective national 

demand for each process. These curves are subtracted from the historic system load resulting 

in a curve for the residual demand. This curve’s shape is assumed for the residual demand for 

each region. The result of this step is shown in Figure 4-1, which shows the German system load 

curve for two days of the year 2015 decomposed into the processes selected in Step 1. 

 

Figure 4-1: System load of Germany (January 4th - 5th 2015) disaggregated to calculate the curve of the 

“residual demand”. 

3) The residual demand profile calculated in Step 2 is scaled in accordance with the annual residual 

demand per region to generate the residual demand at the regional level. 

4) Finally, to obtain the total hourly-resolved regional demand, we add up all processes and the 

residual demand profiles for each region. Figure 4-2 shows the average normalized daily load 

curve for each region for the year 2015. Applying this approach, regional characteristics of de-

mand, such as the dominance of certain processes in different regions, are reflected not only in 

the absolute level of demand but also in terms of the hourly profile. 
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Figure 4-2: Mean hourly electricity demand for all NUTS-3 regions in Germany for the year 2015 (nor-

malized by the average load per region).  

To project regional load to the year 2030 we use eLOAD’s projection module. In it, we once again de-

compose total electricity demand into relevant processes and applications.21 The load profiles of the 

identified processes are selected from eLOAD’s database and scaled according to the annual demand 

of the process in 2030 (for the underlying annual demand data, please refer to Section 4.3.5). We use 

temperature-specific profiles for heating and cooling, daylight-depending profiles for lighting and type-

day profiles for other consumers. For more information on the load projection we refer to Refs. [21,77]. 

The result is an hourly-resolved demand curve for each process and region. Subsequently, the hourly 

demand of each process is subtracted from the total hourly demand of a region and all hours of the year 

2015 (partial decomposition). The resulting remaining load curve and the process-specific load curves 

are then scaled according to the annual process-specific demand in 2030 and reassembled to obtain the 

total load per region for 2030. The advantage of this approach is that the structural transformation of 

the load curve resulting from technological or societal changes and other drivers is taken into consider-

ation. 

4.3.2 Spatial distribution and generation of RE 

The two most important RE technologies in Germany, PV and wind power, are weather-dependent. As 

both solar radiation and wind speed differ greatly throughout Germany, we use region-specific profiles 

for each NUTS-3 region and RE technology to analyze the regional situation in terms of electricity supply 

and demand adequately. Since offshore wind parks are connected to the highest voltage grid, which is 

designed to cover long distances and thus skip entire regions, we neglect this technology for our anal-

ysis. We calculate the distribution of RE generation by pursuing the following approach: 

1) Determining the technology-specific capacity of the base year (2015) per region: We aggregate 

the installed capacity per technology and region from a database issued by “Open Power System 

Data”, which provides RE plants from different registries [96]. 

2) Projection of RE capacity to the year 2030: We use capacity expansion targets from the German 

“Grid Development Plan 2019” (scenario “B”) [189] to calculate technology-specific RES capacity 

for 2030. 

                                                                                                                                                                      
21 Relevant in this context means that the processes’ profile is characteristic and thus has an impact on the total 

load profile of a whole region, if its demand share in this region is significant. 
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3) Generating technology-specific electricity generation profiles: At this point, we mapped all RE 

plants installed in Germany to a region and projected the installed capacity to 2030 (framework 

data concerning RE are given in Section 4.3.5.3). For the calculation of location-specific supply 

profiles, we use “Renewables.ninja” (provided by Ref. [190] and described in Refs. [67,183]). It 

considers regional weather characteristics for PV and onshore wind based on the year 2015. To 

obtain one generation profile per region and technology, we allocate the total technology-spe-

cific capacity per region to each region’s capacity-weighted centroid and use “Renewables.ninja” 

to calculate an hourly profile for the centroids’ location. 

4.3.3 Simulation of DR 

DR is modeled within the load projection module of eLOAD. To simulate implications of load shifting on 

the regional load curves, we define a mixed-integer linear optimization problem applied for each region. 

Flexible processes and applications (A) receive the regional residual load as a DR signal. Consequently, 

demand is allocated in a cost-efficient way. We use the regional residual load (regional load minus re-

gional generation from RE) as a proxy for price and as a signal for load shifting within each region, since 

we want to evaluate to what extent DR can balance a regional mismatch of demand and supply. This 

leads to a residual load smoothing effect. 

eLOAD’s DR modeling approach has been presented in multiple studies such as [145] (focus on EVs) and 

[27] (focus on heat pumps) with a national resolution. However, as it has never before used on a regional 

level, in the following we present a formal description of the mixed-integer linear optimization problem. 

In the objective function, the flexible load of an application/process is allocated in a cost-minimal way 

according to a DR signal, which is interpreted as a price for electricity: 

𝑀𝑖𝑛 ∑ ∑ 𝑃𝑙𝑠,𝑖𝑗
𝑎 ∙ (𝑝𝑗

ℎ𝑚𝑎𝑥

𝑗=ℎ𝑚𝑖𝑛 

ℎ𝑚𝑎𝑥

𝑖=ℎ𝑚𝑖𝑛

− 𝑝𝑖)   , ∀ 𝑎 ∈ 𝐴 (4-1) 

Therein, 𝑃𝑙𝑠,𝑖𝑗
𝑎 , is the load of application/process 𝑎 shifted from hour 𝑖 to hour 𝑗 and 𝑝𝑖  𝑎𝑛𝑑 𝑝𝑗 are the DR 

price signals of the respective hour, with 𝑖 ≠ 𝑗 and 𝑖, 𝑗 є [ℎ𝑚𝑖𝑛;  ℎ𝑚𝑎𝑥]. For example, in the case of EVs and 

other residential applications, we assume that the length of an optimization interval is 24 hours, i.e., 

loads cannot be shifted from one day to the next. This means that we have 365 optimization intervals of 

24 hours22.  

The ability of a process to adjust its load is restricted by the minimal and maximal load 𝑃 𝑚𝑖𝑛
𝑎  and 𝑃𝑚𝑎𝑥

𝑎 : 

𝑃𝑚𝑖𝑛
𝑎 ≤ 𝑃𝑖

𝑎 −  ∑ 𝑃𝑙𝑠,𝑖,𝑗 
𝑎 + 

ℎ𝑚𝑎𝑥

𝑖=ℎ𝑚𝑖𝑛

∑ 𝑃𝑙𝑠,𝑗,𝑖 
𝑎

ℎ𝑚𝑎𝑥

𝑖=ℎ𝑚𝑖𝑛

 ≤  𝑃𝑚𝑎𝑥
𝑎   , ∀ 𝑎 ∈ 𝐴 (4-2) 

with the original load of application/process 𝑎 in hour 𝑖, 𝑃𝑖
𝑎 , the load shifted from hour 𝑖 to 𝑗, 𝑃𝑙𝑠,𝑗,𝑖

𝑎 , and 

the load shifted to hour 𝑖, 𝑃𝑙𝑠,𝑗,𝑖
𝑎 . Additionally, in the case of EVs and heat pumps, the load shifting ability 

is restricted by the storage capacity. For private and commercial EVs, the storage constraints take into 

consideration that the storage is mobile, and its availability depends on the location of a vehicle. We 

assume that charging and, thus, shifting of load is only possible at home and at work, when a vehicle is 

parked. Therefore, we define storage constraints for three groups of vehicles (connected, mobile and 

disconnected), considering the total storage capacity of a vehicle and the time-dependent vehicle share 

                                                                                                                                                                      
22 For day 1, this means ℎ𝑚𝑖𝑛 = 1; ℎ𝑚𝑎𝑥 = 24 and so forth. 
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of each vehicle group. In our model charging of individual vehicles is restricted to 3.7 kW. Both battery 

electric vehicles and plug-in electric vehicles are assumed to be suitable for DR. On average we assume 

that 15 kWh of the storage capacity are available for DR. For a detailed formulation of the constraints 

for EVs we refer to [145]. 

4.3.4 Regional clustering 

We group regions with regard to demand and generation parameters. We apply a k-means-clustering 

algorithm to define suitable groups. This algorithm is classified as a divisive clustering process using 

minimal distances between objects (i.e., regions) as main element of the clustering [191]. Cluster analysis 

has been used in multiple cases to derive typologies for regions (see Section 4.1), but is also used for 

other purposes in energy system research, e.g., for categorizing time slices in order to minimize compu-

tation efforts [192]. 

We assign all regions 𝑟 ∈ 𝑅 into k clusters 𝑆 = {𝑆1, 𝑆2 … 𝑆𝑘}. To do so we define observations xr which are 

vectors consisting of the indicators explained in this section. The clustering algorithm minimizes the 

variance within a cluster 𝑆𝑖 calculating the Euclidean distance between each cluster’s centroid 𝜇𝑖 and the 

observations 𝑥𝑟 : 

arg min
𝑆

 ∑

𝑘

𝑖=1

∑ ‖𝑥𝑟  −  𝜇𝑖‖
2   ∀ 𝑟 

𝑥𝑟 𝜖 𝑆𝑖

 (4-3) 

To address our research questions, we require indicators both on an hourly and an annual basis for the 

cluster analysis. Therefore, we derive these indicators from the hourly modeling output of the model 

described above. 

For the first indicator, the Stored Energy Ratio, all hourly residual load values are added up, so that surplus 

and deficit regions are identified23.The value is set in relation to the added up load and RE generation, 

for a better comparability of regions (all ratios are in a range between 1 and -1). It is defined in Equation 

(4-4). 

𝑆𝑡𝑜𝑟𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑎𝑡𝑖𝑜𝑟 =
∑ 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑ℎ,𝑟

8760
ℎ=1

∑ (𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑ℎ,𝑟+𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛ℎ,𝑟)8760
ℎ=1

   ∀ 𝑟 ∈  𝑅 (4-4) 

The second indicator, Mismatch Energy Ratio, presents a means of evaluating the hourly fit of demand 

and supply in a region by adding up the absolute values of the regional residual load for each hour of 

the year. It ranges between 0 (high fit between demand and supply in all hours) and +1 (low fit), see 

Equation (4-5). 

𝑀𝑖𝑠𝑚𝑎𝑡𝑐ℎ 𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑎𝑡𝑖𝑜𝑟 =
∑ | 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑ℎ,𝑟|8760

ℎ=1

∑ (𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑ℎ,𝑟+𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛ℎ,𝑟)8760
ℎ=1

   ∀ 𝑟 ∈  𝑅 (4-5) 

This indicator also makes it possible to analyze the effects of the simulation of DR by comparing the 

Mismatch Energy Ratio before and after DR. 

Another important aspect in assessing the regional fit of demand and supply is the maximum amount 

of power, which is needed to balance a region’s demand and supply on an hourly basis. To account for 

this component of the regional fit, we use the Positive and Negative Imbalance Ratio (see Equations (4-6) 

and (4-7)). Taken together, Positive and Negative Imbalance Ratio quantify the amount of maximum 

                                                                                                                                                                      
23This part of the indicator was introduced by Ref. [169] as “Stored Energy”. 
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power needed in both the positive (RE deficit) and negative (RE surplus) direction. Comparing the Im-

balance Ratios before and after DR, we are able to quantify how DR reduces balancing needs in both 

directions. 

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐼𝑚𝑏𝑎𝑙𝑎𝑛𝑐𝑒 𝑅𝑎𝑡𝑖𝑜𝑟 =
𝑚𝑎𝑥
ℎ∈𝐻

(𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑ℎ,𝑟)

∑ ( 𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑ℎ,𝑟 + 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛ℎ,𝑟)8760
ℎ=1

   ∀ 𝑟 ∈  𝑅 (4-6) 

𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝐼𝑚𝑏𝑎𝑙𝑎𝑛𝑐𝑒 𝑅𝑎𝑡𝑖𝑜𝑟 =
𝑚𝑖𝑛
ℎ∈𝐻

(𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑ℎ,𝑟)

∑ (𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑ℎ,𝑟 + 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛ℎ,𝑟)8760
ℎ=1

  ∀ 𝑟 ∈  𝑅 (4-7) 

Another important factor on which the regional fit depends is the load dispersion. We know from pre-

ceding analyses and various sources, such as [159,174], that the diversity of electricity consumers affects 

the structure of hourly demand regionally and over time. This affects the fit of demand and supply as 

well. To take the structure of load into consideration, we add the Coefficient of Variation of Regional Load 

(Equation (4-8)) to the indicators used for the analysis. It measures the dispersion of a distribution. 

𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝑒𝑔𝑖𝑜𝑛𝑎𝑙 𝐿𝑜𝑎𝑑𝑟 =
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑𝑟)

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑𝑟)
  ∀ 𝑟 ∈  𝑅 (4-8) 

Finally, the load and RE generation magnitude in relation to the population is taken as two further clus-

tering indicators (see Equations (4-9) and (4-10)). 

𝐷𝑒𝑚𝑎𝑛𝑑 𝑝𝑒𝑟 𝐶𝑎𝑝𝑖𝑡𝑎𝑟 =  
∑ 𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑ℎ,𝑟 

8760

ℎ=1

𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑟
  ∀ 𝑟 ∈  𝑅 (4-9) 

𝑅𝐸 𝑝𝑒𝑟 𝐶𝑎𝑝𝑖𝑡𝑎𝑟 =  
∑ 𝑅𝐸𝑆 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛ℎ,𝑟 

8760

ℎ=1

𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑟
  ∀ 𝑟 ∈  𝑅 (4-10) 

To ensure that all indicators are comparable, the indicator values x are standardized using a Z-transfor-

mation, with the arithmetic mean and the standard deviation of the indicators. 

4.3.5 Framework assumptions and input data 

4.3.5.1 Annual electricity demand 

We use a scenario from the model FORECAST (see Ref. [193]) to obtain data on the future development 

of annual final energy demand on NUTS-3 level. Also the electricity demand of EVs was computed with 

the diffusion model ALADIN [154] using a total cost of ownership approach. Overall, within the scenario 

a decrease of electricity demand in the residential, tertiary and industry sector is assumed due to effi-

ciency measures. This is, however, compensated for by additional electricity demand caused by sector 

coupling (see Table 4-2). As a result, the total electricity demand in Germany increases by 55 TWh from 

2015 to 2030. Due to heterogeneous demographic and technological developments, the regional distri-

bution of demand in Germany changes between 2015 and 2030: Rural areas will face decreasing popu-

lation numbers, while urban areas and cities, especially the suburban areas, are growing [194]. Therefore, 

in rural areas the demand for EVs and heat pumps is assumed to increase the overall electricity demand. 

In urban areas, the growing tertiary sector can change the flexibility potential of the demand. Moreover, 

the location of energy-intensive industrial sites has an important impact on the demand in a region. For 

more information on the methodological steps and the data used to compute the annual demand in 

FORECAST, please refer to Ref. [195]. 
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Table 4-2: Framework assumptions regarding total electricity demand and demand of important con-

sumers for the years 2015 and 2030. 

Technology 
Generation/Demand in TWh 

2015 2030 

Electricity demand total 523.4 578.0 

Electric vehicles total 0.2 22.3 

Electric vehicles (private) 0.0 15.4 

Heat pumps (residential + tertiary; space heating) 12.1 22.6 

Heat pumps (residential + tertiary; hot water) 1.1 2.2 

4.3.5.2 Demand response 

We consider processes and applications suitable for DR aggregated for each region. Furthermore, no 

load shedding is considered, since this would alter the quantity of annual electricity demand. Thus, only 

those processes applicable for load shifting are used. This excludes many industrial processes, such as 

the chlorine production or processes in the cement industry, which we assume to be only sheddable 

[21]. From the residential and tertiary sector we only simulate DR for appliances with a higher acceptance 

for DR. These are typically those which do not necessitate a user interaction, such as heat pumps or air-

conditioning, as well as, to some extent, smart appliances [25]. The processes considered for DR and the 

share of flexible capacity of their total capacity are listed in Table 4-3. 

Table 4-3: Processes and applications considered for DR and corresponding flexible demand share. 

