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Abstract
To mitigate climate change, the world-wide decarbonization of electricity systems is
crucial. Against this background, it is necessary to increase the share of renewable energy sources in electricity systems. The corresponding energy transition represents a
fundamental transformation of electricity systems. However, an increase in renewable
energy sources also poses challenges to electricity grid stability. For example, the feedin of photovoltaic and wind power plants is intermittent due to inherent weather-dependency, and, because of physical constraints, the electricity grid has to balance supply and demand at all times. Moreover, increasing the (decentralized) feed-in of renewable energy sources might not only result in grid congestion, but could also affect
electricity market structures. In this context, discussions on electricity market design
attract attention that, in turn, shape electricity systems world-wide. Over the past
years, research on Information Systems established the stream of Energy Informatics
with the aim of providing applicable and digital solutions to the transformation of electricity systems. To cope with the ongoing transformation of electricity systems, research knows several options to increase electricity systems’ flexibility that are able to
account for increasing intermittency on the supply side. In this regard, increasing the
flexibility on the demand side through measures of demand response is of particular
interest. Therefore, both research and practice consider the important role of Information Systems in enabling and exploiting the potential of flexibility in electricity systems.
This thesis presents the most recent insights on the ongoing transformation of electricity systems relating to the integration of renewable energy sources and corresponding
discussions on electricity market design, and, more specifically, on electricity pricing
regimes. Subsequently, it elaborates on associated digital solutions with respect to Energy Informatics. Moreover, the thesis outlines the need for and describes different
options to increase flexibility in electricity systems, and it analyzes – in more detail –
the flexibility option of demand response that is applied in various sectors. Finally, the
thesis considers recent research on the crucial role of Information Systems in enabling,
implementing, and operating flexibility in electricity systems by bi-directional information flows, automated control, optimizations of electricity markets, and digital
(market) platforms.

Overarching, seven research papers are embedded in this thesis. The thesis contextualizes the research papers’ contributions by disclosing the most recent insights to researchers and practitioners. To summarize, the thesis reflects the transformation of
electricity systems world-wide and contributes to an understanding of Information
Systems enabled flexibility in electricity systems.

v

Table of Contents
1

2

3

4

Introduction ....................................................................................... 1
1.1

Motivation

1

1.2

Research Aim

3

1.3

Structure of the Thesis and Overview of Embedded Research Papers

5

The Transformation of Electricity Systems ........................................ 7
2.1

Integrating Renewable Energy Sources into Electricity Systems

7

2.2

Shaping Market Design by Electricity Pricing Regimes

10

2.3

Digitalizing Electricity Systems: Research on Energy Informatics

14

Information Systems Enabled Flexibility in Electricity Systems........ 19
3.1

Understanding Flexibility in Electricity Systems

19

3.2

Reflecting Applications of Demand Response

23

3.3

Considering the Role of Information Systems in Flexibility

26

Conclusion ...................................................................................... 30
4.1

Summary and Outlook

30

4.2

Acknowledgment of Previous and Related Work

32

5

References ...................................................................................... 33

6

Appendix .......................................................................................... 51
6.1

Research Papers Relevant to This Thesis

51

6.2

Declaration of Co-authorship and Individual Contribution

56

6.3

Research Paper 1 — A Holistic View on Sector Coupling.

58

6.4

Research Paper 2 — Industrial demand-side flexibility: A key element of
a just energy transition and industrial development.

59

vi

6.5

Research Paper 3 — Strukturierte Analyse von Nachfrageflexibilität im
Stromsystem und Ableitung eines generischen Geschäftsmodells für
(stromintensive) Unternehmen.

6.6

60

Research Paper 4 — Not All Doom and Gloom: How Energy-Intensive
and Temporally Flexible Data Center Applications May Actually
Promote Renewable Energy Sources.

6.7

62

Research Paper 5 — The role of flexibility in the light of the COVID-19
pandemic and beyond: Contributing to a sustainable and resilient
energy future in Europe.

6.8

Research Paper 6 — Energy Storage Operation and Electricity Market
Design: On the Market Power of Monopolistic Storage Operators.

6.9

63

64

Research Paper 7 — Systemic Risks in Electricity Systems: A Perspective
on the Potential of Digital Technologies.

67

vii

List of Figures and Tables

Figure 1: Structure of the Doctoral Thesis ...................................................................... 5
Figure 2: Energy-related Emissions by Source of Origin from 1990 to 2018 in Germany;
Source: Umweltbundesamt (2020) .........................................................................8
Figure 3: Share of RES in World-Wide Energy Generation from 2007 to 2019; Source:
FS-UNEP (2020) ..................................................................................................... 9
Figure 4: Schematic Illustration of Electricity Pricing Regimes; Source: Sauer et al.
(2019) ...................................................................................................................... 11
Figure 5: Scope of Energy Informatics Research; Source: Goebel et al. (2014) .......... 15
Figure 6: Integrated Energy System Consisting of an RES-Plant and a Temporally
Flexible Data Center Application; Source: Research Paper 4...............................28

Table 1: Selection of Benefits and Challenges of the Three Electricity Pricing Regimes;
Source: Heffron et al. (2021b) ............................................................................... 13