Sector Name 

Share of 

flexible 

capacity 

Source 
Optimization 

interval 

Shifting 

duration 

Further re-

strictions 

Residential 

Air- 

conditioning 
9% [196] 24 h 2 h [20] 

Full load during 

day, limited load 

during night 

Refrigerators 50% [196] 24 h 2 h 
Full load available 

for shifting 

Heat pumps 

(space heating) 
22% 

Own 

assumption 
24 h 

Variable 

(depending 

on storage) 

Full load 

Tertiary 

Refrigeration 

(TE, total) 
23% [196] 24 h 

Variable 

(depending 

on cooling 

storage) 

Full load 

Ventilation and 

air-conditioning 
23% [196] 24 h 2h 

Full load during 

day, limited load 

during night 

Heat pumps 

(space heating) 
22% 

Own 

assumption 
24 h 

Variable 

(depending 

on storage) 

Full load 

Industry 

Mechanical 

pulp 
100% [20,197] 168 h 168 h Full load 

Electric arc fur-

nace 
50% [20] 168 h 168 h Full load 
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Others 

Electric vehicles 

(private) 
50% 

Own  

assumption 
24 h 

Variable 

(depending 

on storage) 

Max. storage and 

max. load con-

straints 

Electric vehicles 

(commercial) 
50% 

Own  

assumption 
24 h 

Variable 

(depending 

on storage) 

Max. storage and 

max. load con-

straints 

4.3.5.3 Regional RE generation 

Since there are hardly any political targets on the regional level, we use capacity expansion targets given 

at federal state level fixed in the German “Network Development Plan 2019” (scenario “B”24, see Table 

4-4) [189]. We further assume that regional distribution of RE capacity persists until 2030, i.e., regions 

with a high share of RE today will retain this share in the future. 

Table 4-4: Capacity and generation of RE aggregated to Germany for the years 2015 and 2030. 

 2015 2030 

 Capacity [MW] Generation [GWh] Capacity [MW] Generation [GWh] 

Wind onshore 40 985 100 748 81 500 287 931 

PV 38 974 47 840 91 500 111 669 

Others  

(bioenergy + hydro) 
8 752 49 020 8 752 52 043 

 

To generate PV profiles, we assume a system loss of 10%, an azimuth angle of 180◦, a tilt of 35◦ and no 

tracking. For onshore wind power profiles, we chose the type of wind turbine according to regional wind 

speed conditions (see Table 4-5). We use four German wind zones as an indication for wind speed in a 

region and select a turbine type accordingly. We assume an average hub height of 128 m; this corre-

sponds to the average hub height of wind turbines installed in 2017 [198]. 

Table 4-5: Turbines and turbine height used for the calculation of wind generation. 

Windzone Description Turbine Hub height Number of regions 

1 low wind speeds Nordex N131 3000 128 192 

2 inland Vestas V150 4000 128 185 

3 coastal Enercon E126 6500 128 16 

4 coastline Vestas V136 4000 128 9 

4.4 Results 

In this section, we first show the result of the hourly demand projection to the year 2030 with eLOAD for 

Germany. We then analyze the results of the German regions’ clustering in terms of their fit of demand 

and supply. Finally, we look at sample regions focusing on the impacts of DR. 

                                                                                                                                                                      
24 This scenario is moderately ambitious in terms of RE deployment and substitution of conventional power plants 

(see Ref. [189]). 
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Figure 4-3 shows the hourly average system load and residual load for all of Germany over the course 

of a day for 2015 and 2030. The curves are created by aggregating the regional loads and correspond 

to a national system/residual load projection. Due to efficiency gains, particularly for lighting, demand 

increases less during nighttime hours than in the daytime. Private and commercial EVs, which are mostly 

charged during the day, increase the system load in these hours. While the structure of the system load 

changes only slightly, residual load changes drastically. This is driven by the expansion of RE in the near 

future. As a consequence of this, we observe hours of low or negative average residual load at midday, 

mainly due to PV generation. 

 

Figure 4-3: German system load and residual load for the years 2015 and 2030 aggregated from the 

regional load and generation profiles. All are averaged over the course of a day.  

4.4.1 Clustering of the German regions 

4.4.1.1 Determination of the number of clusters 

In order to obtain the ideal number of clusters, we vary the expected number of clusters from the mini-

mum to the maximum possible (2–402 clusters). We use two scores to identify the optimal number of 

clusters, the Silhouette score and the Davies-Bouldin score [199,200]. The Davies-Bouldin score is lower 

the more homogeneous the clusters are, while the Silhouette score is higher for more stable clusters. 

The Davies-Bouldin score has low values between six and eight clusters and again from 80 clusters on-

wards (since clusters containing only a low number of objects naturally produce lower values), while the 

Silhouette score is lowest at five or six clusters and decreases from this point onwards. 

Besides optimizing the intracluster-homogeneity and the intercluster-heterogeneity, interpretability of 

the clusters remains an important aspect of our cluster analysis. Overall, for two, three, four and five 

clusters, the clustering is determined by the regions’ substantial differences in some indicators (such as 

whether the Stored Energy Ratio is positive or negative). However, some indicators’ overlap for the dif-

ferent clusters is still high, while for seven and eight clusters, new clusters are formed by dividing one 

cluster into two. Beyond eight clusters, the interpretability of the clusters decreases. Due to the good 

interpretability of a clustering using six clusters as well as the fact that this number of clusters has good 

results for both the Silhouette and the Davies-Bouldin score, we use six clusters for further analysis for 

the fit of demand and supply.  
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Figure 4-4: Clustering results for all German regions for six clusters as well as corresponding sample 

regions (in bold). 
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4.4.1.2 Cluster analysis for six clusters 

The map of the cluster analysis with six clusters is shown in Figure 4-4, also containing the sample regions 

(in bold). Figure 4-5 shows violin plots for all clusters and the indicators used for the cluster analysis. The 

height visualizes the spread of values; width shows the values concentration; lines in the violins show 

means and quantiles. 

 

Figure 4-5: Violin plots for all clusters and the indicators used throughout the cluster analysis. 

Cluster 1, heavily industrial, features a high Stored Energy Ratio and very steady load (low Coefficient 

of Variance of Demand, see Figure 4-5). None of the regions in this cluster have hours in which RE 

surpasses demand (Negative Imbalance Ratio). Driven by a high share of energy-intensive industrial 

processes (e.g., chemical, steel, aluminum), this cluster contains the regions with the highest average 

residual load (high Mismatch Energy Ratio) of all clusters and thus a high supply deficit. 

Cluster 2, rural and moderately industrial, is also characterized by a high and steady electricity demand, 

stemming particularly from high shares of industrial electricity demand from paper, cement and glass 

production as well as steel furnaces. However, the average Stored Energy Ratio of this cluster is consid-

erably lower than in Cluster 1, as generation from onshore wind and PV is much higher. A low average 



 

 

 

74 ASSESSING DEMAND FLEXIBILITY IN DECENTRALIZED ELECTRICITY SYSTEMS 

RESULTS 

Mismatch Energy Ratio indicates that the regions in this cluster are comparably well-balanced both on 

an annual and an annual basis. 

The rural Cluster 3 consists mainly of rural regions with low demand and low levels of wind power. This 

cluster’s most distinguishing factors are the low Stored Energy Ratio and Demand per Capita: Load and 

generation balance each other well - both hourly and over the course of a year. This leads to average 

residual load values and a Stored Energy Ratio ranging around zero for almost all cases as well as to the 

lowest Mismatch Energy Ratio of all clusters. Thus, we can conclude that the fit of demand and supply 

in this cluster is very good. 

The Clusters 1, 2 and 3 are characterized by distinct demand side features and a low to moderate gen-

eration from RE. Cluster 4 (“moderate wind”) is the opposite, as it contains many sparsely populated 

regions with high wind generation, resulting in negative average residual load, negative Stored Energy 

Ratios and, in most cases, RE generation surplus. 

Cluster 5 (“urban”) comprises all major cities and regions with a dense population. This is reflected in 

an extremely high Stored Energy Ratio combined with the lowest supply population ratio of all clusters. 

Due to the high population numbers, demand from all sectors is high, whereas due to the limited free 

space within the regions25, the only RE supply option is rooftop PV. In total, this cluster is characterized 

by a high electricity supply deficit. 

The small Cluster 6 (strong wind energy) has by far the highest wind supply compared to the regions’ 

population numbers, resulting in negative residual load most of the time and, consequently, very high 

Mismatch Energy Ratios. 

4.4.2 Analysis of sample regions 

To go into more detail in the analysis of the clusters and their DR potentials, we selected the six regions 

closest to each cluster’s centroid as sample regions. For their detailed analysis, we examined the total 

and residual load before and after DR as well as load changes due to DR in 2030 (Figure 4-7). Addition-

ally, Figure 4-6 shows how DR changes the standard deviation of the residual load for all regions in each 

cluster. 

                                                                                                                                                                      
25 Many “city” regions in Germany are surrounded by a single rural region counting, however, as a separate ad-

ministrative region. 
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Figure 4-6: Change of standard deviation of regional residual load due to DR in the six region clusters. 

Due to a strong chemical industry and the production of primary aluminum, Wesel (Cluster 1) is char-

acterized by a steady load. Therefore, the effect of RE on the residual load is negligible. The industrial 

processes in Wesel, like most of the industrial processes in this cluster, cannot be used for load shifting26, 

whereas other loads such as EVs do not have a large share. Thus, DR cannot remedy the mismatch of 

demand and supply and electricity imports are needed (reduction of peak load of only 0.9%). 

Prignitz (Cluster 6) has large open areas in windy locations and thus an extreme RE surplus. The average 

residual load still has a PV-induced valley around noon. Therefore, flexible load is incentivized to shift to 

these hours. Prignitz represents the cluster well, as the effect of DR is limited in the whole cluster: Since 

the residual load is always negative in the cluster, DR does not improve the Mismatch Energy Ratio and 

only reduces the standard deviation of load to a negligible extent (see Figure 4-6). 

Uelzen, like all regions within Cluster 4, features values for the Stored Energy Ratio and the Mismatch 

Energy Ratio lower than Prignitz but still high compared to the other clusters. Flexible processes are 

shifted towards the PV-induced residual load valley, although the average structure of the residual load 

is less accentuated by PV. For this reason, more load is shifted to nighttime hours (see Figure 4-7). The 

residual load of Uelzen takes on both positive and negative values. Thus, DR increases regional electricity 

use (reduction of the Mismatch Energy Ratio). Nevertheless, due to the RE surplus of the regions within 

the cluster, the average negative residual load peak is reduced only by 3%. 

Donau-Ries represents the rural-industrial Cluster 2. Like all other regions in this cluster, it has a high 

industrial demand (in this case from the cement industry). Therefore, the total load in Donau-Ries is 

flatter than in other non-industrial regions but still differs between weekends and weekdays, since the 

impact of non-industrial demand is higher than in heavily industrialized regions. Due to its location in 

the south of Germany it has a high generation from PV, which creates an incentive to shift demand away 

from evening and to midday hours (see Figure 4-7). Furthermore, since residual load varies around zero, 

the leverage of DR is large, leading to a reduced residual load dispersion and increased regional elec-

tricity use (reduction of the Mismatch Energy Ratio by 1.2% and of the standard deviation of the residual 

load by 4.5%). 

The rural region Bamberg has the lowest Mismatch Energy Ratio of all sample regions - as is the case 

for the whole Cluster 3. Since it has RE generation from both wind and PV, total demand (characterized 

by a low share of demand from the industry and the tertiary sector), sur-passes RE generation by only 

                                                                                                                                                                      
26 Load shedding, which might be applicable for some regions, is not considered here. 
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30%. Thus, the residual load ranges around zero. Since EVs and heat pumps represent the largest DR 

potential, the share of flexible demand in this cluster is comparably large. In Bamberg as well as the 

whole cluster, load is - in many situations - shifted away from hours with positive to hours with negative 

residual load. Consequently, the electricity mismatch over the year decreases more than in all other 

sample regions (reduction of Mismatch Energy Ratio by 1.9%). In this sense, DR is more effective here 

than in all other sample regions. This is also illustrated by the significant difference between residual 

load and total load before/after DR in Figure 4-7. 

Despite a high demand stemming from paper production, Esslingen (Cluster 5) is characterized mainly 

by its urban character, i.e., compared to its population, supply from RE is very low, whereas Esslingen’s 

residual load does, on average, not peak around noon. As a result, flexible demand is shifted to the 

morning, where residential and tertiary load is low. It is worth noting that due to the urban character of 

this whole cluster (i.e., high share of demand from the residential sector including flexible loads), the 

impact of DR on the flattening of residual load is substantial (see Figure 4-6). However, since the residual 

load is virtually always positive, DR can only slightly improve the fit of demand and supply in this cluster. 

  



 

 

ASSESSING DEMAND FLEXIBILITY IN DECENTRALIZED ELECTRICITY SYSTEMS 

PREPARED FOR REGIONAL SELF-SUPPLY? 

[ENERGY STRATEGY REVIEWS 2021] 

77  

 

Figure 4-7: Change of load of flexible processes due to DR (left axis) and residual load before and after 

DR (right axis) for all sample regions for 2030. 

4.5 Discussion 

While previous papers have already calculated DR potential (e.g. Ref. [22]), clustered regions (e. g. Ref. 

[68] or categorized regions to analyze their suitability for energy autonomy [69], our paper combines 

different approaches to go beyond the presented state of the art in order to provide an in-depth analysis 
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of the regional structure of the German demand and supply in 2030. Using the model framework pre-

sented in this paper, we quantify the annual balance (stored energy) and also the maximum hourly (mis-

)fit per region, both in terms of residual load peaks and RE-induced valleys. These findings can be used 

further to quantify what is necessary to maintain a constant equilibrium of demand and supply in a 

region, e.g., backup power provided by imports/exports, conventional plants or storage systems. Our 

analysis of the reduction of peak loads and valleys and the development of residual load dispersion after 

DR allows us to calculate if the necessary backup power can be reduced. Moreover, we are able to esti-

mate which kind of backup power is needed depending on the structure of residual load before/after 

DR. 

Another added value of our paper is that by calculating the Mismatch Energy Ratio, we created and 

applied an indicator to quantify the cumulative hourly mismatch of a region. With this indicator, we can 

now derive and measure whether DR in a region is effective in terms of the reduction of necessary import 

(and export) capacity of RE in the year 2030. This enables us to deduce, for example, how and where 

regional incentives for the promotion of DR should be given and where this is less useful. 

Still, there are certain limitations to our methodology. Trying to derive holistic findings for regional de-

mand and supply we developed a complex modeling framework. However, we also applied approxima-

tions in several steps: To model total regional demand, we aggregated process-specific demand on the 

regional level using historic load pro-files, type-day profiles and temperature-dependent standardized 

load profiles. However, e.g., on the residential level, specialized building-simulation models produce 

more accurate results. In a similar vein, in order to make use of hourly RE profiles we used an open 

source tool and only calculated profiles for the capacity-weighted centroids per region and technology. 

These centroids are based on historic plant locations. Calculating RE expansion endogenously using e.g., 

a cost-minimization approach could produce more accurate generation profiles, which could then be 

aggregated to region-specific profiles. This method has been applied by other authors (e.g. Refs. 

[83,183]). However, while the historic RE expansion already shows that renewable plants are not always 

installed in cost-optimal locations, in this paper, RE generation is only one aspect important for our 

approach. We, therefore, decided to use a simplified approach and rely on open source tools in this 

regard. 

Moreover, we have demonstrated and quantified the existing DR potential in the German regions. How-

ever, as Müller and Möst [23] report, theoretical DR potentials should not be assumed as reliable sources 

of flexibility at all times. In fact, studies identified multiple barriers to the implementation of DR pro-

grams, for example techno-logical (e.g., metering, computing), social (e.g., behavioral aspects like inertia) 

or economic (missing benefits or access) [26,28]. Since these barriers can hinder the availability of flexible 

demand, including the effects of barriers (but also enablers) of DR into the analysis performed in this 

paper would provide an added value. 

Furthermore, more sources of flexibility exist than were considered in our analysis. Some of them, e.g., 

residential battery storage systems, can have a vast impact on the hourly demand on regional level. 