1

1

Introduction

1.1

Motivation

The ongoing climate change urgently requires immediate, purposeful, and applicable
solutions. A further world-wide rise in temperature poses a threat to the entire gamut
of human life, work, and society (Wheeler and Braun 2013; Cook et al. 2016). The increase in greenhouse gas emissions is one of the main causes of climate change. Consequently, various international initiatives emphasize the imperative need of action.
For instance, the 2015 Paris climate agreement, ratified by 195 parties, is an important
milestone in the international effort to address climate change. The ratifying parties
committed themselves to a significant reduction of greenhouse gas emissions (Rogelj
et al. 2016). A major goal of the Paris agreement is to keep the increase in the global
average temperature below 2° C above pre-industrial levels while aiming to limit the
increase to 1.5° C. Being both legally binding and a comprehensive initiative to combat
climate change, Barack Obama, former president of the United States of America, reflects on this as “the best chance we have to save the one planet that we've got”
(Horowitz 2016). In addition, the United Nations’ Sustainable Development Goals underline the importance of sustainable energy systems. For example, Sustainable Development Goal #7 aims, among others, at ensuring sustainable energy for all (United
Nations 2021).
As the need to reduce greenhouse gas emissions and to implement sustainable energy
systems prevails, the increase in non-fossil and renewable energy sources (RES) in the
global energy mix is crucial (Dincer 2000). For example, the Commission of the European Union stated its aim to promote the reduction of greenhouse gas emissions of
energy systems via measures toward the decarbonization of energy supply (European
Union 2012; Gerbaulet et al. 2019). Against this background, the potential of RES, especially photovoltaic and wind power plants with the most fastest increasing capacities
among RES (Goebel et al. 2014), must be further exploited.
In addition, with the ongoing electrification of various energy-demanding sectors, i.e.,
sector coupling, renewable electricity, and hence, electricity systems as part of energy
systems are of particular interest to decarbonization (Brown et al. 2018). With respect
to sector coupling and decarbonization through RES, electricity can substitute fossil
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fuels in the transportation sector, for example, in the form of e-mobility or by generating (green) synthetic fuels such as hydrogen (Emonts et al. 2019; Glenk and
Reichelstein 2019). In this context, green hydrogen can also be used, among others, in
the manufacturing industry to decarbonize energy-intensive production processes
(Bhaskar et al. 2020). Furthermore, in the heating sector, renewable electricity can
play an important role (Jonynas et al. 2020). Several countries, Norway among others,
already use a large proportion of RES to provide the required energy to the heating
sector (Seljom et al. 2011).
However, the increase of RES – also referred to as energy transition – manifests as an
ongoing transformation of electricity systems world-wide, albeit accompanied by several challenges: It is not only challenging to promote investments in RES in order to
increase their share in the energy mix, but also to deal with RES’ inherent, weatherdependent intermittency (Liang 2017; Research Paper 4).1 As a technical prerequisite,
the electricity grid has to be in balance, that is, the feed-in – within a certain range of
tolerance – needs to equal the consumption at all times. Hence, increasing the share of
RES presents a challenge to grid operators. Moreover, as the energy transition also
results in the phasing out of lignite and coal-fired power plants and even – in some
countries –nuclear power plants (that provide a necessary measure of controllability
and stable feed-in), the required balance of supply and demand is at stake (Halbrügge
et al. 2021; Research Paper 1) as the intermittency on the supply side is expected to
increase considerably. Further transforming electricity systems, the increasing share
of RES also affects electricity markets in various ways structurally. On the one hand, a
particular electricity market design would be able to promote investments in RES; on
the other hand, RES could affect market structures and outcomes due to possible grid
congestion that renew discussions about electricity market pricing regimes.
Irrespective, intermittency on the supply side requires system flexibility. This flexibility relates to the ability to balance short-term and unexpected load changes in the electricity grid (Schoepf et al. 2018). In this regard, the term “flexibility gap” from

1 Note: There are RES plants – for example, hydropower and biomass plants – that are not as weather-

dependent as photovoltaic and wind power plants. Hence, these RES plants do not necessarily increase the variability of feed-in from RES. In Germany, for instance the installed capacity of hydropower and biomass plants is rather low, i.e., about 6 % of total capacity installed in January 2021;
see, for example, www.smard.de
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Papaefthymiou et al. (2018) describes the need to increase flexibility due to the transformation of electricity systems in the context of energy transition. Research identifies
five options to increase flexibility within electricity systems (Research Paper 2): supply-side flexibility, storage flexibility, transmission flexibility, demand-side flexibility,
and inter-sectoral flexibility. Developing, implementing, and operating applications of
these flexibility options is a multi-disciplinary task. Hence, researchers from various
fields, including electrical engineering, economics, politics, and Information Systems
(IS) propose corresponding solution approaches to close this flexibility gap.
In light of digital transformations, IS research provides solutions to the economy and
society that would enable them to thrive in fast-changing environments (Majchrzak et
al. 2016; Legner et al. 2017). Against this background Gholami et al. (2016) point out
the integral role of IS in the ongoing transformation of electricity systems. Within the
IS research community, scholars have for years contributed to corresponding substreams such as Green IS or Energy Informatics. Literature from the IS discipline is
aware of its important role in supporting a sustainable energy system (Melville 2010;
Watson et al. 2010). Therefore, IS scholars recently, referred to the transformation toward a sustainable energy system “the pressing societal challenge” (Staudt et al. 2019)
or “the critical digital transformation of the decade” (Watson et al. 2020). Against this
background, Watson et al. (2010) – among others – call on the IS research community
to contribute to a sustainable energy system.

1.2

Research Aim

IS research presents digitalization as an enabler of a sustainable energy system in order
to combat climate change. Accordingly, Watson et al. (2010) propose the research
stream of Energy Informatics as a subfield IS research. Furthermore, the research
streams of Green IS (vom Brocke et al. 2013b), Green IT (Murugesan 2008), and IT for
Green (Faucheux and Nicolaï 2011) also conduct research in the field of Energy Informatics. According to Watson et al. (2010), Energy Informatics aims at implementing
of a sustainable energy system by “analyzing, designing, and implementing systems to
increase the efficiency of energy demand and supply systems” (Watson et al. 2010). In
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addition, Goebel et al. (2014) emphasizes the important role of approaches within Energy Informatics research in balancing supply and demand in RES-based electricity
systems by means of digital technologies under the research theme of so-called smart
grids. Hence, this research theme elaborates on the concept of flexibility in electricity
systems. Moreover, Goebel et al. (2014) also reflect on the critical role of IS in supporting the operation of electricity markets. By combining two of the most fast-growing
topics of our time, namely the transformation of electricity systems toward sustainability and corresponding solution approaches with a particular focus on digitalizationenabled flexibility, this thesis positions itself in the research field of IS, more specifically in its subfield of Energy Informatics.
In this context, the aim of this thesis is, first, to provide an overview of the ongoing
transformation of electricity systems with respect to the integration of RES and to related discussions on electricity market designs. Moreover, the thesis investigates ISbased solution approaches to this transformation. Second, it aims at providing an understanding of the need for and options to increase flexibility in electricity systems. In
addition, it outlines insights on the flexibility option of demand response in more detail. Finally, the thesis reflects on the crucial role of IS in enabling flexibility and, hence,
sustainable electricity systems.
Regarding its contribution, the thesis recognizes the inter-disciplinary nature of the IS
research community (Benbasat and Zmud 2003; Agarwal and Lucas, Jr. 2005) and
shows an awareness of various methodological approaches that may be categorized as
behavior-oriented and design-oriented approaches (Chen and Hirschheim 2004;
Hevner et al. 2004; Palvia et al. 2004; Buhl et al. 2012). While behavior-oriented research seeks to construct concepts and theories capable of explaining human behavior
or the behavior of organizations, design-oriented research seeks to generate artifacts
(Hevner et al. 2004). Regarding the latter, artifacts are “constructs, models, methods,
and instantiations […] to address heretofore unsolved problems” (Hevner et al. 2004)
in the form of applicable solutions (Peffers et al. 2007; Gregor and Hevner 2013). Accordingly, the research is aware of the need to evaluate the created artifacts (Peffers et
al. 2007; Gregor and Hevner 2013). In the context of Energy Informatics, the call of
Staudt et al. (2019) for applicable solutions to the decarbonization of energy systems
aligns with the aim of design-oriented research. However, constructing concepts and
theories is also relevant for the Energy Informatics research stream. Because this thesis
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and its embedded research papers contain both design-oriented and behavior-oriented
research approaches, it restrains multiple contributions. Moreover, the thesis covers
both theoretical and practical perspectives on and the contributions of the role of IS to
flexibility in electricity systems, thereby providing new solutions to researchers and
practitioners, including all relevant stakeholders in electricity systems (ranging from
policymakers and plant or grid operators to end-consumers). Finally, the thesis contributes to the successful combating of climate change by implementing sustainable
electricity systems world-wide.