Others, such as the vehicle-to-grid concept, which can increase the leverage of DR of EVs [41], might 

have significant effects in the future as well. For this reason, future research should include further rele-

vant and regionally available sources of flexibility. In this respect, the geographical and the voltage level 

at which flexibility is used should be discussed as well. Assuming that demand is optimized at the re-

gional level, we produced results which can be seen as optimal on the regional level and under the 

technical restrictions we obeyed. Nonetheless, in reality, flexible sources are likely to be operated in a 

way that maximizes the utility of its owner (e.g., the owner of an EV). This could also mean that flexibility 
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participates in a central spot market or is optimized in order to reduce costs for grid charges. Future 

analysis should also address this aspect, since it is likely to affect the effectiveness of DR substantially. 

The decentralization of electricity systems is a global phenomenon. For this reason, the availability of 

highly resolved regionalized data is relevant beyond Germany, on which we focused in our paper. Our 

results reveal that the regional structure of electricity demand and supply is highly heterogeneous. Thus, 

the results presented here cannot directly be transferred to other countries. Nevertheless, by categoriz-

ing the regions examined in this paper, we created six clusters of regions. For each of the clusters, we 

were able to derive separate generalizable drivers and insights. Since these already represent findings 

that apply to a larger number of regions in an abstract form, we believe that they can also be transferred 

to regions outside Germany. On the other hand, given that data on regional level is available, our meth-

odological approach is suitable for application in other countries and regions without adaptation. 

4.6 Conclusion 

Innovative concepts in the framework of decentralized electricity systems are increasingly discussed 

worldwide. To design and evaluate their impact on the regional superordinate electricity system, 

knowledge and data with high spatial and temporal resolution are critical. While many studies have 

addressed this for the renewable electricity (RE) potential, i.e., the supply side, a complementary analysis 

of electricity demand was missing. With our paper we close this gap by providing a novel approach for 

the regionalization of hourly-resolved (future) regional demand, demand response (DR) potentials and 

the evaluation of the regional electricity fit: We presented a model framework, in which the hourly elec-

tricity demand in the year 2030 is modeled on NUTS-3 level for Germany. Additionally, we modeled DR 

of flexible consumers on the regional scale and developed indicators to measure the regional balance 

of demand and supply and the effectiveness of DR to improve the regional electricity balance. 

Our results, which are also provided to other researchers as an open dataset, confirm that the regional 

fit of electricity demand and renew-able supply is heterogeneous and depends to a vast extent on re-

gional conditions. We also showed that there is a difference between the clusters in terms of the impact 

of DR in the regions. These findings underline that providing a sound hourly data foundation both for 

the demand and the supply side is important for the analysis and design of further decentralization 

approaches. 

The regions with a noticeable misfit are on the one hand those with a high supply surplus - due to both 

low demand and high wind generation. Industrial regions, on the other hand, face the opposite problem 

of having high demand and insufficient RE, while urban regions often have a limited surface and thus 

limited RE generation. Therefore, both surplus and deficit clusters depend on having the possibility of 

exporting and importing electricity at all times. 

Many surplus regions can already claim electricity self-sufficiency in 2030. However, deficit regions will 

depend on considerable energy imports. For this reason, regions able to produce a surplus will be 

needed to balance this deficit. In this context, further work should address the question to what extent 

a misfit in a region could be compensated by its direct neighbors, since this could limit the needed 

transmission capacity. Furthermore, our results show that particularly in windy (and sparsely populated) 

or industrialized regions, where the leverage of flexible end uses such as electric vehicles or heat pumps 

is limited, the impact of DR is low. In urban regions the leverage of flexible end uses is higher, reducing 

the dispersion of load substantially. However, since the supply deficit in these regions is still substantial 
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during most hours, the effectiveness of DR is low, as DR does not increase the regionally consumed 

share of electricity. 

In urban regions and regions with medium-sized cities or those with smaller energy-intensive industries 

(regions characterized by industrial demand but not entirely dominated by it due to there also being 

demand from the residential sector and relevant PV generation), the regional fit is better. Since these 

regions will face both hours of negative and positive residual load in the near future, DR can be used 

very effectively to shift load between negative and positive hours. This reduces the mismatch even fur-

ther. Therefore, regions with this characteristic could be candidates to examine more closely the applica-

bility of further, more advanced aspects of decentralized energy systems, such as prosumer- driven mar-

kets or other regional coordination mechanisms. 
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5 Towards improved prosumer participation: electricity trad-

ing in local markets 
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Local energy markets are a promising way to involve prosumers in the electricity system and activate 

demand-side flexibility. In this paper, we develop a modeling framework consisting of an optimization 

for prosumer home energy management systems embedded in a local energy market simulation. To 

enable an integrated assessment, the local market is linked to a central spot market. For each prosumer, 

we consider the individual flexibility potential, home storage systems, and demand response of electric 

vehicles. Using this model, we analyze the costs and benefits of a local market for prosumers in an energy 

system with a high share of renewable energy. We compare the systemic effects and the potential eco-

nomic benefits of this local market for prosumers to pure self-consumption and prosumer participation 

in a central spot market. Applying our model to a case study of 480 prosumers, we show that a system 

including a local market is beneficial compared to self-consumption from a systemic perspective. How-

ever, allowing prosumers to participate directly in a central spot market is more profitable and facilitates 

the system integration of renewables. 
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5.1 Introduction 

As electricity generation shifts towards volatile renewable electricity (RE) over the course of ongoing 

energy transitions in many regions, there is a growing need for flexibility. Increasing intermittent gener-

ation from renewable electricity leads to power imbalances and bi-directional power flows at lower grid 

levels [29,33]. Balancing electricity locally is one way to provide the system with cost-effective flexibility 

[1]. Structural changes on the supply side coincide with the emergence of prosumers, i.e., small consum-

ers who are also producers of electricity or providers of flexibility and able to modify their consumption 

patterns accordingly [29]. Beyond the systemic need for flexibility, studies have also shown that electricity 

consumers have a growing interest in local electricity products [201] and in participating actively in the 

electricity system [29]. Commercializing RE in a local trading framework could be one option to accom-

modate these interests [29]. According to Mengelkamp et al. [202], local energy trading, i.e., market-

based electricity trading between local producers and consumers, could incentivize the flexible behavior 

of demand-side participants through marketbased price signals. Additionally, local energy markets could 

provide low market access barriers, therefore, reducing barriers to the energy system in general [26] and, 

helping to balance supply and demand locally [203]. 

5.1.1 Literature review 

Recently, a multitude of different approaches to locally organized or decentralized electricity systems 

have emerged, such as microgrids or community energy systems. While microgrids were previously used 

in islanded or remote areas, in which both power generation units and the corresponding grid had to 

be constructed [51], they are now increasingly being applied in regions with a functioning energy system 

already in place [10]. In both cases, the focus is on the technical feasibility of a decentralized solution. 

Community energy systems, on the other hand, concentrate on local social benefits like local value-

added, increased energy autonomy, and positive economic effects and, thus, focus particularly on in-

vestments in the expansion of RE [53,57,59]. In recent years, various decentrally-organized concepts have 

shifted their focus towards market-based commercialization of regionally available electricity and flexi-

bility resources. Local energy trading is conceptualized via a shared platform (local electricity/en-

ergy/flexibility/community market) or in a decentralized way, i.e., prosumers trade directly with each 

other in so-called peer-to-peer (P2P) trading [34]. Consequently, researchers have also developed and 

used different modeling approaches:  

Zepter et al. [204] proposed a community market model that allows the integration of a prosumer com-

munity into existing spot markets using data from ten residential buildings in London. While the prosum-

ers have individual loads and assets, the objective of the community model is to minimize the commu-

nity's cost of procuring power from the wholesale market. The authors focused on the flexibility provided 

by a battery storage and did not consider demand-side flexibility. The authors found that active P2P 

trading and the use of flexibility were beneficial for both consumers and prosumers.  

Neves et al. [205] also modeled P2P trading using an optimization model. The authors compared P2P 

trading to a case with a retail electricity price (status quo) and another case with access to the central 

spot market. They found that both cases with active market participation were more attractive than the 

status quo, although the P2P trading scheme was slightly more profitable.  

Hashemipour et al. [206] combined an optimization model with a clustering algorithm to minimize the 

prosumers' costs but also optimized the number of clusters for a P2P trading scheme within a local 
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market area. The model searched for a globally optimal solution considering flexibility from battery stor-

age and electric vehicles. According to the authors, the solution with one local market and one with 

multiple P2P clusters of prosumers within the local market both reduced the costs for prosumers.  

To model energy trading within a community, Paudel et al. [207] used a non-cooperative game-theoretic 

model (consisting of five prosumers). As their focus was on the interactions between prosumers that sell 

or buy electricity from each other, the prosumers’ flexibility was modeled merely as a flexible fraction of 

the demand profile. In their case study, prosumers did not have access to the superordinate electricity 

market, therefore, static prices were used for buying and selling electricity. Game-theoretic models were 

also used by Bhatti and Broadwater [208] to demonstrate the trading resulting from a non-cooperative 

game between six residential prosumers and a utility, and by Han et al. [209] to build (cooperative) 

coalitions between ten prosumers. Cui et al. [210] used game theory and a non-cooperative approach 

to allow surplus electricity to be shared in a community of six buildings with flexible heating and cooling 

systems.  

The aspect of maximizing the profit of a community was also pursued by Lin et al. [211], who developed 

a local trading model for residential prosumers with a battery storage. The authors set up a mixed-

integer optimization that was solved using an algorithm they called “harmony search variable neighbor-

hood search” to reduce the electricity costs of all prosumers. In their concept, surplus electricity from 

the prosumers' PV units would be curtailed. Therefore, the authors also stated that overall energy con-

sumption would be reduced. Lin et al. reported that, although their model targeted the optimal energy 

flows from the community perspective, all participating prosumers profited financially from trading elec-

tricity locally. Moret and Pinson [212] introduced a similar optimization concept to maximize profits for 

a community of 15 prosumers. In their model, prosumers did not have a battery storage as was the case 

in Ref. [211], but adapted a flexible fraction of their load instead. Similar to Ref. [204], Moret and Pinson 

benchmarked the community trading against a real-time pricing scheme based on historical wholesale 

prices in Australia. Their results showed the benchmark case caused more than 320% higher total costs 

than community trading did. Another example of a community optimization model - this time based on 

wholesale prices and prosumer load profiles from Austria - was presented by Cosic et al. [213], who 

additionally integrated investments in battery storage into their model.  

While the work described so far used optimization or gametheoretic models, agent-based simulation 

models are also used to model price setting in market-based auctions or P2P trading. Example sinclude 

Mengelkamp et al., who looked at prosumers in local energy markets in the US (“Brooklyn Microgrid”) 

[214] and Germany [215], or Gazafroudi et al. [216], who analyzed a synthetic case study to simulate the 

interaction between prosumers and a distribution grid company.  

Irrespective of whether the aforementioned models implemented local trading as P2P [205–207,217] or 

a market platform [204,211–213], they share a common focus on the interaction of prosumers with each 

other. Additionally, the number of prosumers in a market was relatively low (<20). In contrast, Ottesen 

et al. [218] focused on an aggregator who clustered prosumers rather than on individual prosumers and, 

therefore, used a different approach: They examined 6800 prosumers, but aggregated them into one 

node with five flexibility resources controlled by an aggregator who procured power from the spot mar-

ket. Bidding on the spot market was modeled using a stochastic MILP model, which minimized the ag-

gregator's total costs by optimizing energy flows on the wholesale market. With their model, Ottesen et 

al. showed that those local aggregators who made active use of prosumers' flexibility reduced the 

prosumers' and the total system's costs. 
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5.1.2 Research gap and objective 

Based on our literature review, we identified two research gaps concerning important aspects of the 

modeling and valuation of local energy markets: (1) benchmarking local energy markets against other 

relevant concepts that activate prosumer flexibility, and (2) the interaction with the overarching electric-

ity system: 

Local markets aim to involve a greater number of players in the electricity system, not to replace the 

existing superordinate system. Therefore, the second aspect stated above, the interaction with the ex-

isting electricity system, is crucial in the context of implementing local markets (e.g. Ref. [34]). Despite 

this, the reviewed papers neither integrated such interaction in their models, nor did they model the 

superordinate market endogenously: Zepter et al. compared their local market trading scheme with dif-

ferent kinds of pricing schemes such as a feed-in tariff, or a real-time price and used a historical price 

time series for the UK [204] to implement access to the spot market. Ottesen et al. [218] used historical 

prices from the Nordpool market for a similar approach, as did Moret and Pinson with a historical time 

series from Australia [212], and Cosic et al. with price data from Austria [213]. Others (e.g. Refs. 

[207,210,219]) used static retail prices to model the consumption of electricity from the superordinate 

electricity system. These approaches are legitimate if the scope of a paper is to present the feasibility 

and to some extent also the financial benefits of a local market. However, the more the actual imple-

mentation of local markets for prosumers is discussed, the more relevant it is to investigate to what 

extent local energy markets contribute to systemic benefits, such as the integration of RE. To do so, 

however, it is necessary to represent not only the local market but also the superordinate system explic-

itly in an integrated model.  

With respect to the first research gap stated above, the benchmarking against other relevant concepts, 

our literature review showed that previous studies have evaluated local energy trading positively and 

demonstrated that it can benefit the participating prosumers, whether via a trading platform, an aggre-

gator, or P2P trading. From a system perspective, it has been claimed that local energy trading reduces 

GHG emissions [33] and price peaks on the wholesale market [34] and decreases voltage fluctuations 

[220] while increasing local grid utilization due to the active participation of prosumers with a certain 

degree of flexibility [34]. Conversely, according to Crespo Del Granado et al. [37], decentralized systems 

lead to a more expensive generation mix, require more flexibility resources than centrally organized 

systems, and, thus, will come with higher system costs. This contradiction is due to the fact that studies 

of local markets usually examine them in isolation or do not compare them to other promising concepts: 

Mengelkamp et al. compared two different local energy markets, a P2P market and an auction market 

[219]. Ref. [205] benchmarked P2P trading against a central trading scheme, which, however, did not 

allow consumers direct access to central trading, i.e., to purchase electricity at a realtime price. Refs. 

[34,211], and [208] compared their local market to a base case, in which electricity could be purchased 

from the grid at an RTP price. However, surplus from wind or PV generation cannot be sold back and 

would, therefore, be curtailed. In the case studies by Refs. [207,210], local trading was compared to a 

case with static electricity prices and very low prices for selling surplus electricity. Other means of man-

aging flexibility, such as self-consumption or involving prosumers directly in central electricity markets, 

are not considered within the models used to investigate local energy markets. However, involving 

prosumers in central electricity markets is seen, particularly from a systemic perspective, as an effective 

way of using prosumer flexibility (e.g. Refs. [22,23,87,221,222]), despite the economic and non-economic 

obstacles limiting the centralized use of DR (e.g. minimal capacity requirements, administrative barriers) 

[28]. A second alternative for prosumers is self-consumption, which is - in contrast to local energy trading 
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- already well established [97]. It offers prosumers financial benefits by reducing their costs for external 

electricity procurement [223,224].  

To sum up, in order to answer the question of whether the benefits of local trading are directly related 

to the local market or merely to the active participation of prosumers in the energy system, what is 

missing so far is a wider evaluation of local energy markets, which compares and benchmarks their 

benefits and drawbacks to other relevant concepts. 

Our paper contributes to closing both research gaps: 

 To benchmark local trading against other relevant concepts, we compared local trading with two 

other use cases, i.e., two alternativeways of using prosumer flexibility: self-consumption and the 

centralized use of flexibility and demand response (DR).  

 To be able to perform this comparison and to analyze the impacts of local trading on the superor-

dinate system, we created an integrated framework that models the interaction between the 

prosumer level, the local market level, and the central market. Prosumers optimize their assets in 

order to decrease their individual costs and are able to trade electricity on a local market, which in 

turn provides an interface to the central market. All these elements were modeled endogenously. In 

this way, we analyzed the benefits of local energy and flexibility trading from the prosumer perspec-

tive while also exploring the implications of this trading for the superordinate electricity system.  

 Finally, to examine the impacts of (in-)flexible behavior on the benefits and drawbacks of prosuming, 

we modeled four different types of prosumers - generators, prosumers with a storage unit, prosum-

ers with demand-side flexibility, and prosumers with a combination of both - all of them with indi-

vidual demand profiles. 

To obtain a consistent dataset in terms of prosumer demand and an underlying scenario for the central 

market, we assumed the prosumers are located in Germany. While we also modeled prosumers with a 

home energy storage, our particular focus is on the flexibility potential of electric vehicles (EVs), which 

are expected to provide a large DR potential in the future [225] and are distributed relatively evenly 

[226]. Within our paper, we answer the following research questions: 

 What are the systemic effects of local trading? To what extent is electricity traded locally? 

 What are the potential economic effects of local energy trading for prosumers? 

 Could local trading be a way to integrate RE and demand-side flexibility into the electricity system? 

This paper is structured as follows: Section 5.2 outlines the methodology used to model local prosumer 

trading. Section 5.3 describes the results, which are critically reflected in Section 5.4. We close with con-

cluding remarks and suggestions for future research directions. 

5.2 Methodology 

5.2.1 Model structure 

Our model integrates three levels of decision-making and market clearing. The first level refers to the 

prosumers’ operation. We assumed that prosumers act in their individual self-interest. The second level, 

a local market, offers an additional opportunity to commercialize electricity and flexibility. The third level 

is a central spot market. Figure 5-1 gives a schematic overview of the levels considered. 
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Figure 5-1: Overview of the local market simulation and its interaction with the central spot market and 

different types of prosumers. 

We compared three use cases of prosumer participation, which are outlined in Table 5-1. Use Case I 

represents the status quo, in which prosumers optimize their self-consumption. Prosumers, e.g., house-

holds with a PV storage system, utilize their generation unit or their available flexibility to increase self-

supply. Excess supply is sold to the grid at a fixed price. There is also a fixed price for purchasing elec-

tricity (see Section 5.2.5). Use Case II assumes the implementation of a local prosumer market as de-

scribed above. In Use Case III, prosumers have direct access to a central spot market. They are, therefore, 

able to buy and sell electricity at the hourly central market price.  

 

 

 

 

B
id

 P
ri

ce

LEVEL II - LOCAL MARKET 

(SIMULATION)

bids (EUR 

& MW)

market 

results

LEVEL I – PROSUMER 

(OPTIMIZATION)

regional 

balancing

spot 

price

PROSUMER (PV, EV)

PROSUMER (EV)

PROSUMER (PV + Storage, EV)

LEVEL III – CENTRAL SPOT MARKET 

(SIMULATION)

PROSUMER (PV + Storage)



 

 

ASSESSING DEMAND FLEXIBILITY IN DECENTRALIZED ELECTRICITY SYSTEMS 

TOWARDS IMPROVED PROSUMER PARTICIPATION: ELECTRICITY TRADING IN LOCAL MARKETS 

[ENERGY 2021]  

87  

Table 5-1: Summary of the three use cases for prosumer participation analyzed in this paper. 

Type I. Self-consumption  
II. Integrated local  

    prosumer market 
III. Central market  

Prosumer set-up  Self-consumption is pur-

sued 

 Selling excess electricity: 

market value of technology 

 Purchasing electricity: Static 

average spot market price 

 Multiple optimization pos-

sibilities (self-consump-

tion, selling to market, DR) 

 Real-time local price 

 Participation in central 

spot market 

 Real-time spot market 

price 

Spot market  

access 

No interaction Local market interacts with the 

central spot market 

Central market only 

 No active participation of 

prosumers, static tariff 

 Indirect spot market access 

for prosumers 

 Direct spot market access 

for prosumers 

 

A prosumer's trading process includes two steps, prosumer optimization and the bidding strategy, re-

sulting in local trading. Prosumer optimization (Section 5.2.2) considers each prosumer's individual tech-

nological configuration to optimize the prosumer's energy flows. To participate in the hourly local 

prosumer trading, a prosumer places bids on the local market depending on the hourly ratio of supply 

and demand of all prosumers (Section 5.2.3). The prosumers use the central market price as a range for 

minimum and maximum bids. We modeled prosumers using hourly household electricity demand pro-

files, EV driving, charging and availability profiles, and electricity supply profiles (see Section 5.2.5). 

5.2.2 Level I: Prosumer optimization   

While the local market is constructed as a simulation, we modeled the participating prosumers as indi-

vidual optimizations (embedded in the market simulation). As a consequence, the prosumers seek to 

minimize their individual costs (i.e., maximizing revenue streams). Prosumer behavior, reflected in a de-

mand and supply curve, depends on each prosumer's load profile and technical equipment. There is no 

central control of prosumers. 

We distinguished different market participants, i.e., types of prosumers. 

 Flexible generators: Residential prosumers with a generation unit, PV, and a flexibility option (bat-

tery storage, EV, or both) 

 Flexibility providers: Participants with a flexibility option but without electricity generation. In the 

framework of this paper, this is restricted to EVs (we assume that a home battery storage always 

comes with a PV unit) 

 Generators: Participants who only sell electricity. This is restricted to RE. 

 Non-flexible consumers: consumers without a generation or a flexibility option. 

Figure 5-2 shows a flexible generator with a PV unit and two flexibility options, a home storage unit, and 

an EV. Both are used to optimize the flexible generator's electricity procurement. The home storage can 

be used to sell electricity. EVs can offer DR, i.e., EV charging can be shifted away from the scheduled 

charging time to reduce charging costs. As all assets, i.e., the PV unit, the flexibility options, and the 

demand, are solved in one optimization problem (per prosumer), the energy flow to and from all assets 

is optimized simultaneously. 
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Figure 5-2: Energy flows for a flexible generator with a PV unit, a home storage system, and an EV 

allowing DR. 

In the following, we give a formal description of the prosumer model for a flexible generator, also refer-

ring to the different prosumers. We constructed this model as a mixed-integer linear optimization em-

bedded in the market simulation27. TableAnnex 4 lists all the parameters and variables used. The objec-

tive function is given in Equation (5-1), followed by the optimization model's constraints in Equations 

(5-2) - (5-12). Correct operation of the technical equipment is ensured by the constraints in Equations 

(5-2) to (5-5) for the EV and the constraints in Equations (5-6) to (5-9) for the home storage. Constraint 

(5-10) ensures that energy flows from the PV unit are feasible; Constraints (5-11) and (5-12) control the 

interaction between the different assets. 

The goal of each prosumer is to minimize the operational costs for electricity by optimally managing the 

appliances. Investments are not part of the model. Each prosumer 𝑘 ∈ 𝐾 has a total hourly (𝑡) demand 

 𝑃𝑡𝑜𝑡,𝑡
𝑘,𝑟𝑒𝑠

, in some cases demand for EV charging, 𝑃𝑡𝑜𝑡,𝑡
𝑘,𝐸𝑉

, and generation 𝑃𝑡
𝑘,𝑔𝑒𝑛

 - all of them split into several 

power flows explained in the following. The incentive for each prosumer to purchase 𝑝𝑡
𝑏𝑢𝑦𝑖𝑛𝑔

 or sell 

𝑝𝑡
𝑠𝑒𝑙𝑙𝑖𝑛𝑔

 electricity is given either hourly by the local market (Use Case II) and the central market (Use 

Case III), or is static, i.e., constant over all hours of the year (Use Case I). Considering this incentive, 

generation and flexibility are allocated with the following objective function that minimizes total cost:  

𝑚𝑖𝑛 𝐶𝑡𝑜𝑡
𝑘 = ∑ (𝑃𝑡

𝑘,𝑔𝑟𝑖𝑑→𝑒𝑣
+ 𝑃𝑡

𝑘,𝑔𝑟𝑖𝑑→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡
+  𝑃𝑡

𝑘,𝑔𝑟𝑖𝑑→𝑟𝑒𝑠
+ 𝑃𝑡

𝑔𝑟𝑖𝑑→𝑏𝑎𝑡
)

ℎ𝑚𝑎𝑥

𝑡=ℎ𝑚𝑖𝑛

∗ 𝑝𝑡
𝑏𝑢𝑦𝑖𝑛𝑔

− (𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑔𝑟𝑖𝑑

+ 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑔𝑟𝑖𝑑

) ∗ 𝑝𝑡
𝑠𝑒𝑙𝑙𝑖𝑛𝑔 

(5-1) 

The first part of the equation represents the demand from the grid to the EV to fulfill the planned charg-

ing demand 𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑒𝑣

 and unplanned charging 𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

 to cover the demand of the household 

𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑟𝑒𝑠

 and demand caused by charging the home storage from the grid 𝑃𝑡
𝑔𝑟𝑖𝑑→𝑏𝑎𝑡

. Profits can be 

made by selling electricity from the home storage 𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑔𝑟𝑖𝑑

 or from the generation unit 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑔𝑟𝑖𝑑

. In 

our model, we assumed only positive prices and no cap for grid demand or grid supply. Therefore, 

curtailment is not necessary. Self-consumption is possible not only for Use Case I but implicitly for all 

other use cases as well. This is, however, not explicitly described in the objective function, as it does not 

                                                                                                                                                                      
27The entire model including all the levels mentioned above was hard-linked and implemented in Python. We used 

the package Pyomo [227,228] and the commercial solver CPLEX [229] for the mixed-integer linear optimization 

for the prosumer cost minimization The computation time for one use case on an Intel Xeon simulation com-

puter with 32 cores and 384 GB RAM was approximately 8 hours. 

StoragePV

FLEXIBLE GENERATOR (PV + Storage, EV)

EV
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incur any costs. The model runs for one year. ℎ𝑚𝑖𝑛 and ℎ𝑚𝑎𝑥  mark the beginning and end of each opti-

mization interval. Our model sets the interval length to 24 hours, as residential and EV demand, as well 

as most (PV) generation units, follow a diurnal rhythm. We, thus, obtained 365 optimization blocks for a 

whole run.   

The DR functionality of EVs was modeled as follows: We divided the EV battery into two fractions, of 

which the larger is used exclusively to satisfy mobility needs, whereas the second fraction represents a 

virtual storage that can be utilized for load shifting. As a consequence, we distinguished charging ac-

cording to schedule (𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑒𝑣

, 𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑒𝑣

 , 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑒𝑣

), and employing load shifting (𝑃𝑡
𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡→ 𝑒𝑣

). The 

latter implies that the DR fraction of the battery was previously charged (𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

, 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

, 

 𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

).  

While scheduled charging as well as the amount of energy that has to be charged over the course of a 

day by each vehicle depends on the respective EV profile (see Section 5.2.5), unplanned charging is 

incentivized by the price signal. Both are constrained by the maximum charging power 𝑃𝑚𝑎𝑥
𝑘,𝑒𝑣

 and the 

availability of the EV at hour 𝑡, i.e., if the vehicle is not connected to the home charging point, charging 

and DR are not possible. This is denoted by the parameter 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,𝑡
𝑘  (0=disconnected, 1=connected) and 

defined exogenously as part of the EV profile.  

Overall, Equation (5-2) constrains the maximum charging power for each hour. We assumed that bidi-

rectional charging is not possible, so discharging only takes place exogenously while driving. 

𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

+ 𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑒𝑣

+ 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

+ 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑒𝑣

+ 𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 + 𝑃𝑡

𝑘,𝑏𝑎𝑡→𝑒𝑣

≤ 𝑃𝑚𝑎𝑥
𝑘,𝑒𝑣 ∗ 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,𝑡

𝑘 , ∀𝑡 ∈ [ℎ𝑚𝑖𝑛 , ℎ𝑚𝑎𝑥], 𝑣𝑠ℎ𝑐𝑜𝑛𝑛,𝑡
𝑘 ∈ {0,1} 

(5-2) 

The stored energy of the virtual DR fraction of the EV battery (in kWh) is defined in Equation (5-3). We 

assumed that it is half full at the beginning and end of each optimization interval (Equations (5-4)). As 

the transfer of electricity from the EV battery’s DR fraction to the mobility fraction is only virtual, it is, 

unlike all other battery-related flows, not subject to efficiency losses.  

𝐸𝑡
𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 = 𝐸𝑡−1

𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 + (𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

+  𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

+ 𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡)

∗ 𝜂𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡,𝑖𝑛  −  𝑃𝑡
𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡→ 𝑒𝑣 , ∀𝑡 ∈ [ℎ𝑚𝑖𝑛 + 1, ℎ𝑚𝑎𝑥] 

(5-3) 

𝐸𝑡=ℎ𝑚𝑖𝑛 
𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 = 𝐸𝑡=ℎ𝑚𝑎𝑥

𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 =
1

2
𝑆𝐹𝐿𝑚𝑎𝑥

𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡  (5-4) 

Finally, the storage size of the EV battery’s DR fraction 𝑆𝐹𝐿𝑚𝑎𝑥
𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

 is constrained by Equation (5-5). 

𝑆𝐹𝐿𝑚𝑖𝑛
𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 ≤  𝐸𝑡

𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 ≤ 𝑆𝐹𝐿𝑚𝑎𝑥
𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡  (5-5) 

Analogous to the EV, a prosumer’s home storage can be charged either by using the grid (𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑏𝑎𝑡

) 

or the prosumer’s generation unit (𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑏𝑎𝑡

). The prosumer’s home storage is stationary and, therefore, 

available at any time. In our model, the home storage can be used to cover household and EV demand 

(𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑟𝑒𝑠

 and 𝑃𝑡
𝑘,𝑏𝑎𝑡→ 𝑒𝑣

/𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

) and to sell power back to the grid (𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑔𝑟𝑖𝑑

). The stored en-

ergy 𝐸𝑡
𝑘,𝑏𝑎𝑡

 depends on the energy level in the preceding hour as well as flows to the battery (𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑏𝑎𝑡

 

and 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑏𝑎𝑡

) and from the battery to the consumer (𝑃𝑡
𝑏𝑎𝑡→𝑔𝑟𝑖𝑑

, 𝑃𝑡
𝑏𝑎𝑡→𝑟𝑒𝑠 , 𝑃𝑡

𝑏𝑎𝑡→𝐸𝑉 and 𝑃𝑡
𝑏𝑎𝑡→𝑒𝑣𝐵𝑎𝑡), see 

Equation (5-6). We assumed that the home storage is empty at the beginning and end of the optimiza-

tion interval (Equation (5-7)). 
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𝐸𝑡
𝑘,𝑏𝑎𝑡 = 𝐸𝑡−1

𝑘,𝑏𝑎𝑡 + (𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑏𝑎𝑡

+  𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑏𝑎𝑡

) ∗ 𝜂𝑏𝑎𝑡,𝑖𝑛  − (𝑃𝑡
𝑘,𝑏𝑎𝑡→ 𝑒𝑣

+ 𝑃𝑡
𝑏𝑎𝑡→𝑔𝑟𝑖𝑑

+ 𝑃𝑡
𝑏𝑎𝑡→𝑟𝑒𝑠 + 𝑃𝑡

𝑏𝑎𝑡→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡) ∗ 1/𝜂𝑏𝑎𝑡,𝑜𝑢𝑡  , ∀𝑡 ∈ [ℎ𝑚𝑖𝑛 + 1, ℎ𝑚𝑎𝑥] 
(5-6) 

𝐸𝑡=ℎ𝑚𝑖𝑛

𝑘,𝑏𝑎𝑡 = 𝐸𝑡=ℎ𝑚𝑎𝑥

𝑘,𝑏𝑎𝑡 = 0 𝑘𝑊ℎ (5-7) 

Home storage is restricted by the maximum charging power 𝑃𝑚𝑎𝑥
𝑘,𝑏𝑎𝑡

 as described in Equations (5-8) and 

(5-9) for charging and discharging, respectively. 

𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑏𝑎𝑡

+ 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑏𝑎𝑡

≤ 𝑃𝑚𝑎𝑥
𝑘,𝑏𝑎𝑡  , ∀𝑡 ∈ [ℎ𝑚𝑖𝑛 , ℎ𝑚𝑎𝑥] (5-8) 

𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑟𝑒𝑠 + 𝑃𝑡

𝑘,𝑏𝑎𝑡→𝑔𝑟𝑖𝑑
+ 𝑃𝑡

𝑘,𝑏𝑎𝑡→𝑒𝑣 + 𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 ≤ 𝑃𝑚𝑎𝑥

𝑘,𝑏𝑎𝑡  , ∀𝑡 ∈ [ℎ𝑚𝑖𝑛 , ℎ𝑚𝑎𝑥] (5-9) 

In our model - as in reality to a large extent - home storage units were combined with a PV unit to 

maximize self-consumption (our Use Case I). While the generation of this unit is given exogenously (see 

Section 5.2.5), the sum of all flows resulting from the PV generation is presented in Equation (5-10).  