1.3

Structure of the Thesis and Overview of Embedded Research
Papers

The following section provides an overview of the structure of this thesis and briefly
describes the seven research papers that constitute its basis. Figure 1 depicts the embedding of the research papers. Overall, the thesis provides an overview of the digital
and sustainable transformation of electricity systems world-wide by reflecting the need
for flexibility and the corresponding role of IS in particular.

Figure 1: Structure of the Doctoral Thesis
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As this thesis is cumulative, its contribution includes the insights garnered from all
seven research papers embedded in the thesis. The research papers provide insights
into the context of the digital and sustainable transformation of electricity systems with
a focus on (IS-enabled) flexibility. Following the introduction (Section 1), Section 2
outlines the ongoing transformation of electricity systems world-wide, while also describing the benefits and challenges of two major components of this transformation
in more detail. These components are the increasing share of RES in electricity systems
(Section 2.1), as well as discussions on and options for electricity market design and,
more specifically, electricity pricing regimes (Section 2.2). Concluding the overview of
the transformation of electricity systems, Section 2.3 illustrates how research on Energy Informatics can contribute to tackling corresponding challenges in general. Subsequently, Section 3.1 discusses the essential role of flexibility in ensuring electricity
grid stability in light of increasing RES, by providing an overview of different flexibility
options. Section 3.2 delves deeper into a particular flexibility option, namely demand
response, and concludes by reflecting on the decisive role of IS in enabling, implementing, and operating flexibility in electricity systems. Finally, Section 4 concludes by summarizing and outlining the contribution of the thesis, as well as by presenting an outlook and acknowledging previous and related work. While references are listed in Section 5, Section 6 forms the appendix of the thesis, as it contains detailed information
on the embedded research papers, by providing, among others, the corresponding abstracts, respectively, extended abstracts. The supplementary material includes the full
texts of all seven research papers (not for publication).
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2

The Transformation of Electricity Systems

To understand the ongoing transformation of electricity systems world-wide, it is necessary to consider the most recent developments. Hence, this section describes and
reflects on these economic and technological developments and corresponding issues
by focusing on the integration of RES into electricity systems and on the benefits and
challenges of different electricity pricing regimes as a substantial part of the market
design. Thereafter, this section provides an overview of digital approaches to overcome
the challenges posed by the transformation of electricity systems by outlining the research field of Energy Informatics.
Throughout the world, various developments – transforming electricity systems from
traditional and unidirectional supply chains into multidirectional and multinational
electricity supply networks – have changed electricity systems world-wide in the past
decades (Research Paper 7): In the European Union, these developments include,
among others, (1) increasing sector coupling, (2) the increasing share of decentralized
RES, and (3) electricity market liberalizations. These three developments contribute to
highly complex structures and processes in electricity systems. Moreover, they are interwoven as, for example, the intended decarbonization of energy systems is only expected to succeed through (1) increased sector coupling if energy supply for all sectors
originates – at least for a major part – from (2) RES. Hence, Subsection 2.1 combines
the description of (1) and (2) while Subsection 2.2 elaborates on electricity pricing regimes in the context of (3) electricity market liberalization. Finally, Section 2.3 provides an overview of approaches to digitalize electricity systems – in particular regarding the integration of RES into electricity systems (2) and electricity market design (3)
– by considering the research stream of Energy Informatics as a sub-stream of IS research.

2.1

Integrating Renewable Energy Sources into Electricity Systems

Regarding the developments of increasing sector coupling and the increasing share of
decentralized RES, it is essential to understand the importance of energy generation
for the required decrease of greenhouse gas emissions (Research Paper 1). In 2018 in
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Germany, for example, about 41% of energy-related greenhouse gas emissions originated from generation, that is, energy and heat generation as well as refineries and
solid fuel generation (Umweltbundesamt 2020). Figure 2 – using data of the German
Federal Environment Agency, i.e., Umweltbundesamt – relates the significant amount
of greenhouse gas emissions originating from energy generation to other energy-consuming sectors (cf. dark blue colored bar in Figure 2). Moreover, Figure 2 also illustrates that overall emissions have already been decreasing over the past years.

Figure 2: Energy-related Emissions by Source of Origin from 1990 to 2018 in Germany; Source:
Umweltbundesamt (2020)

To decrease the high share of greenhouse gas emissions produced by energy generation, policymakers have initiated several measures over the past decades, with the aim
of increasing the share of RES being one of the most prominent. Increasing the share
of RES is of particular relevance as the previously mentioned advancement of sector
coupling is expected to play a significant role in terms of decarbonization (Arabzadeh
et al. 2020): Sector coupling aims at the electrification of all energy-consuming sectors,
i.e., overall energy supply mainly originates from electricity systems (Research Paper
1). Consequently, electricity systems should to a large extent rely on RES. Therefore, a
major task of policymakers and practitioners is to (further) increase the share of RES
by increasing investments in RES plants. At this juncture, sector coupling may also
present new opportunities to increase the profitability of RES plants (Rövekamp et al.
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2021): By enlarging the market for RES-based electricity, for instance, for producing
green hydrogen (Glenk and Reichelstein 2019), sector coupling may enable an increase
in investments in RES plants.
Several countries introduced concomitant programs to promote investments in RES.
In Germany, for example, these programs result in the prioritized feed-in of RES as
well as in fixed feed-in tariffs for RES plant operators. Along with RES’ low marginal
costs close to zero, this also affects the so-called merit order, which determines the
sequence of feed-in, i.e., order, of power plants (Sensfuß et al. 2008; Woo et al. 2016).
Against this background, the share of RES in world-wide energy generation has already
increased considerably (cf. Figure 3). Moreover, research and practice expect the RES
share to further increase significantly in future (Lund 2007).