𝑃𝑡𝑜𝑡,𝑡
𝑘,𝑔𝑒𝑛

=   𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑟𝑒𝑠

+ 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑔𝑟𝑖𝑑

+ 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑏𝑎𝑡

+ 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑒𝑣

+ 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

 , ∀𝑡 ∈ [ℎ𝑚𝑖𝑛 , ℎ𝑚𝑎𝑥] (5-10) 

Finally, the overall dispatch of a prosumer’s flexibility is restricted by the obligation to meet the demand 

of the EV (Equation (5-11)) and residential demand (Equation (5-12)), either by consuming electricity 

from the grid or generated within the household (𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑒𝑣

 and 𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑟𝑒𝑠

 for direct consumption), via 

storage (𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑒𝑣

 and 𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑟𝑒𝑠

) or, for the EV, by means of DR.  

𝑃𝑡𝑜𝑡,𝑡
𝑘,𝑒𝑣 = 𝑃𝑡

𝑘,𝑔𝑟𝑖𝑑→𝑒𝑣
+ 𝑃𝑡

𝑘,𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡→ 𝑒𝑣 + 𝑃𝑡
𝑘,𝑏𝑎𝑡→𝑒𝑣 + 𝑃𝑡

𝑘,𝑔𝑒𝑛→𝑒𝑣
 , ∀𝑡 ∈ [ℎ𝑚𝑖𝑛 , ℎ𝑚𝑎𝑥] (5-11) 

 𝑃𝑡𝑜𝑡,𝑡
𝑘,𝑟𝑒𝑠 =   𝑃𝑡

𝑘,𝑔𝑟𝑖𝑑→𝑟𝑒𝑠
+  𝑃𝑡

𝑘,𝑏𝑎𝑡→𝑟𝑒𝑠+𝑃𝑡
𝑘,𝑔𝑒𝑛→𝑟𝑒𝑠

 , ∀𝑡 ∈ [ℎ𝑚𝑖𝑛 , ℎ𝑚𝑎𝑥] (5-12) 

Flexibility providers are only able to reschedule their charging strategy. In our model, pure generators 

and non-flexible consumers cannot influence their exogenously given generation and consumption pat-

tern. 

5.2.3 Level II: Local prosumer trading simulation 

In Use Case II, we examined how a local market affects the prosumers and their behavior. A local trading 

platform was established between the prosumers and the central spot market. We chose a simple dou-

ble-sided trading algorithm, in which bids are priced according to a fixed strategy set within the price 

range of the central spot market. The algorithm runs daily and includes six steps.  

1) First, the local market communicates a preliminary price signal for the day to all prosumers par-

ticipating in the market. This is calculated using the forecasted residual load of the prosumers 

participating in the market and iterated after optimization of each prosumer’s energy manage-

ment. With a linear transformation, the local residual load is projected to the price range of the 

central market price, which is calculated assuming non-flexible market participants. 

2) Subsequently, market participants set their hourly bids for the day, which are tuples consisting 

of an hourly amount of electricity offered/needed and a price. The volume traded hourly is a 

result of the optimization process explained in Section 5.2.2. DR, self-consumption, and flexible 

control of home storage are integrated into this step. 

3) Next, a price is determined. For this part of the model, we implemented a conceptual approach 

originally published by Erev and Roth [230] and refined by Nicolaisen et al. [231]. Weidlich [232] 

has already used this algorithm in the framework of a central market. Mengelkamp et al. [219] 

have applied it to local energy markets. According to this approach, every prosumer has a set 
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of 30 different strategies randomly selected before the start. The strategies are evenly distrib-

uted among three price categories (low, medium, high). Since our model is designed to reflect 

market participants' behavior more realistically (e.g. in contrast to a purely optimization-based 

model), the ability to adapt to prior market results is an important attribute of the prosumers 

[233]. Reinforcement learning, which strengthens a bidder’s tendency to reuse successful strat-

egies [230], is, thus, implemented to reflect bidders’ behavior28: During market operation, the 

prosumers assign one of the three price categories to the preliminary hourly price signal given 

by the market. Finally, each prosumer selects one of the ten strategies in the respective price 

category. This is done randomly but considering the “propensity” of each strategy. The propen-

sity factor reflects a prosumer’s experience from prior auction rounds and is adjusted after each 

round based on the success of a bid. 

4) All bids are transferred to the local market, where a uniform market clearing is performed. The 

local price is set as the last accepted bid. 

5) Next, the trade is completed and market participants are informed whether their bids were ac-

cepted or rejected on the local market. The remaining demand/generation capacity is aggre-

gated and transferred to the central market. 

6) On the central spot market, prices are calculated, which take into account the local market result. 

The central market model is outlined in the section below. If a prosumer’s bid is to be procured 

from the central market, this is done via the local market: A deficit is procured from the spot 

market at the spot market price or the local price if the central price is below the local clearing 

price for this hour. Vice-versa, excess electricity is sold to the central market for the hourly central 

price or the local price if the central price is above the local price. Using this mechanism, the 

prosumers bear the risk for local trading. 

In Use Cases I and III, the local market is omitted. Buying and selling electricity is done directly on the 

central market. 

5.2.4 Level III: Central spot market modeling 

To calculate an hourly price for the spot market, we endogenously coupled the prosumer trading module 

and the local prosumer market with the merit-order model MiPU. We introduced and used this model 

in a previous publication, see Reference [87]. For this paper, we integrated an endogenous link into the 

model to the level of the prosumers and the local market level. It calculates an hourly merit order. To 

meet demand, the marginal costs 𝐶𝑡
𝑞,𝑣𝑎𝑟

 of power plants 𝑞 ∈ 𝑄 in the market are calculated using tech-

nology-specific parameters such as the generation capacity 𝑃𝑞 , CO2 emissions 𝑒𝑞,𝐶𝑂2 , efficiency (as a 

function of age and power plant type (𝜂𝑞(𝑡𝑖𝑛
𝑞

)) and economic parameters such as fuel cost 𝑝𝑡
𝑞,𝑓𝑢𝑒𝑙

, startup 

costs 𝐶𝑡
𝑞,𝑠𝑡

 and cost of CO2 allowances 𝑝𝑡
𝐶𝑂2: 

𝐶𝑡
𝑞,𝑣𝑎𝑟

=  
1

𝜂𝑞
∙ 𝑃𝑡

𝑞
(𝑝𝑡

𝑞,𝑓𝑢𝑒𝑙
+ 𝑝𝑡

𝑞,𝐶𝑂2
∙ 𝑒𝑞,𝐶𝑂2)  + 𝐶𝑡

𝑞,𝑠𝑡
  , ∀𝑞 ∈ 𝑄, ∀𝑡 ∈ 𝑇 (5-13) 

The marginal costs of each plant are calculated and ranked in ascending order for each hour. Demand 

and the electricity feed-in from PV and wind power plants are given exogenously. Finally, the power 

                                                                                                                                                                      
28This step occurs after the trades on the local market are completed (Step 5), but is an integral part of the imple-

mented bidding approach and therefore already mentioned in this step. 
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plant setting the price in an hour is identified and, thus, the marginal cost of electricity generation per 

hour is determined.  

As we simulated an interaction between prosumers and the central market, MiPU is iterated before and 

after the prosumer optimization. For Use Case III, i.e., the direct participation of prosumers in the central 

spot market, the prosumers are divided into groups and MiPU is run sequentially for each group to avoid 

unwanted avalanche effects [225]. 

Figure 5-3 illustrates the complete model workflow for the local trading in Use Case II for one day, 

starting from the prosumer optimization on level I and ending on the same level with the reinforcement 

learning based on the clearing of the local market. The model runs for one entire year. 

 

Figure 5-3: Schematic diagram of the modeled steps taking place for each day of the simulated year for 

the Use Case II - local trading. The local market is omitted for Use Case III - central trading.  

5.2.5 Data and assumptions 

Our local market comprised 480 residential prosumers and consumers with different technical configu-

rations. In order to keep demand and supply balanced, we additionally considered three wind turbines 

(see Table 5-2) and the local market, thus, consisted of 483 participants. To obtain a consistent dataset 
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in terms of prosumer demand, EV profiles, and an underlying scenario for the central market, we as-

sumed the prosumers are located in Germany. The prosumers’ electricity demand was based on metered 

hourly household profiles from a smart meter field trial conducted in Germany and Austria in 2009 and 

2010, respectively29. Based on the household profiles (corresponding to families living in (semidetached) 

houses) and the relatively small wind turbines used, the prosumers could potentially be located in a 

suburban or rural setting. As can be seen from Table 5-2, we modeled six different types (technical 

configurations) of residential prosumer groups, each comprising 80 prosumers with different household 

load, EV, and PV generation profiles (if applicable). To facilitate the comparison between the prosumer 

types, we used the same 80 household profiles for all six technical configurations; the same applies to 

the EV and PV profiles. 

Table 5-2: Number and type of the prosumers modeled in the local market simulation. 

Prosumer type 
Number of 

prosumers 

Annual demand per 

prosumer  

(average in kWh) 

Flexible generators 

Household + PV + home storage 

+ EV (“hh+pv+bat+ev”) 
80 

8667 

Household + PV+ EV 

(“hh+pv+ev”) 
80 

8667 

Household + PV + home storage 

(“hh+pv+bat”) 
80 

4927 

Flexibility providers Household + EV (“hh+ev”) 80 8667 

Consumers Household (“hh”) 80 4927 

Generators 
Wind plant 3 0 

Household + PV (“hh+pv”) 80 8667 

 

For EV charging, discharging and availability, we used a dataset provided by Ref. [235] and calculated 

using the diffusion model “ALADIN”30. EV profiles were simulated based on vehicle usage data from Ref. 

[237]. For the charging pattern, it was assumed that EV charging of the considered prosumers can only 

take place at the home location. This assumption simplifies the actual charging behavior of EV users, but 

is, however, supported by the fact that more than 90% of all (current) EV users have the possibility to 

charge their vehicle at home [238]. For the year 2030, Ref. [235] calculated an average charging power 

(at residential locations) of 6.2 kW, which we set as 𝑃𝑚𝑎𝑥
𝑘,𝑒𝑣

. Correspondingly, we used 6.2 kWh for the 

virtual DR fraction of the EV battery (𝑆𝐹𝐿𝑚𝑎𝑥
𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡). As this figure is approx. 10% of the total battery size, 

all mobility needs can be satisfied.  

For flexible EV charging, we assumed that electricity can neither be fed back into the grid (“vehicle-to-

grid”) nor used to cover the household demand (“vehicle-to-home”) for the following reasons: Firstly, 

studies examining the effect of EV charging on a central electricity system reported negative effects of 

bidirectional charging due to high battery degradation costs (e.g. Refs. [143,156]). Secondly, the hard-

ware and communication infrastructure for bidirectional charging is still under development [239,240]. 

Thirdly, Delmonte et al. [241] reported that users worry about an unexpectedly low battery state of 

charge and lack of transparency with regard to the battery state of charge in general in the case of V2G 

and, thus, prefer DR to V2G. 

                                                                                                                                                                      
29 For more information on the dataset, we refer to Refs. [224,234]. 

30 For information on the ALADIN diffusion model, we refer to Refs. [154,236]. 
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We assumed that only RE, PV, and wind power units participate in the local market. If a prosumer has a 

PV system installed, we set its capacity to 8.1 kWp. For the home storage, we assumed the battery size 

(𝑆𝐹𝐿𝑚𝑎𝑥
𝑏𝑎𝑡 ) to be 7.8 kWh, corresponding to the average capacity per unit in Germany in 2017 [242], and 

the charging power to be 7.8 kW as well (i.e., C-rate = 1). For the participating wind turbines, we assumed 

comparatively smaller units with an output of 100 kWp. 

We conducted our simulations for the year 2030. To model the central market, we used the “Grid Devel-

opment Plan 2019” (Scenario B, [189]), a recent scenario framework for the German electricity system. 

We refer to Ref. [189] for more information on renewable and conventional supply capacity, fuel, and 

CO2 costs. Concerning the PV and onshore wind units, we used heterogeneous profiles by randomly 

selecting locations in Germany. We used “Renewables.ninja” (provided by Ref. [190] and described in 

Refs. [67,183]) to generate technology-specific profiles31. We focused on wholesale electricity prices for 

our analysis and, thus, did not consider surcharges or taxes. Depending on the use case, wholesale prices 

can be hourly (Use Case II & III) or static (Use Case I). In Use Case III, electricity is sold and purchased 

with the central price, i.e., the hourly marginal generation costs from the spot market model MiPU. Use 

Case I assumes that prosumers do not have access to a market. Electricity is both bought and sold at a 

constant price. Buyers pay the average (volume-weighted) electricity price modeled by MiPU (see Table 

5-3). Excess electricity is sold at the market value calculated as the volume-weighted price of the tech-

nology-specific electricity sold on the central market. 

 

Table 5-3: Key figures of the spot price series generated in the model.  

Average price central spot market 2030 in Euro/MWh (volume-weighted) 45.0 Euro/MWh 

PV market value 2030 in Euro/MWh 25.9 Euro/MWh 

Wind market value 2030 in Euro/MWh 22.9 Euro/MWh 

5.3 Results 

In this section, we compare the use cases outlined in the preceding sections. We start with an overview 

of the trading volumes on the local and central markets. Then, we show the results at the system level, 

the prosumer-level analysis, and finally the role of demand-side flexibility in particular. 

5.3.1 Trading volumes on the local market 

In Use Case II, all prosumers place bids on the local market, but not all electricity is necessarily pro-

cured/sold here for two reasons. On the one hand, prosumers still retain the option to consume self-

generated electricity directly; on the other hand, there is the possibility that a bid is not successful and 

is, therefore, forwarded to the central market. Figure 5-4 presents a monthly overview of the quantity of 

supply and demand traded including the local market.  

                                                                                                                                                                      
31 Renewables.ninja is an open-source tool that considers historical weather characteristics and technical parame-

ters to calculate supply profiles. For PV, we used an azimuth angle of 180° and a tilt of 35°. For wind, the profiles 

were calculated for an Enercon E82-2000 turbine. 

 



 

 

ASSESSING DEMAND FLEXIBILITY IN DECENTRALIZED ELECTRICITY SYSTEMS 

TOWARDS IMPROVED PROSUMER PARTICIPATION: ELECTRICITY TRADING IN LOCAL MARKETS 

[ENERGY 2021]  

95  

 

Figure 5-4: Monthly supply and demand traded on the local prosumer market, transferred to the central 

market, or used directly. “supply not traded” corresponds to the energy self-consumed (as 

well as battery losses) by the prosumers. “demand not traded” is the amount of energy that 

is covered by a prosumer's supply unit.  

Regarding the supply side, our results showed that, on an aggregated level (across all prosumers), 55% 

of the electricity generated by prosumers' PV systems was traded either on the local (“supply traded 

locally”) or on the central market (“supply traded centrally”). 38% was sold on the local and 62% on the 

central market. The remainder (“supply not traded”) was consumed directly by the prosumers, i.e., was 

used for self-consumption. Regarding the demand side, 34% of the electricity procured from the grid by 

the prosumerswas purchased locally (“demand traded locally”) and 66% was purchased centrally (“de-

mand traded centrally”). Concerning seasonal differences, unsurprisingly, the largest proportion of en-

ergy was generated in summer. Correspondingly, the share that was directly self-consumed also in-

creased. Our results also showed that not all bids were cleared on the local market for two reasons. 

Firstly, due to the trading algorithm. If a supply bid was higher than all demand bids, the bid was not 

successful and was transferred to the central market, even if the local demand was not entirely covered. 

Secondly, and more importantly, due to hourly mismatch. The hourly results (Figure 5-4 has a monthly 

resolution) showed that most of the time, the side (demand or supply) that has a limited quantity in the 

hour under consideration was traded locally to a large extent, while only the remaining surplus (supply) 

or deficit (demand) was passed on to the central market. This also indicates that the capacity of the 

flexibility options is not sufficient and the central market is still needed as a backup. In winter, supply is 

the limiting factor, as it can remain low over the course of whole days. 

5.3.2 System effects of local energy markets 

Figure 5-5 shows the average yearly residual load before any trading or optimization is performed as 

well as the resulting loads after optimization and trading (Cases I-III). For comparison, the diagram’s 

secondary axis also shows the German residual load, an important influencing factor for the central spot 

market price. 

0

100

200

300

400

500
Ja

n

Fe
b

M
ar

A
p

r

M
ay Ju
n

Ju
l

A
u

g

Se
p

O
ct

N
o

v

D
ec

1 2 3 4 5 6 7 8 9 10 11 12

Month

Sh
ar

e 
o

f 
d

em
an

d
 (

n
o

t)
 t

ra
d

ed
 in

 M
W

h

Monthly Demand

demand not traded (covered through self-consumption)

demand traded centrally

demand traded locally

0

100

200

300

400

500

Ja
n

Fe
b

M
ar

A
p

r

M
ay Ju
n

Ju
l

A
u

g

Se
p

O
ct

N
o

v

D
ec

1 2 3 4 5 6 7 8 9 10 11 12

Month

Sh
ar

e 
o

f 
su

p
p

ly
 (

n
o

t)
 t

ra
d

ed
 in

 M
W

h

Monthly Supply

supply not traded (self-consumption)

supply traded centrally

supply traded locally



 

 

 

96 ASSESSING DEMAND FLEXIBILITY IN DECENTRALIZED ELECTRICITY SYSTEMS 

RESULTS 

 
Figure 5-5: Average local residual load (mean of each hour of the day over the course of a year) for each 

use case considered.“Before optimization” assumes inflexible consumers given by the load 

profiles used for the prosumers. The secondary axis shows the average residual load for Ger-

many.  

Comparing the local residual load before optimization with Use Case II, it becomes clear that the flexi-

bility behavior of individual prosumers reduces the local residual load valley between 9 a.m. and 1 p.m. 

significantly, while local residual load peaks, particularly in the evening, are reduced. In concrete terms, 

local trading reduced the standard deviation of the local residual load by 6.6%. In Use Case I, the variance 

of the local residual load was reduced to a similar extent since this use case specifically reduces each 

prosumer's load peak by maximizing the self-supply, i.e., the amount of electricity produced by a 

prosumer's PV unit that is consumed directly or indirectly (via battery storage) by the prosumer. A re-

duction of the variance means that the balancing needs are reduced, i.e., the amount of electricity de-

creases that would have to be imported into or transported out of the market area every hour. If prosum-

ers followed incentives from the central spot market (Use Case III), the standard deviation of the local 

residual load was reduced, but only to a limited extent. This is also visible in Figure 5-5: Due to total 

residual load peaks in the morning and the evening, high prices on the central market are an incentive 

to shift load away from these hours and to neighboring valleys at midday and night. However, this cre-

ated - on average - a new residual load peak between 11 pm and 2 am. Regarding the maximum residual 

load, i.e., the aggregated maximum grid demand of the market participants, the results showed that 

there were no changes due to self-consumption. In the case of participation in the local (Use Case II) or 

central market (Use Case III), however, DR of EVs and the use of the battery storage led to an increase 

of the maximum local residual load of 16%. 

The figure also shows that the local residual load followed a different pattern than the German residual 

load. This implies that local and central incentives are not coherent in our scenario. While the prosumer 

set examined here is too small to change central spot market prices noticeably, the activation of the 

prosumers’ flexibility still reduced the amount of surplus RE (i.e., market-based curtailment of RE). This 

reduction of surplus RE is most effective if the price incentive comes directly from the central market. 
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This is not surprising, as the central market, unlike the local one, reflects overall RE generation in Ger-

many as a whole. However, our results also showed that the price incentive created by the local market 

led to more avoided dumped energy (overall) than was the case for self-consumption. This means that 

prosumer trading in the local market reduced the amount of market-based curtailment in the central 

spot market. 

5.3.3 Costs and benefits from the prosumers' perspective 

In all three use cases, the prosumers shared a common goal, namely, to minimize their costs for elec-

tricity procurement. This automatically implies that if positive revenue streams are possible for a 

prosumer (i.e., a prosumer sells electricity), these revenues are maximized. The key factor distinguishing 

the use cases in this regard is the incentive signal in the form of a price from the local and central market, 

or the static price signal for self-consumption. 

To analyze the economic effects of local energy trading for prosumers, we cumulated the net revenues 

(revenues minus costs) related to electricity procurement for each prosumer and each use case. Figure 

5-6 shows the average net revenue by use case and prosumer type. 

 

Figure 5-6: Average net revenues (revenues minus costs over the course of the year) for different types 

of prosumers. Negative revenues imply that costs exceed revenues or that there are no rev-

enues. Points represent individual prosumers. The length of the violins illustrates the disper-

sion of prosumers, the width shows the concentration. The average net revenues are calcu-

lated for the entire year.  

For flexibility providers (“hh+ev”), the figure shows that Use Case III resulted in the highest net revenues. 

Compared to Use Case I, this indicates that prosumers benefited from being able to react to dynamically 

changing prices. The fact that Use Case III has higher costs than Use Case I for non-flexible households 

(types “hh” and “hh+pv”) reveals the (partial) correlation of household load and central wholesale elec-

tricity prices. This leads to a situation in which the household has a deficit in periods with a higher 

electricity price (in the evening or generally in winter). Selling PV-generated power was equally profitable 

in Use Cases I and III (since the price for selling PV power is derived from the market value of PV power 

on the central market). Our results showed that the local market price was above the central market 
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price. Consequently, selling electricity on the local market (Use Case II) generated higher revenue 

streams. However, this was overcompensated by the high procurement costs to cover demand. However, 

it is worth noting that, for prosumers of type “hh+pv+bat”, the local market was on average more at-

tractive than self-consumption.  Figure 5-6 also shows that the annual net revenue in Use Case II was 

dispersed. This is caused by the fact that if a bid was not successful on the local market, it was transferred 

to the central market, which can be detrimental to the prosumer. Overall, participation in the local market 

led to the highest average annual costs for prosumers (on average, the costs in Use Case III are only 22% 

of the costs in Use Case II) and was, therefore - on average - unprofitable under the given assumptions.   

The degree to which a prosumer is independent of the grid is an aspect that undoubtedly has high value 

for prosumers [60,61], although it is not necessarily related to economic benefits. We defined the degree 

of autonomy (DoA) as the extent (over the course of the year) to which a prosumer’s demand (residential 

and EV) is covered by electricity produced on-site, either directly or via battery storage. Prosumers with-

out a generation unit and without flexibility always depend on grid purchases. As a result, their degree 

of autonomy does not change. The same applied to wind generators and households with a PV unit. All 

other prosumers implicitly pursued self-consumption, as the price for selling electricity is always lower 

than the price for purchasing it. As a consequence, prosumers achieved the highest levels of autonomy 

in Use Case I. However, the levels of autonomy were widely dispersed, as illustrated in Figure 5-7. Par-

ticularly in Use Case III, it was economically beneficial for all flexible prosumers to interact more fre-

quently with the market in order to profit from arbitrage trading. As a result, the prosumers here had a 

considerably lower degree of autonomy.  

 

Figure 5-7: Degree of autonomy of all prosumers distinguished by use case and prosumer type. Points 

represent individual prosumers. The length of the violins illustrates the dispersion of prosum-

ers, the width shows the concentration. The degree of autonomy is calculated for one year.  

5.3.4 The role of electric vehicle flexibility  

We considered two kinds of flexibility options in our analysis, home storage units and EVs. EVs can only 

be used for DR, whereas home storage can also feed electricity back into the grid. Additionally, home 

storage is stationary and, thus, available at all times, which is not the case for EVs. As a result, 
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“hh+pv+bat” prosumers profited from trading in all use cases, while this was not the case for “hh+pv+ev” 

prosumers. In fact, “hh+pv+bat” is the only prosumer type that benefits from participating in the local 

market, compared to self-consumption. Figure 5-8 compares the average behavior of prosumers with a 

PV unit and EV to those with a PV unit and a home storage for Use Case II, local prosumer trading.  

 

Figure 5-8: Electricity flows on average over all prosumers of type “hh+pv+bat” (top) and of type 

“hh+pv+ev” (bottom) for one day in winter (left) and one day in summer (right). For 

“hh+pv+ev”, the bars illustrate the average share of EVs parked at the home location over 

the course of the day. Variables and parameters used are explained in TableAnnex 4. 

On summer days, the home storage is charged almost exclusively by the prosumer’s PV unit and reaches 

its capacity limit around noon. From this point on, excess electricity flows from the PV unit into the grid. 

In the evening, the home storage is used to cover household demand, but also feeds electricity back to 

the grid at higher prices, thereby generating income. In winter, the home storage is charged via the grid 

in hours with a lower price (and via the PV unit to some extent) in order to generate profits in the 

evening.  

EV battery charging takes place earlier since almost all EVs are parked at home in the early morning. 

Since the share of connected vehicles is low during the late morning and afternoon and, thus, during 

the PV peak, PV-generated electricity is largely fed back into the grid not only in summer but also in 
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winter even though prices are low (in contrast to a home storage). In addition, a high proportion of EVs 

has to be recharged in the evening, again at a higher price. In summer, the EV charging pattern is similar, 

while a larger amount of electricity from the PV unit is sold to the grid. Overall, the comparison indicates 

that prosumers cannot make the most of their EV flexibility. The profitability of EVs could be increased 

by extending the time they are connected to a charging point that allows participation in the market 

(e.g., at work). This is, however, beyond the scope of this paper. 

5.4 Discussion and Limitations 

A key finding of this work is that prosumer participation in a centralized market appears to have ad-

vantages over a local market, from both the prosumers’ and a system perspective. This finding comple-

ments the results of previous studies outlined in our literature review, in which local energy markets 

appeared superior to all other concepts. It also represents a novelty, as it directly addresses one of the 

research gaps we outlined, the benchmarking of local energy markets against relevant use cases for 

small-scale flexibility. Nevertheless, this finding is not surprising, as it can be argued that a central market 

will always be more efficient than a small-scale market with insufficient knowledge of the supply and 

demand balance of the superordinate electricity system. Previous studies (e.g. Ref. [26]) have argued 

that local energy markets are a promising way to reduce market entry barriers in order to involve 

prosumers in the energy system and promote demand-side flexibility. If this is the case, local markets 

would still help to integrate renewable electricity and add value from the system perspective. 

In our model, we embedded a prosumer optimization into a bi-level market model, i.e., we modeled a 

local market, which is dynamically connected to a central spot market. In the simulation, the market acts 

as an aggregator that transfers unsuccessful bids to the central market. Therefore, our model integrates 

the interaction of these two markets. In the model, prosumers manage their electricity consumption 

rationally and without incorporating their market power into the bidding strategy. However, in reality, 

market participants on both markets may engage in speculation, since power plants could integrate the 

interaction with local markets into their dispatch strategy. Future studies should explore this aspect. On 

the prosumer side, this could be done by adding gametheoretical aspects to the prosumers’ behavior, 

as was demonstrated by Refs. [208,210] for example. In parallel, an extension of the model could further 

elaborate the role of prosumers and examine the role of the operator of the local market in more depth 

(as in Ref. [218]). We focused on the mechanisms of and between different market elements and ex-

cluded an explicit definition of roles. Nevertheless, the question of who operates a local marketplace 

(e.g. a local community, a distribution grid operator, or the regulator) and their motivation may ulti-

mately affect the attractiveness and system impact of a local market. 

Jin et al. [33] argued that local prosumer market models should consider both the underlying grid and 

other flexible resources such as the gas or heating network. We focused on the detailed analysis of 

potential benefits for different kinds of prosumers and modeled a market for electricity only. Given this 

focus and the complexity already involved in modeling a larger set of prosumers in detail, we consider 

our approach to be justified. Nevertheless, the inclusion of additional energy vectors would allow for a 

more holistic assessment, while also potentially identifying new revenue streams for prosumers. The 

same applies to the integration of other relevant residential flexibility options, for example, heat pumps 

or the bidirectional charging of electric vehicles.  

Our framework scenario reflects the German electricity system, which can be characterized as a system 

with high shares of PV and wind power as well as low shares of hydropower and no nuclear power plants 
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(in 2030). Implicitly embedded in this scenario is the mechanism of the central power market, which 

applies a “copperplate approach”, and thus neglects grid constraints resulting from the origin and flow 

of electricity [243] (in contrast to zonal or nodal market mechanisms). The load profiles we used for the 

prosumers were measured for German households. The local market we used for our case study reflects 

heterogeneity between different prosumers, but we did not model a specific region. In this sense – since 

the local market is explicitly not region-specific - we believe that our insights can be transferred to 

countries with a similar electricity system and market mechanism. In terms of the attractiveness of a local 

market for specific prosumers, however, the composition of the local market is relevant. Since only a 

single local market was examined in this paper, our results do not reflect heterogeneities resulting from 

local differences. Thus, future research should also address the representativeness of local markets to 

increase the generalizability of the results in this direction.  

We endogenously modeled the interaction between the local and the central market and, therefore, 

were able to consider systemic changes due to the existence of a local marketplace. Nonetheless, our 

modeling approach assumed that the prosumers are first-movers for all the depicted use cases and that 

the simulated local market was the only one in the area of and interacting with the central spot market. 

We consider these legitimate assumptions at this stage of the transformation of the electricity system. 

However, the further the electricity system progresses towards a decentralized system, the less valid 

these assumptions become, and the greater the influence of larger numbers of parallel local energy 

markets on market dynamics. This concerns the case where several local energy markets interact with a 

central market and the case of geographically overlapping markets and the impact these would have on 

prosumer behavior and the attractiveness of these markets. Any future expansion of our model should, 

therefore, account for the existence of multiple local markets.  

5.5 Conclusions 

While our extensive literature research demonstrated that some research on local energy markets for 

prosumers exists already, we identified two research gaps, namely the assessment of local energy trading 

embedded in and interacting with a superordinate electricity system, and a more objective evaluation of 

a local energy market that benchmarks it against other relevant use cases promoting demand-side flex-

ibility. The novelty of this paper is its contribution to closing these gaps: We conceptualized and con-

structed an integrated modeling framework consisting of three coupled levels, a prosumers’ procure-

ment optimization, a local trading platform implemented as a double-sided bidding algorithm, and a 

central spot market simulation. The interactions between these levels are accounted for, as they are all 

connected dynamically. Based on this modeling framework, we simulated a local prosumer market with 

a focus on electric vehicles. Market participants optimize their electricity purchases individually by 

matching their generation, demand, and flexibility to a local market price. In a case study, we compared 

the local prosumer market with two other concepts: self-consumption of the participating prosumers, 

and integration of the prosumers into a central market. 

The central hypothesis of previous studies of local energy markets is that they reduce entry barriers and 

encourage prosumers to behave in a more system-friendly way by rewarding flexible behavior that ben-

efits the overall system. Indirectly, this implies that prosumers have limited access to central markets. 

From our modeling results, we can conclude that the direct participation of prosumers in a central market 

is - under the assumptions made here - more efficient from the perspective of both prosumers and the 

overall system. Thus, from a regulatory point of view, involving prosumers in a central market should be 
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facilitated. Our findings also showed that, in comparison to prosumer schemes that encourage maximum 

self-consumption, local markets are a better reflection of the system-wide situation in terms of scarcity 

and surplus. As a consequence, they support the integration of RE more strongly. We, therefore, also 

conclude that establishing smaller local markets in parallel to already existing centralized electricity mar-

kets could be a way to incentivize system-friendly prosumer behavior.  

As local prosumer markets and related localized concepts become increasingly popular, there are two 

important directions for further research. First, the analysis of local prosumer markets should be based 

on more representative locations and prosumer sets. This is essential for a better understanding of how 

a realistic setting and different prosumer configurations affect the systemic and economic attractiveness 

of local market concepts. Second, future research should analyze the impacts that a large number of 

local markets have on the electricity system and each other instead of treating local prosumer markets 

as individual and experimental use cases that operate within the existing electricity system. 
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6 Summary of findings and achievements 

This thesis evaluates to what extent a decentrally coordinated use of flexibility can be beneficial from a 

local, but also a systemic point of view. Therefore, demand-side flexibility is investigated from multiple 

angles. Answers to the main research questions are given within this chapter. Furthermore, the most 

important methodological developments are presented and discussed.  