Figure 3: Share of RES in World-Wide Energy Generation from 2007 to 2019; Source: FS-UNEP (2020)

Besides increasing the share of RES, also the integration of RES into electricity systems
is accompanied by high complexities (Research Paper 1): While RES’ spatial distribution and the larger number of generation plants in RES-based systems1, also RES’ inherent intermittency challenges historically grown electricity systems (Halbrügge et al.
2021; Lund et al. 2015). In contrast to centralized conventional power plants, RES
plants typically have a smaller capacity and are, above all, spatially distributed
(Research Paper 1). Hence, electricity systems have to deal with a larger number of
1

Compared to electricity systems based on conventional power plants; see, for instance, Research

Paper 2.
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generation plants with a very decentralized feed-in, on the one hand (Perera et al.
2019). On the other hand, the feed-in of RES is to a large extent weather-dependent
and therefore intermittent as it affects, among others, electricity markets (cf. Section
2.2.) and grid stability (Research Paper 1). Concerning grid stability, grid frequency
indicates the balance of electricity supply and demand (Shi et al. 2018). Within the
interconnected European electricity grid, the grid frequency varies around 50,0 Hz.
However, grid stability only allows small deviations: failures may already arise below
a frequency of 49,8 Hz (Halbrügge et al. 2021). Therefore, the intermittent feed-in of
RES not only affects but challenges grid stability (Shi et al. 2018). To account for the
intermittency of RES on the supply side, and hence, to ensure grid stability, research
considers (new) approaches to increase the flexibility of electricity systems (cf. Section 3).

2.2

Shaping Market Design by Electricity Pricing Regimes

Apart from challenging grid stability, the increasing share of RES and its integration
into electricity systems not only affect electricity markets and electricity prices but, vice
versa, also the corresponding market design that can promote investments in RES
(Rövekamp et al. 2021). During the past decades, the era of global liberalization provided direction to electricity systems and, in particular, to electricity markets (Pollitt
2012). In this context, the implementation of both wholesale markets for electricity and
different electricity pricing regimes, i.e., different options to set the geographical granularity of electricity prices, took place (Weibelzahl 2017), following discussions about
related electricity market designs (Research Paper 6). Nowadays, the integration of an
increasing share of RES renews these discussions. For example, the structural shift
within the merit order and RES’ intermittent feed-in lead to varying and even negative
prices on wholesale electricity markets (Fanone et al. 2013; Halbrügge et al. 2021).
Moreover, integrating RES also requires the critical reflection of (limited) transmission
capacity and corresponding grid congestion – as, for example, RES feed-in is mainly
decentralized (Research Paper 6). To account for grid congestion before the marketclearing via market design, countries can apply corresponding market-based approaches, i.e., including transmission restrictions to the respective electricity pricing
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regime. By contrast, approaches in several European countries, such as Germany, apply a so-called redispatch to account for (possible) congestion after the market-clearing; in this regard, see, for example, Linnemann et al. (2011), Bjorndal et al. (2013),
Staudt et al. (2018), and Research Paper 6. Subsequently, this section provides an overview of the role of electricity pricing regimes as a part of electricity market design in
light of the ongoing transformation of electricity systems.
By implementing wholesale markets for electricity and respective pricing regimes, policymakers target an increase in efficiency – including the operational and economic
aspects thereof (Conejo and Sioshansi 2018) – while simultaneously ensuring energy
security and energy equity2. Therefore, electricity market liberalization in the European Union also broke up vertically integrated monopolies to promote (private) investments, e.g., in electricity generation projects, by means of increased competition
(Pollitt 2012). Today, there exist various forms of (liberalized) electricity market designs in several countries. These forms differ, for instance, in respect of the role and
power of included market parties, the specific form and setup of electricity markets,
and various options for trading electricity, including electricity pricing regimes
(Cramton 2003). In general, research and practice differentiate between three electricity pricing regimes: uniform pricing, zonal pricing, and nodal pricing (Gan and
Bourcier 2002; Leuthold et al. 2008; Weibelzahl 2017). Figure 4 illustrates these three
pricing regimes by depicting three nodes (black dots) in different (geographical) pricing zones (dashed lines).

Figure 4: Schematic Illustration of Electricity Pricing Regimes; Source: Sauer et al. (2019)

2 Energy security, energy equity, and energy sustainability form the three horns of the energy trilemma.

While sustainability was not a focus during the era of liberalization, it is currently of specific concern.
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As briefly introduced above, the three pricing regimes differ in the way how they account for the limited (spatial) transmission capacities of the electricity grid – after local
generation and consumption – and how they transfer these (scarce) capacities to electricity pricing (rules) and geographical granularity, that is, pricing for different regions
or nodes (Linnemann et al. 2011; Weibelzahl 2017; Heffron et al. 2021b). The following
discussion clarifies the distinct features of the pricing regimes, ranging from nodal
through zonal to uniform pricing.
The nodal pricing regime reflects all physical and economic circumstances of an electricity system (Bohn et al. 1984). Hence, the respective market outcome, i.e., the spotmarket price, accounts for electricity generation, electricity consumption, and electricity transmission capacities and restrictions (Singh et al. 1998). Thus, the nodal pricing
regime ensures that electricity prices are node specific3 and that they reflect the local,
i.e., node-specific, scarcity of available electricity (Chao and Peck 1996). While this also
enables corresponding price peaks on the spot market, a nodal pricing regime can ensure a market-oriented and efficient electricity system.
The zonal pricing regime pools the respective nodes of the electricity grid into several
pricing zones, whereas the electricity price is the same for all nodes in a particular pricing zone (Bjørndal et al. 2003; Bjørndal and Jørnsten 2007). Here, the market outcome
accounts for inter-zonal, but not for intra-zonal electricity generation, electricity consumption, as well as electricity transmission capacities and restrictions. To account for
the intra-zonal restrictions, redispatch measures may be necessary, for example, conducted by a transmission system operator. Usually, redispatch occurs ex-post, i.e., after
market-clearing on wholesale electricity markets, to equalize the non-considered, intra-zonal capacities and restrictions (Egerer et al. 2016). Hence, redispatch may upregulate or down-regulate electricity generation plants or consumers to ensure the required electricity grid balance.
The uniform pricing regime only contains a single pricing zone as the electricity price
is the same for all nodes linked in a respective electricity grid. Hence, this pricing regime does not consider transmission capacities and restrictions but only overall elec-

3 Note: This means that the price for electricity may be different at each node of the network, i.e., elec-

tricity grid.
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tricity generation and electricity consumption (Kahn et al. 2001). Consequently, redispatch has to take place after market-clearing on wholesale electricity markets – similar
to zonal pricing (Müsgens et al. 2014; Weibelzahl 2017).
Furthermore, the respective electricity market regimes may affect (private) investments in electricity generation plants (Heffron et al. 2021b): For example, compared
to uniform pricing, nodal pricing can directly incentivize investments of operators at
nodes where the electricity supply is scarce. However, when choosing an electricity
pricing regime, political decisions – for example, distribution effects and concerns in
the context of energy equity or market power – also play a major role. Irrespective,
necessary redispatch measures under zonal- and uniform pricing regimes are cost-intensive: In Germany, almost 17 000 GWh had to be upregulated or downregulated in
2020 in the context of redispatch measures at a cost of 443 million Euros
(Bundesnetzagentur 2021b). Table 1 – taken from Heffron et al. (2021b) – provides an
overview of the possible benefits and challenges of the three different electricity pricing
regimes.
Table 1: Selection of Benefits and Challenges of the Three Electricity Pricing Regimes;
Source: Heffron et al. (2021b)
Electricity pricing regimes
Nodal pricing

Benefits
•
•
•

Zonal pricing

•

•
•

Efficient dispatch of generation
Local signals/incentives in
long-run investments
No redispatch necessary
Reduced number of different
prices (compared to nodal
pricing)
Increased intra-zonal competition
Price stability

Challenges
•
•

•
•
•
•
•
•

•
Uniform pricing

•
•
•
•

High market liquidity
Low system complexity
Relatively high competition
Price stability

•
•

High system complexity
Many small submarkets with
possible low competition and
market power abuse
Fluctuating local prices
Possibly, inefficient dispatch
of power plants
Reduced signals for flexibility
No local signals/incentives
for long-run investments
Difficult determination of
zonal boundaries
Possibly, high redispatch
costs and associated
reallocation issues
Defining adequate remuneration for redispatch services
Possibly, inefficient dispatch
of power plants
Possibly, inefficient long-run
investments
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•

Possibly, high redispatch costs
and associated reallocation issues

This overview indicates that all three electricity pricing regimes include benefits and
challenges that have to be accounted for when analyzing a country’s specific electricity
generation, electricity consumption, as well as electricity transmission capacities and
restrictions. To summarize, integrating an increasing share of RES into electricity systems also structurally transforms electricity markets. Electricity pricing regimes – as a
substantial part of market design – offer different options to account for transmission
congestion. Hence, the increasing costs of the necessary redispatch measures renewed
the discussion on modifying or adjusting electricity pricing regimes, for example, in
Germany that currently applies a uniform pricing regime.

2.3

Digitalizing Electricity Systems: Research on
Energy Informatics

While the two previous sections illustrate challenges that accompany the transformation of electricity systems, this section provides a brief overview of current applications in pursuit of the digitalization of electricity systems. In particular, it first introduces the goals and themes of the research stream on Energy Informatics. Second, it
presents exemplary approaches in the context of Energy Informatics research.
At least since the mid-2000s, IS scholars became aware of the important role of IS in
sustainable energy systems with an increasing RES share as well as of the IS discipline’s
responsibility to develop respective solution approaches (Buhl and Jetter 2009;
Watson et al. 2010). In this context, IS scholars describe the “need for a new discipline,
Energy Informatics” (Watson et al. 2012) as “a new scientific field” (vom Brocke et al.
2013a). While Energy Informatics research deals with “information and information
flows in energy systems” (vom Brocke et al. 2013a), Watson et al. (2010) summarize
the idea of Energy Informatics to the following formula by considering the possibility
that information, meaning IS, can contribute to the reduction of energy consumption,
and subsequently, of greenhouse gas emissions:
𝐸𝑛𝑒𝑟𝑔𝑦 + 𝐼𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 < 𝐸𝑛𝑒𝑟𝑔𝑦
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Zhang et al. (2018) note that Energy Informatics reflects digital technologies to provide
solutions for challenges in the context of electricity systems. Recent streams of Energy
Informatics involve not only the IS community but also different disciplines, since corresponding approaches range across “the perspectives of electrical engineering, energy
economics, and information technology” (Staudt et al. 2019). To shape the research
stream of Energy Informatics, Goebel et al. (2014) introduced a comprehensive framework to illustrate the scope of Energy Informatics (cf. Figure 5).

Figure 5: Scope of Energy Informatics Research; Source: Goebel et al. (2014)