6.1 Key findings 

The main findings of this dissertation are summarized below, based on the research questions formu-

lated in Section 1.2. 

I. What is the motivation for decentralized electricity systems? What are the techno-eco-

nomic implications of implementing decentralized electricity systems?  

The extensive literature analysis in Publication I identified multiple drivers of DES, such as direct 

and indirect economic benefits for stakeholders, e.g., from selling electricity, lowering procure-

ment costs or increasing local value-added and positive effects on job creation. DES also have 

ecological benefits (associated with RE and thus not exclusive to DES) and social benefits for the 

respective communities. Beyond these tangible benefits, the literature review revealed that in-

creasing energy autonomy is one of the core drivers of DES.  

The model-based assessment of DES suggests that increasing local electricity autonomy is prof-

itable in all the examined regions to some extent. This depends on the regionally available po-

tential for RE and, thus, on the flexibility capacity needed to reach a certain degree of autonomy.  

However, optimizing DES according to regional aspects and neglecting system-wide aspects 

also leads to overcapacities and the need to export large amounts of electricity from some re-

gions. At the same time, these regions are still dependent on electricity imports at certain times. 

To sum up, on the one hand, higher degrees of local autonomy are desired and even profitable; 

on the other hand, even if high degrees of regional autonomy are achieved, there are still fre-

quent interactions with the superordinate electricity system. Consequently, the dependency on 

the overarching system persists in terms of the provision of flexibility.  

Nevertheless, establishing DES, which promote bottom-up investments in RE and also in flexi-

bility resources, could contribute to decarbonizing the electricity supply while also reducing im-

port and export volumes as much as possible. 

 

II. What is the flexibility potential of the demand response of electric vehicles? What are the 

limitations and unwanted effects? 

In Germany, private EVs are expected to account for almost 50% of passenger cars in 2030, rising 

to almost 100% by 205032 [245]. Based on the analysis of the corresponding annual electricity 

                                                                                                                                                                      
32 Due to the steep increase in EV sales [244], particularly since the year 2020, these recent projectios of future EV 

growth even surpass the - already ambitious - assumptions used for the Publications II and III. 
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demand, it can be concluded that EVs harbor substantial theoretical potential for DR. Accord-

ingly, the relevant questions in this context are rather whether participation in DR is attractive 

for vehicle owners, and whether the flexibility of EVs in the power system can be used in a 

system-friendly way. The publications included in this thesis provide answers to both of these 

questions.  

In the short-term, as long as the shiftable charging power of EVs is limited (according to Publi-

cation II, this is the case until the year 2030), the impact of DR is expected to be exclusively 

positive given that the incentive for DR reflects the hourly balance of demand and supply. Be-

yond 2030, however, there is a dramatic increase in the influence of EV charging. A simple charg-

ing strategy that only considers an incentive signal but not the flexible behavior of other EVs 

will induce avalanche effects. To avoid the unwanted avalanche effects of DR, this thesis presents 

a method to split EVs into charging groups that receive a dynamically updated DR signal, and a 

criterion to determine the degree of disaggregation required. If this method is applied, the sys-

temic implications of EVs’ DR are positive: The DR of EVs decreases the peak and variance of the 

residual load, thereby reducing the backup power required, and facilitates the integration of 

renewables. Furthermore, Publication III reveals that it can be used to increase the share of re-

gionally consumed electricity. 

Overall, the hypothesis is confirmed that the systemic implications of EVs’ DR are positive and 

controlled charging facilitates RE integration. Moreover, for prosumers owning an EV, it could 

be demonstrated that the active management of charging EVs reduces costs. However, the ef-

fectiveness of using EVs for DR is limited compared to the active management of stationary 

storage: If only domestic charging is considered, the availability of EVs for controlled charging 

is limited. This means that EVs are often not available for DR, particularly in periods when DR 

would be most effective in terms of reducing the peak load and the costs for EV owners.  

 

III. How can the regional distribution of demand, supply, and flexibility options be modeled, 

analyzed, and clustered? Is it possible to identify regions where demand-side flexibility is 

particularly beneficial? 

It can be stated that, in principle, demand-side flexibility resources such as EVs offer high po-

tential for balancing electricity generation and demand. To evaluate the use of flexibility in a 

central setting, but even more so in the context of DES, it is necessary to know the geographical 

location of flexibility options. This is because their activation and dispatch always have a local 

impact, regardless of the incentive mechanism with which they are coordinated. Accordingly, 

the local context in which flexibility options are embedded is also relevant, i.e., the regional 

balance of demand and supply. Moreover, the more an energy system is designed to fit the local 

level, the more the temporal heterogeneity of supply and demand matters.  

At the time of writing this thesis, Publication III was the first publication to address the catego-

rization of a large number of regions, considering both future RE generation and demand, and 

doing so with high temporal resolution data. New and existing models were combined to model 

regional demand and generation. On this basis, DR was simulated on the one hand, and indica-

tors were developed and used to cluster the regions on the other. In the publication, the German 

NUTS-3 regions were classified into six clusters. The clustering shows under which circumstances 

and, thus, in which regions the use of the available flexibility options is effective. In regions with 
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high wind energy potential, the residual load will be permanently negative, especially in the 

future, which means that electricity exports will be permanently necessary here. Industrial re-

gions face the opposite problem of high demand and insufficient RE and a permanently positive 

residual load. In both types of regions, DR can slightly reduce the degree of exports and imports 

needed but has no impact on the regional degree of autonomy, i.e., the annual amount of in- 

and outflows necessary. To summarize, there is a very high mismatch of demand and supply in 

both types of regions. 

In contrast, there is a comparatively good balance of demand and supply in urban regions, i.e., 

those with smaller energy-intensive industries or with medium-sized cities, and therefore low 

demand for energy exports (in periods of an electricity surplus) or imports (in periods of a deficit) 

here. Moreover, these regions will experience hours of both negative and positive regional re-

sidual load in the near future. Consequently, DR can be used very effectively here to shift load 

between negative and positive hours, thereby decreasing the dependency on electricity imports 

even further. In addition, it is precisely in these regions that high demand-side flexibility poten-

tial is available, especially from the residential sector. 

Thus, for the creation of DES, the results suggest that particularly urban regions could be good 

candidates to examine the applicability of further aspects of DES more closely. In this respect, it 

should be noted that the analysis carried out was based on official regional boundaries. How-

ever, the indicators developed to perform the cluster analysis, and the findings regarding differ-

ent types of regions are also applicable to DES with a different geographical boundary. 

IV. What incentives could be created by local energy markets? Can local energy markets stim-

ulate prosumer involvement? How can local markets reflect system-wide scarcity and 

oversupply? 

DES and the resulting local incentives are regarded as potential key elements of the future elec-

tricity system, as they enable the participation of citizens, promote local investments in RE, and 

increase the regional value-added (see Publication I, Section 2.2.1, and Publication IV, Section 

5.1.1, for a more detailed analysis). Furthermore, DES promise to reduce the market entry barri-

ers for small-scale prosumers, incentivize flexibility, and are thus one way to address the flexi-

bility needs of the energy transition. However, there is also controversy surrounding the ambi-

tion to decentralize electricity systems. From an optimization perspective, many argue that a 

centrally operating planner is always able to make a better decision (in economic and ecological 

terms) than several distributed planners, each of whom with insufficient knowledge on the de-

mand-supply balance of the superordinate electricity system. As a result, a central market would 

always be more efficient than many small-scale platforms, and price signals originating from 

decentralized markets would, as a consequence, be less efficient than centralized incentives from 

a system perspective. From the political perspective, noteworthy caveats include potentially re-

gional differences in electricity costs, imperfect competition, and overlapping regulatory roles 

(unbundling).  

Ultimately, this begs the question of whether DES have any added value from the system per-

spective. Assuming that DES lower market entry barriers for prosumers and, thus, activate addi-

tional flexibility, they might be beneficial for the electricity system as a whole. The findings of 

this thesis show that allowing prosumers to participate directly in a central spot market does 

integrate RE more efficiently than if prosumers optimize their electricity consumption based on 
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a local incentive. However, while this confirms the hypothesis described above, it is also a note-

worthy finding that prosumer behavior that aligns with the local demand-supply balance is more 

likely to contribute to RE integration than if these prosumers use their flexibility only for them-

selves, i.e., to increase their self-consumption. 

Thus, concerning the scarcity and surplus of RE, it can be concluded that DES reflect the de-

mand-supply balance of the superordinate electricity system more accurately than self-con-

sumption schemes. This suggests that establishing local markets alongside existing electricity 

markets could be one option to ensure prosuming remains attractive from the prosumers’ per-

spective while simultaneously encouraging system-friendly prosumer behavior. 

6.2 Applied methods and methodological achievements 

This thesis approaches the evaluation of demand-side flexibility from two perspectives, that of the owner 

of a flexibility resource and that of the overall system. Furthermore, flexibility is assessed on different 

geographical levels, national and local, and with and without a spatial component. This multi-perspective 

analysis, implemented in four publications, would not have been achievable with one single model and 

a common methodology. Instead, different methods were used and adapted to the specific research 

question and new and existing models were conceptualized, constructed, and applied. The methodo-

logical achievements of this thesis include the following aspects: 

 

Aggregated vs. individual EV flexibility modeling: Modeling demand-side flexibility, particularly of 

EVs, is one of the essential requirements to address the research questions outlined in Section 1.2. This 

thesis examines the flexibility of EVs from different perspectives. Publication IV adopted the perspective 

of individual prosumers. The model here aimed to maximize the benefit for each prosumer. In this con-

text, individual hourly profiles were used that are based on real-world driving profiles. The modeling 

approach used is similar to the modeling of stationary battery storage, as applied by various authors, 

e.g., [97], but takes into consideration that EVs are mobile storage units. This means that a specific EV is 

either charging, discharging (i.e., driving), or parked at a location where charging may be possible. By 

integrating this into the model in Publication IV, it was possible to analyze the differences between EVs 

and home storage systems, not only in terms of the technical flexibility potential but also in incorporating 

the time-dimension of flexibility. In this respect, a noteworthy finding of Publication IV is that, due to 

their limited availability, especially in periods with low or negative residual load, EVs also have limited 

advantages in terms of their potential revenues from DR.  

In Publication II and Publication III, modeling EV flexibility is conducted from the system perspective. The 

objective of modeling EVs (as well as other types of demand-side flexibility) is to illustrate systemic 

effects and evaluate the resulting implications for a region (Publication III) or the whole of Germany 

(Publication II). For complexity reasons, it is not possible to model each vehicle individually if a system 

perspective is assumed in order to derive findings for the total EV stock (for the year 2030, recent pro-

jections assume a total stock of approx. 12.4 million EVs in Germany [245]). Nevertheless, the heteroge-

neity of individual EV profiles, the representativeness of different EV profile types, and the charging 

availability are relevant from a system perspective and should be considered. For this reason, EVs were 

modeled in an aggregated way in Publication II and Publication III, thereby introducing additional vari-

ables which describe the transfer of energy (stored in the EVs) between the different states (driving, 

available for charging, parked without access to a charging point) for a greater accumulation of vehicles.  
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Prosumer behavior modeling: In Publication I, a decentralized electricity system was created from a 

regional optimization perspective and disregarding the economic benefits for individuals. This was mod-

eled using the regional system load curve to optimize the investment in RE and storage and the opera-

tion of these technologies. The result was an optimal technological configuration from the perspective 

of a region as a whole. Using this approach demonstrated the feasibility of DES and revealed the impacts 

on a region’s degree of electricity autonomy, the resulting costs, and benefits as well as systemic effects. 

A similar global perspective was assumed in Publication II (national) and Publication III (regional) to 

quantify overall flexibility potentials. However, such a global optimization model assumes that individu-

als behave in a globally (i.e., regionally) optimal manner. Accordingly, the consideration of individual 

actors within a region is missing here. This perspective was considered in Publication IV, which focused 

on a local market of prosumers who individually optimize their electricity procurement. Publication I 

featured an optimization model, which optimized the DES configuration and operation. In contrast to 

this, the optimization perspective was shifted to the prosumers in Publication IV, which applied a model 

that decentrally embedded each prosumer’s procurement optimization in a simulation. This more com-

plex approach made it possible to assess the impacts of more realistic prosumer behavior - all aiming at 

minimizing their procurement costs - as well as the resulting effects on the regional level.  

 

Integrating the degree of regional electricity autonomy in a regional energy system model: Pub-

lication I evaluated the effects of implementing decentralized electricity systems in all regions of three 

federal states in Southern Germany in the year 2030. The publication’s motivation was to address the 

existing research gap regarding the aggregated impact of (semi-) autonomous regions. Having identi-

fied the desire to increase regional electricity autonomy as a core driver of DES, an optimization model 

was created that considers investment in and operation of PV and storage, but also incorporates the 

degree of regional autonomy. As a consequence, it was possible to compute not only the optimal re-

gional configuration but also implications when surpassing the economically optimal degree of auton-

omy in a region. 

 

Compiling a data set with high temporal and spatial resolution: Innovative concepts in the frame-

work of DES are increasingly being discussed worldwide. As already mentioned above, the conceptual 

design and implementation of regional electricity concepts require high-resolution data on electricity 

generation, demand, and flexibility potentials. A methodology was developed in Publication III to create 

such a data set. This data set is publicly available for Germany. Given that annual background and sta-

tistical data on the regional level are available, the methodological approach is suitable for application 

in other countries and regions without adaptation.  

 

Development of a criterion for the level of coordination of flexibility options: Publication II identi-

fied and formalized three positive effects of activating flexibility options: (1) They decrease the dispersion 

of the residual load to enhance the utilization of dispatchable power units. (2) They substitute conven-

tional backup capacity and thereby reduce the maximum necessary capacity of dispatchable power units. 

(3) They avoid dumped power (market-based curtailment of RE) and, thus, facilitate the system integra-

tion of RE. Each of these effects can be measured. In the publication, suitable indicators quantifying each 

of the effects listed were combined and used to systematically set a termination criterion for disaggre-

gating EVs into tariff groups, thus ensuring that DR is system-friendly. However, the indicators could 
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also be employed beyond the termination criterion to measure and evaluate the impact of DR quanti-

tatively and independently of the type of flexibility resource.  

 

Regional market simulation: In local electricity trading concepts, as conceptualized in Publication IV, 

RE dominates and conventional power plants play a minor role. As a result, the merit-order principle, on 

which real-world spot market pricing mechanisms as well as the majority of all established electricity 

market models are based, does not work. Taking into account this fundamental requirement, Publica-

tion IV implemented an alternative concept for a local market based on a simple trading algorithm. This 

concept integrates prosumers that individually optimize their electricity procurement into the local mar-

ket while ensuring the interaction with the superordinate electricity system by linking the local market 

to a central spot market. 
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7 Discussion and outlook 

7.1 Critical discussion and further research 

This work evaluates demand-side flexibility from multiple angles and looks at the coordinated use of 

different flexibility resources on both a local and a systemic level. Despite developing and applying sev-

eral models to approach the research questions formulated at the beginning of this thesis, some limita-

tions remain that require further discussion. Additionally, the findings and outcomes of the four publi-

cations in this thesis have identified a number of aspects that point to the need for future research. 

 

Consideration of other energy vectors and the underlying grid: In this thesis, the analysis of DES 

took place at the level of NUTS-3 regions (Publications I and III) or for a set of 480 prosumers (Publication 

IV). As discussed in Publication IV (Section 5.4), both these geographical demarcations are synthetic in 

the sense that they are based neither on energy-economical nor technical considerations. In addition, 

the applied models do not consider grid restrictions either. While this is also the case in reality for grass-

roots movements such as community energy systems, the reason for doing so here is due to the main 

focus of this thesis. Its interest is in exploring the regional and systemic effects resulting from the re-

gional use of flexibility and estimating the benefits for individual prosumers of participating in DES. The 

technical implementation of DES is beyond its scope. Due to these focal points, the distribution grid was 

deliberately not integrated into the models and not considered in the framework of this thesis. However, 

DES can also be used to minimize local grid constraints and, thus, to reduce or delay the need for grid 

expansion.  