In line with Goebel et al. (2014), respectively Figure 5, Energy Informatics research
distinguishes between smart energy-saving systems and smart grids. First, smart energy-saving systems aim at increasing the efficiency of energy demand by reducing it
effectively and efficiently, for example, in the transportation sector as well as in the
context of IT applications, such as data centers (cf. EI Use Cases in Figure 5). In this
regard, academic literature on reducing the energy demand of information technology
(IT) and data centers – a demand which is expected to increase over the next years
(Jones 2018) – is sometimes also linked to the research stream on Green IT
(Murugesan 2008). This is also in line with Elliot (2011), who suggests that Energy
Informatics research can contribute to a decrease in the ecological (negative) impact of
humans. Second, the research theme of smart grids aims at digital solutions to cope
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with the challenge of integrating an increasing share of RES into the electricity system
(Goebel et al. 2014).
Research Paper 4 illustrates that both research themes drawn from Goebel et al. (2014)
do not necessarily are not mutually exclusive: Whereas the analyzed artifact – an integrated energy system consisting of an RES-plant and a temporally flexible data center
application – may decrease the greenhouse gas emissions of the data center (refers to
smart energy-saving systems), it can also provide required flexibility to electricity systems (refers to smart grids); see also Section 3.3.
To provide a deepened understanding of the multifariousness of Energy Informatics
research, the following exposition briefly presents exemplary approaches of Energy Informatics that aim at providing IS-enabled solutions for the identified challenges of
electricity systems. In particular, the illustrative examples outline approaches regarding the optimization of electricity markets and microgrids before focusing on the potential of blockchain technology and self-sovereign identities for future electricity systems with a high penetration of RES. Finally, the following provides an outlook on flexibility in electricity systems, being the focus of Section 3.
In general, digital solutions can support the integration of RES into electricity systems,
for instance, through control and real-time monitoring, market and asset optimization,
specific decision support systems, various kinds of platforms, or data exchange across
various (electricity) market players (Watson et al. 2010; Vargas and Samper 2012;
Watson et al. 2012; Jørgensen et al. 2015; Nielsen et al. 2017; Antonopoulos et al. 2020;
Research Paper 7).
Regarding electricity markets, Ketter et al. (2018) note that IS can provide insights into
(the optimization of) respective market mechanisms dealing with electricity market
design. For instance, Weibelzahl and Märtz (2020) analyze the optimization of investments in the transmission grid and storages in a zonal electricity market.4 In this case,
Energy Informatics supports the provision to solutions for highly complex optimization problems in terms of the required computational power. Moreover, Bichler et al.
(2010) recommend research to develop applicable approaches to enable real-time decision making in electricity markets. To ensure this, Energy Informatics research also
reflects the potential of artificial intelligence that may support the automation of real4 For a description of zonal electricity markets, see Section 2.2.
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time decision making (Antonopoulos et al. 2020). Furthermore, Bichler et al. (2020)
propose alternative IS-enabled auction formats on electricity markets to account,
among others, for physical transmission grid restrictions.
Energy Informatics also researches so-called microgrids that are sometimes also linked
to energy communities (European Union 2018; Ketter et al. 2018; Gui and MacGill
2018; Sachs et al. 2019). Typically, microgrids pool several (local) energy consumers
or prosumers5 who are able to trade energy within their community resulting in a microgrid pool. Microgrids can operate in an islanded mode or can be coupled with external (micro-) grids, while they do not require RES-typical, spatial energy transportation that usually accompanies the high costs of transmission lines and energy loss during transportation (Research Paper 1). The implementation and operation of microgrids require the use of advanced IS (Mengelkamp et al. 2018). To enable control
and transactions within microgrids, several approaches consider blockchain technology (Goranovic et al. 2017). The Brooklyn Microgrid features among the most prominent examples (Mengelkamp et al. 2018). In this context, Goranovic et al. (2017) provide an overview of current blockchain applications in microgrids.
Research on Energy Informatics also considers the use of blockchains for other applications (Wu and Tran 2018; Andoni et al. 2019). For example, literature outlines the
role of blockchain technology – along with self-sovereign identities – in increasing data
exchange among the various electricity market players (Research Paper 7). While their
number increased due to electricity market liberalization, it is necessary to promote
cooperation and to ensure the improved monitoring of electricity systems, including
the control of systemic risks (Research Paper 7). Energy Informatics reflects these technologies, also to enable a real-time electricity sector (Wang et al. 2015; Shi et al. 2017):
To bring the real-time electricity sector to a working stage, policymakers and system
operators need to bridge the existing digital gap. For example, the short-term balancing of electricity supply and demand will require the integration of millions of decentralized, small-scale consumption and generation plants as active market participants,
into electricity systems (Strüker et al. 2021). In a real-time electricity sector, decentralized consumption plants must be able to switch self-sovereignly and dynamically between self-consumption, thereby providing system services and active participation in
5 Prosumers are consumers that are also able to generate (“produce”) energy; see, for example, Zafar et

al.2018.
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electricity market trading, among others – this is sometimes also referred to as the next
step after the so-called redispatch 2.0 (BMWi 2021). In this case, blockchain technology and self-sovereign identities can contribute to the building of an appropriate and
digital infrastructure (Research Paper 7).
Finally, Energy Informatics research also contributes significantly to enable the required flexibility in electricity systems (Strüker and van Dinther 2012; Fridgen et al.
2016; Ketter et al. 2018); see also Section 3.3. As further outlined in Section 3.2, demand response is a subset of flexibility on the demand side and refers to short-term
adjustments in energy demand due to market price signals (Palensky and Dietrich
2011). Literature applies IS-enabled demand response in various areas, for example, in
industrial systems (Huang et al. 2019; Körner et al. 2019), in the residential sector
(O'Neill et al. 2010; Haider et al. 2016), and in the transportation sector, i.e., e-mobility
(Holly et al. 2020; Baumgarte et al. 2021). In all cases, digital solution approaches allow consumers to flexibly adjust their demand to ensure electricity grid stability. As
Section 3 deals with flexibility in electricity systems, this thesis contributes to the Energy Informatics research theme of smart grids in the sense of Goebel et al. (2014).
To summarize, the increasing share of RES – that also needs to be reflected in the context of sector coupling – the integration of RES into electricity systems and the corresponding discussions on market design transform and challenge electricity systems
world-wide. However, as illustrated in this section, various digital solution approaches
can provide support attempts to deal with these challenges. One of the main challenges
to solve is RES’ inherent intermittency. Therefore, Section 3 elaborates on the necessity
of increasing flexibility in electricity systems.
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3

Information Systems Enabled Flexibility in Electricity
Systems

As described above, electricity systems need to integrate an increasing share of RES to
support the world-wide combat of climate change. Against this background, the following sections elaborate on flexibility in electricity systems that, according to research, is
expected to play a key role in future. Accordingly, Section 3.1 provides an understanding of (the need for) flexibility and presents several flexibility options that are currently
discussed in academic literature. Section 3.2 analyzes one of these flexibility options in
more detail, namely demand response. Finally, Section 3.3 reflects on the critical role
of IS in enabling and implementing flexibility.

3.1

Understanding Flexibility in Electricity Systems

Several physical circumstances apply to electricity systems, for example, those encapsulated by Kirchhoff’s Laws. Among others, these circumstances require the electricity
grid to be in balance, i.e., electricity supply has to equal electricity demand at any time
– within a certain range of tolerance (cf. Section 2.1). As outlined in the previous sections, the increasing share of feed-in from RES increasingly tackles this balance, i.e.,
grid stability. To ensure grid stability, operators have to intervene on an increasing basis: German grid operators had to curtail almost 6500 GWh of RES feed-in in 2019
whereas, in 2009, the required curtailment of RES feed-in only totaled 74 GWh
(Bundesnetzagentur 2021a). This example illustrates the increasing imbalance within
the electricity system and thus enormous demand for RES curtailment. Curtailment is
necessary when grid stability is compromised by transmission constraints.
In the past, electricity supply originated from a few controllable and conventional
power plants, including coal-fired or nuclear power plants (Research Paper 2). Hence,
electricity supply could be aligned to fit the respective (inelastic) electricity demand
patterns by ramping the various power plants up or down (Research Paper 5). This
inelasticity means that electricity demand does not react to price changes in accordance with (short-term) changes in electricity supply (Cargill and Meyer 1971). However, the ongoing transformation of electricity systems described in Section 2 changes
the structure of the electricity supply side. In light of the phase-out of conventional
power plants as well as the increasing feed-in from RES, it will be increasingly difficult
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to provide the necessary flexibility of the supply-side in its current form (HeydarianForushani et al. 2017; Research Paper 5).
Accordingly, Degefa et al. (2021) comprehensively define flexibility as “the ability of
power system operation, power system assets, loads, energy storage assets and generators, to change or modify their routine operation for a limited duration, and responding to external service request signals, without inducing unplanned disruptions.” Research distinguishes between spatial and temporal flexibility (Research Paper 5):
Whereas spatial flexibility denotes the transport of electricity from areas where it is
generated to areas where it is consumed1, temporal flexibility not only refers to shortterm adjustments due to increased or decreased supply or demand but also – in respect
of RES – to relevant seasonal patterns (Palensky and Dietrich 2011; Mulder 2014;
Fridgen et al. 2017). As previously indicated, Papaefthymiou et al. (2018) describe the
critical need to increase the flexibility of electricity systems as the flexibility gap. In line
with Research Paper 2, there are five different options to close the flexibility gap:
(1) (new) supply-side flexibility, (2) storage flexibility, (3) transmission, i.e., grid, flexibility, (4) demand-side flexibility, and (5) inter-sectoral flexibility. The aim of all flexibility options is to close – or at least to reduce – the flexibility gap in order to ensure
the stability of the electricity grid. The following overview briefly describe the five flexibility options.
First, supply-side flexibility refers to the adjustment of electricity feed-in, i.e., supply,
from electricity generating plants to align with electricity demand. Excluding, for example, coal-fired or nuclear power plants, there are only a few conventional power
plants that can provide a certain amount of flexibility. For instance, gas-fired power
plants can provide short-term flexibility on the supply-side due to their respective
ramping up or down characteristics; see, for instance, the considerations of Glensk and
Madlener (2019). It can be argued that the curtailment of RES depicts the possibility
of adjusting the electricity supply. However, this cost-intensive possibility can only be
used to decrease the electricity supply.
Second, storage flexibility provides temporal flexibility as it allows the balancing of
temporal inequalities between electricity supply and electricity demand (Després et al.

1 See, for example, the discussions about planned DC transmission lines from Northern to Southern

Germany.
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2017; Weibelzahl and Märtz 2018). In this sense, for example, electrical batteries are
able to demand and store electricity at times when it is abundant and feed-in electricity
back to the grid, i.e., supply, in times when electricity is scarce (Peker et al. 2018).
Third, transmission flexibility is able to provide spatial flexibility (Lannoye et al. 2015).
In particular, RES plants feed-in their electricity in a decentralized manner and sometimes also off-shore – as is the case in respect of certain wind power plants. In this
regard, the transmission grid is able to transport the electricity to locations where electricity demand is located. Hence, transmission flexibility allows the inter-regional
transport of electricity. However, increases in transmission flexibility, by building new
transmission lines, is often confronted with public protests from the public; see, for
instance, the ongoing discussions about the planned Suedlink transmission line in Germany (Neukirch 2020).
Fourth, demand-side flexibility enables electricity consumers to be flexible. This flexibility option – involving short-term adaptions often referred to as demand response as
a subset of demand-side flexibility – is able to provide both temporal flexibility by rescheduling electricity consumption and spatial flexibility by distributing demand spatially among redundant consumers (Strbac 2008; O'Connell et al. 2014; Fridgen et al.
2017). Section 3.2 provides a deep dive into this flexibility option.
Finally, inter-sectoral flexibility entails the concept of sector coupling. It is based on
connecting and electrifying various energy-consuming sectors (Research Paper 1).
Here, power-to-X technologies enable this flexibility option (Buttler and Spliethoff
2018). However, in some countries, current regulation may inhibit comprehensive inter-sectoral flexibility, including various grids that transport energy from real-world
implementation, so far (Fridgen and Körner 2020).
Besides the potential of increased flexibility in electricity systems, the literature also
discusses corresponding obstacles that may be manifold; see, for example, Olsthoorn
et al. (2015), who survey flexibility barriers in the manufacturing industry. Corresponding, an increasingly high number of hours with negative electricity prices most
likely indicate the need to implement additional flexibility in electricity markets to reduce the effect or to overcome these obstacles (Halbrügge et al. 2021).2

2 Halbrügge et al. (2021) note that, in 2019, there were 211 hours with negative (day-ahead) prices in

the market area of Germany and Luxembourg.
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Apart from obstacles, the literature also elaborates on the possible consequences of
flexibility in electricity markets. For instance, some research considers the impact of
flexible electricity demand on electricity markets (Gutierrez et al. 2003; Bompard et al.
2007). Accordingly, Bompard et al. (2009) analyze the impact of demand-side flexibility on market power in competitive electricity markets, including strategic bidding behavior. This research specifically elaborates on the role of electricity storage with reference to market power concerning short-run electricity prices and system costs
(Research Paper 6). More recently, several studies find that the introduction of electricity storages may affect electricity prices in competitive markets (Weibelzahl and
Märtz 2018; Djeumou Fomeni et al. 2019; Grübel et al. 2020). These analyses are likely
to directly affect ongoing discussions about electricity market design and electricity
pricing regimes (cf. Section 2.2).
Nevertheless, research and practice clearly underline the need to increase flexibility in
electricity systems. Hence, it is important to remember that the five flexibility options
are not mutually exclusive: This means that the successful integration of RES into electricity systems does not require a single option but rather (a combination of) all available options. Also, it is important to note that there is no universal research use of the
five-fold classification of flexibility options. For instance, one may argue that inter-sectoral flexibility is located at the interface of demand-side flexibility as well as storage
flexibility.3 However, the concept of sector coupling will play an important role in respect of the future decarbonization of energy systems. Thus, and in line with the research of Lund et al. (2015) on power-to-X technologies, Halbrügge et al. (2021),
Research Paper 2, and Research Paper 5, this thesis regards inter-sectoral flexibility as
a separate flexibility option. The next section focuses in more detail on demand response, whereas Section 3.3 covers the critical role of IS in enabling flexibility in electricity systems.