Furthermore, this thesis focuses on the electricity system. This means that stakeholders such as prosum-

ers are limited in their options to optimize their procurement: only electricity-related revenue streams 

are modeled. However, as a result of ongoing sector integration, not only new electricity consumers 

(formerly located in other sectors), such as EVs or heat pumps, but also the local gas or heat network or 

entire buildings themselves could become available as flexibility resources. In this context, taking into 

account as many energy vectors as possible can lead to the emergence of new revenue streams, but also 

completely new business models for prosumers. These aspects are also beyond the scope of this thesis 

but pose relevant research questions for future investigation. 

 

Coordination of incentives and price signals: In all four publications of this thesis, the incentives for 

activating flexibility options reflect the hourly balance of demand and supply, either in a regional or a 

national context. While, in some cases, the (regional) system load is used directly as an incentive signal, 

in others, a wholesale electricity market price is modeled based on the residual load using an electricity 

market model (Publication IV) or a regression model (Publication II).  

Regardless of the benefits and drawbacks of the different models (already discussed in Section 3.4 and 

Section 5.4), they all have in common that each flexibility option (or prosumer) receives a single, coordi-

nated incentive signal. The decision process and the resulting load curve are based on this signal. To 

trigger maximum flexibility, fiscal charges are not considered. In reality, these make up a huge proportion 
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of the retail electricity price. They are usually constant and, thus, reduce the leverage of the flexible price 

component. Moreover, the incentive could be too low to surpass the savings due to avoided surcharges. 

In addition, the design of fiscal charges is largely country-specific (apart from, e.g., the EU directives) and 

reduces the significance of the results in an international perspective and, thus, the generalizability of 

the findings. Taxes and surcharges will continue to make up a large part of the electricity price for most 

consumers. Therefore, the question arises as to how these price components can be used to incentivize 

and activate demand-side flexibility in a targeted manner.  

Additionally, the electricity price components represent different objectives. Some charges are grid-re-

lated (e.g., in Germany, the grid charge is used to refinance the grid and scaled accordingly), whereas 

others are used to promote the expansion of RE or to generate revenues for the government (e.g., taxes 

and concession fees). While these aspects are legitimate, incentive signals targeting different objectives 

(e.g., a dynamic grid charge to avoid grid congestions and reduce grid expansion measures) could over-

lap and interfere with each other. The same applies to incentives based on central signals overlapping 

with those from a local market (in Publication IV, this is avoided by allowing prosumers to participate on 

either the local or the central market, but only indirectly – via the local market – on both simultaneously). 

To ensure that providing demand-side flexibility is attractive and straightforward for participants, future 

research should explore how to design incentives to provide sufficient leverage on the one hand. On the 

other hand, the possibility of overlapping incentives due to multiple dynamic price components or co-

existing markets should be investigated. 

 

Participation and roles: This thesis models different flexible demand processes as well as heterogene-

ous prosumers in detail, which combine electricity demand, the (partially) corresponding flexibility, and 

possibly a generation unit within one system. It implicitly assumes their active participation when simu-

lating the effects of flexibility dispatch on the electricity system. The thesis neither examines nor evalu-

ates the heterogeneous socio-economic preferences and drivers that may impede or promote this active 

participation. However, studies by Sovacool et al. [246], Paetz and Duetschke [247], Globisch et al.33 [27], 

and many others show that socio-technical barriers, privacy, and data protection issues, as well as other 

prosumer preferences, can play a huge role in activating effective demand-side flexibility. Taking this 

into account, it is important to assess whether DES have benefits not only for the electricity system but 

also for their participants before promoting them. Therefore, the approach chosen for this work is legit-

imate at this stage of the research on DES. In the future, however, prosumer preferences, associated 

transaction costs, and effects resulting from the expected degree of prosumer participation should be 

integrated when modeling DES but also centralized electricity systems to derive more accurate findings 

concerning the incentives to activate flexibility. 

In addition to the socio-technical preferences of the participants, the definition of roles and responsibil-

ities beyond the providers of flexibility (e.g., aggregators or platform operators) is also relevant for the 

functionality of DES and represents another avenue for future research. 

 

                                                                                                                                                                      
33 The author of this thesis is also one of the authors of the cited publication, which addresses the DR potential of 

heat pumps in Germany considering socio-economic obstacles. This publication is, however, not part of this the-

sis. 
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Complementary and competing flexibility resources: In today's electricity system, a large fraction of 

flexibility is provided by conventional power plants. In most cases, these power plants present the most 

efficient option to balance volatility [248]. Further flexibility is provided by the transmission grid infra-

structure, which can balance supply and demand over long distances, or pumped hydro storage - both 

of these mature, established technologies [249]. Curtailment of volatile RE is also widely applied and can 

be economically beneficial, even though energy is lost [249]. 

However, in a decarbonized future electricity system, the need for flexibility will increase as conventional 

capacity decreases. Considering the recent increase in the targeted level of decarbonization in Germany 

[250], a further capacity increase of RE will be needed here, leading to even more volatility on the supply 

side than is the case today. This thesis explores how small-scale flexibility options on the demand side 

can address this need, in particular the role of prosumers. It is shown that the flexible operation of these 

technologies can be beneficial from the prosumers' and the system's perspective. However, in the short- 

and long-term perspective, other flexibility options will also play a significant role in determining the 

extent to which these flexibility options are actually exploited. 

In the short term, Müller and Möst [23] point out that the demand-side flexibility potential in the indus-

trial sector is comparatively easy to exploit and should therefore have the highest priority. In the long-

term, especially beyond 2030, Heitel et al. [251] show that hydrogen electrolysis could also contribute 

to providing flexibility to the power system, especially to reduce excess RE. Bernath et al. [252] emphasize 

the vast RE integration potential of district heating networks using heat pumps (according to the authors 

these surpass small-scale flexibility options like EVs or residential heat pumps in Germany). Large-scale 

heat pumps and the hydrogen economy would be flexibility options with a comparatively low cost of 

exploitation considering their large volumes and lower socio-economic barriers compared to small-scale 

flexibility options from the residential sector. At the same time, the diffusion of these technologies is 

characterized by great uncertainties (in the case of large heat pumps, this concerns the CO2 and gas 

prices [253]; in the case of hydrogen, e.g., the technology costs for electrolyzers and the future hydrogen 

demand [254]) and its dependence on the future political framework conditions.  

The more flexibility resources are activated, the more they compete with each other, and the lower the 

value and possible revenue of each. This is also illustrated by the comparison of the cost savings of 

different EV groups in Publication II (see Section 3.3.3). Nevertheless, in contrast to the other flexibility 

options outlined, the flexibility of prosumers is characterized by lower uncertainties. The diffusion of EVs, 

which was sluggish until a few years ago, is now progressing quickly: These have now reached double-

digit sales figures in the majority of European countries [255]. For Germany, it is foreseeable that there 

will be over 1 million EVs (plug-in and battery vehicles) by 2022 [256], possibly earlier. Furthermore, a 

home storage capacity of 930 MWh was already installed in Germany in 2018, which corresponds to 

approx. 415 MW [257]. Concerning the technical and organizational infrastructure, examples such as DR-

ready smart meters, EV chargers (e.g., [258] and [259]), and suitable dynamic tariffs (e.g., [260]) show 

that the prerequisites are already being created for prosumers’ use of flexibility. 

Therefore, it can be assumed that prosumers can already be integrated into the electricity system in the 

medium term to help integrate RE. However, especially in the long-term perspective, there is the need 

for further research with regard to whether prosumer flexibility can compete with other, larger scale, and 

correspondingly cheaper flexibility options. 
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Flexibility use and local trading in different stages of the energy transition: In today's electricity 

system, demand-side flexibility resources are only marginally integrated. Flexibility is largely provided 

by controllable central power plants. The analyses carried out within this thesis were conducted under 

the premise that such a system is supplemented by additional flexibility on the demand side. In other 

words, it was always assumed that the analyzed flexibility options are first-movers and not in direct 

competition with other, already existing demand-side flexibility. The same premise applies to the local 

markets. Again, these are assumed to be first-movers. Moreover, the superordinate electricity system, 

with which they interact, corresponds largely to the electricity system in its current shape and function-

ality (concerning local markets, this aspect was already addressed in Publication IV, Section 5.4).  

Since the explicit goal of this thesis is to investigate what effects the activation of flexibility has on the 

electricity system in decentralized and centralized settings, this approach is fit for purpose. However, the 

investigation of the revenue potential of individual groups of EVs in Publication II (Section 3.3.3) shows 

that the number of applied flexibility options make a significant difference. While it continues to make 

sense to research how flexibility can be integrated into the current electricity system as effectively as 

possible, it will also be important for future research to analyze whether the attractiveness of offering 

flexibility will change in an advanced and possibly more decentralized system. 

7.2 Concluding remarks 

Decentralized electricity systems represent one way to remedy the electricity system’s growing need for 

flexibility by lowering barriers and actively involving small-scale flexibility sources in the electricity sys-

tem. Moreover, they could represent an opportunity for prosumers, i.e., those who control this flexibility, 

to profit from its commercialization beyond self-consumption while also fostering the energy transition. 

In the process of implementing such systems, the question needs to be answered, to what extent a 

decentrally coordinated use of flexibility can be beneficial from a local, but also a systemic perspective. 

The analyses conducted in this thesis demonstrated that regionalized data with a high temporal resolu-

tion and the corresponding quantitative assessment tools are required to evaluate decentralized sys-

tems. The methods developed in this thesis and its findings contribute to the evaluation and compre-

hension of the effects of using demand-side flexibility in decentralized electricity systems.  
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  APPENDIX 

A.1 Appendix  

A.1.1 Appendix Publication I 

 

See TableAnnex 1 - TableAnnex 3. 

TableAnnex 1: Cost and technical parameters for PV and battery storage. 

 PV rooftop PV ground-mounted Battery storage 

Spec. cost 850 €/kWp 650 €/kWp 500 €/kWh 

Spec. annual cost o&m 20 €/kWp 30 €/kWp 5 €/kWh 

Spec. variable cost 0 €/kWp 0 €/kWp 0 €/kWh 

Spec. residual value 0 € 0 € 0 € 

Lifetime 25 years 25 years 15 years 

WACCreal 2.4% 2.8% 2.6% 

Annuity 82.78 €/kWp 58.32 €/kWp 53.13 €/kWh 

 

TableAnnex 2: Electricity tax, concession fee and others by sector [261,262]. 

 Residential and tertiary sector in ct/kWh Industry in ct/kWh 

Concession fee 1.62 0.11 

Electricity tax 2.05 1.54 

EEG levy34 4.98 4.98 

Sales and procurement35 1.86 1.08 

Others 0.81 0.20 

 

TableAnnex 3: Grid costs for 2030 by sample region (own calculation based on [95]). 

Sample region Grid cost residential and tertiary sector in ct/kWh Grid cost industry in ct/kWh 

Karlsruhe, Stadt 7.0 2.7 

Limburg-Weilburg 8.3 3.7 

Traunstein 9.0 3.7 

 

A.1.2 Appendix Publication IV 

TableAnnex 4: Variables and parameters used for the prosumer modeling 

Set  

 𝑡 ∈ 𝑇 Hours per optimization interval 

Parameters  

                                                                                                                                                                      
34 Own calculation based on [94]. 

35 This corresponds to the mean of sales & procurement costs for the years 2010 - 2013 estimated by [263]. 
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 𝑘 Prosumer 𝑘 ∈ 𝐾 

 𝑝𝑡
𝑘,𝑠𝑒𝑙𝑙𝑖𝑛𝑔

 Price for selling electricity to the market in hour 𝑡  

 𝑝𝑡
𝑘,𝑏𝑢𝑦𝑖𝑛𝑔

 Price for buying electricity from the market in hour 𝑡 

 𝑃𝑡𝑜𝑡,𝑡
𝑘,𝑒𝑣 Total EV charging load in hour 𝑡  

 𝑃𝑡𝑜𝑡,𝑡
𝑘,𝑟𝑒𝑠 Hourly prosumer demand. In our case, this is limited to residential demand 

 𝑃𝑚𝑖𝑛
𝑒𝑣 , 𝑃𝑚𝑎𝑥 

𝑒𝑣  Minimum and maximum charging power of the EV 

 𝜂𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡,𝑜𝑢𝑡, 

𝜂𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡,𝑖𝑛 
Efficiency of EV battery when charging/discharging 

 𝑆𝐹𝐿𝑚𝑖𝑛
𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡, 

𝑆𝐹𝐿𝑚𝑎𝑥
𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 

Minimum and maximum storage fill level of the EV storage (i.e., the share of the EV 

battery available for DR) 

 𝑏𝑡,𝑐𝑜𝑛𝑛
𝐸𝑉 , 𝑏𝑡,𝑚𝑜𝑏

𝐸𝑉  Parameters declaring if an EV is connected at home or mobile in 𝑡 

 𝑃𝑚𝑖𝑛
𝐸𝑉 , 𝑃𝑚𝑎𝑥

𝐸𝑉  Minimum and maximum charging power of the EV 

 𝑃𝑡
𝑔𝑒𝑛

 PV generation in hour 𝑡 

 𝑆𝐹𝐿𝑚𝑎𝑥
𝑏𝑎𝑡  Maximum storage capacity of a prosumer's home storage system 

 𝑃𝑚𝑎𝑥
𝑏𝑎𝑡  Maximum charging power of a prosumer's home storage system 

 𝜂𝑏𝑎𝑡,𝑜𝑢𝑡, 𝜂𝑏𝑎𝑡,𝑖𝑛 Efficiency of the home storage system when charging/discharging (0.95) 

Variables  

 𝑃𝑡
𝑘,𝑔𝑟𝑖𝑑→𝑟𝑒𝑠

 Electricity flow from the market to the prosumer 

 𝑃𝑡
𝑔𝑟𝑖𝑑→𝑏𝑎𝑡

 Electricity flow from the market to the home storage system 

 𝑃𝑡
𝑏𝑎𝑡→𝑔𝑟𝑖𝑑

 Electricity flow from the home storage system to the market 

 𝑃𝑡
𝑏𝑎𝑡→𝑟𝑒𝑠 Electricity from the home storage system to meet the prosumer’s demand 

 𝑃𝑡
𝑔𝑒𝑛→𝑏𝑎𝑡

 Electricity flow from the PV unit to the home storage system 

 𝑃𝑡
𝑔𝑒𝑛→𝑔𝑟𝑖𝑑

 Electricity from the PV unit sold to the market 

 𝑃𝑡
𝑔𝑒𝑛→𝑟𝑒𝑠

 Electricity generated by the prosumer's own PV unit to meet own demand 

 𝑃𝑡
𝑔𝑒𝑛→𝐸𝑉

 Electricity generated by the prosumer's own PV unit to charge the EV battery 

 𝑃𝑡
𝑏𝑎𝑡→𝐸𝑉 Electricity flow from the home storage system to the EV battery 

 𝐸𝑡
𝑏𝑎𝑡 Energy content of the home storage system in kWh 

 𝑃𝑡
𝑔𝑟𝑖𝑑→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

 Power flow from spot market to the DR-ready fraction of the EV battery 

 𝑃𝑡
𝑔𝑟𝑖𝑑→𝐸𝑉

 Power flow from spot market to the mobility fraction of the EV battery 

 
𝑃𝑡

𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡→𝐸𝑉 
Power flow from the DR-ready fraction of the EV battery to the mobility fraction of 

the EV battery 

 𝐸𝑡
𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 Energy content of the (virtual) DR-fraction of the EV battery in kWh 

 𝑃𝑡
𝑔𝑒𝑛→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡

 Power flow from PV to the DR fraction of the EV battery 

 𝑃𝑡
𝑏𝑎𝑡→𝑒𝑣𝐵𝑎𝑡𝑉𝑖𝑟𝑡 Power flow from home storage system to the DR fraction of the EV battery 
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