3 This would be line with, for instance, Ländner et al. 2019, who only reflect four different flexibility

options.
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3.2

Reflecting Applications of Demand Response

Regarding flexibility options, Research Paper 2 argues that demand response may pose
fewer challenges to (social) acceptance. Moreover, Cardoso et al. (2020) consider demand response to be a cost-effective flexibility option. In this context, academic literature highlights demand response as a promising flexibility option and a key building
block of future electricity systems world-wide (Albadi and El-Saadany 2007; O'Connell
et al. 2014). To indicate applications of demand response, this section first locates the
concept of demand response among the measures of demand-side flexibility and, second, outlines varying types of demand response programs before finally describing the
adaptation of demand response in different sectors.
Research assigns demand response as a subset of demand-side flexibility to the
measures of demand-side management (Strbac 2008; Palensky and Dietrich 2011).
The term demand-side management encompasses all “modifications in the demand
side energy consumption pattern to foster better efficiency and operations in electrical
energy systems” (Behrangrad 2015). The measures of demand-side management include energy efficiency, time of use pricing, demand response, and balancing power
(Palensky and Dietrich 2011). Among others, these four forms of demand-side management differ in respect of their temporal dimensions. While measures concerning
energy efficiency account for decreasing consumption, and therefore, greenhouse gas
emissions in the long run, adaptions in the sense of demand response can ensure a
balance between electricity generation and consumption in the short run (Palensky and
Dietrich 2011; Feuerriegel and Neumann 2014; O'Connell et al. 2014; Buhl et al. 2019).
Demand response depicts the adaption of electricity consumption to align with the current electricity supply, i.e., contributing to the balance between electricity generation
and consumption (Siano 2014; Paterakis et al. 2017; Jordehi 2019). Against this background, Albadi and El-Saadany (2007) describe demand response as “all intentional
modifications to consumption patterns of electricity of end-use customers that are intended to alter the timing, level of instantaneous demand, or the total electricity consumption.” Moreover, demand response enables electricity consumers to benefit from
lower electricity prices since electricity markets reflect grid imbalances – also in the
short-run (Paulus and Borggrefe 2011; Feuerriegel and Neumann 2014).
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Both literature and practice note different forms of demand response. To structure
these forms, Albadi and El-Saadany (2007) and Nikzad and Mozafari (2014) distinguish between demand response programs based on incentives and demand response
programs based on prices. Incentive-based demand response programs include, for
example, ancillary services markets or capacity markets. Incentive-based programs reward their participants with financial benefits according to their amount of demand
increase or decrease, respectively (Imani et al. 2018). Price-based demand response
programs, by contrast, entail dynamic price rates, i.e., electricity tariffs that dynamically adapt the electricity supply, including, for example, real-time pricing or time-ofuse pricing (Haider et al. 2016; Monfared et al. 2019). In general, demand response
programs typically encourage electricity consumers to adapt their consumption
through market signals.
Regarding the different consumers, various electricity-demanding sectors may adapt
demand response programs, with the inclusion of the residential, the transportation,
the commercial and service, as well as the industrial sector (Torriti et al. 2010;
Boßmann and Eser 2016; Kiliccote et al. 2016; Li and Pye 2018). The following overview outlines corresponding applications in these sectors.
In the residential sector, several household applications qualify for demand response
programs. Residential electricity consumers may shift, for example, space and water
heating, as well as dish washer and dryer activities according to market signals
(Kiliccote et al. 2016; Li and Pye 2018). However, for instance, O'Neill et al. (2010) also
mention that implementing an appropriate infrastructure for residential demand response, i.e., home energy management systems and advanced metering infrastructure,
among others, can hinder the broad implementation of demand response in this sector.
Against this background, Hinterstocker et al. (2017) find that time-of-use pricing does
not currently have sufficient potential for the residential sector.
Within the transportation sector, research analyzes the potential of electric vehicles for
demand response programs in particular (Kahlen et al. 2014; Baumgarte et al. 2021) –
also referred to as the concept of smart charging (van der Kam and van Sark 2015). In
this context, electric vehicles, or more specifically their batteries, offer the potential for
demand response when there is a negative difference between the required time to recharge the battery and the parking time of the electric vehicle (Fridgen et al. 2014).
However, the potential of electric vehicles for demand response programs is, among
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others, dependent on the enabling of mechanisms that control the scheduling of charging cycles.
With respect to the commercial and service sector, literature on demand response has
not yet given sufficient attention to this sector – also because of the existence of several
barriers (Cardoso et al. 2020). For example, Wohlfarth et al. (2019) highlight market
barriers to inhibit demand response in the (classical) commercial sector. According to
Grein and Pehnt (2011), refrigeration systems are among the most promising applications for demand response in the commercial sector. Nevertheless, recent academic
research and practice do analyze the potential of demand response applications in the
field of information services, i.e., data centers, in more detail (Fridgen et al. 2017;
Bahrami et al. 2019; Research Paper 4).
Finally, the industrial sector entails a high potential for demand response programs
(Sauer et al. 2019; Roth et al. 2020; Research Paper 2; Research Paper 3). Nevertheless, literature states that the industrial sector has thus not been the focus of demand
response research (Shoreh et al. 2016; Huang et al. 2019). Companies within the industrial sector may be able to optimize their production costs, in particular their energy
purchasing costs, to a significant extent through demand response programs (Research
Paper 3). This optimization may also include expenses for grid charges as they are
linked to respective peak loads of companies in some countries (Buhl et al. 2019). Given
its high potential, demand response in the industrial sector may face, however, also
barriers (Olsthoorn et al. 2015; Cardoso et al. 2020). While the implementation of demand response programs requires standards and modeling, industrial applications are
very diverse - compared to, for example, applications in the residential sector (Bauer
et al. 2017; Schott et al. 2019). Thus, Huang et al. (2019) argue that the variety in the
industrial sector leads to impeding complexity issues for enabling demand response.
Moreover, in light of barriers to industrial demand response, Shoreh et al. (2016) mention the role of sophisticated production processes that often hamper a (short-term)
adjustment of production rates.
Against this background, research clearly states that advanced metering infrastructures and digital control mechanisms are key prerequisites for exploiting the potential
of demand response (Shoreh et al. 2016; Huang et al. 2019; Körner et al. 2019). Hence,
the following Section 3.3 elaborates on the role of IS and digital solutions in enabling
flexibility.
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3.3

Considering the Role of Information Systems in Flexibility

As mentioned in Section 2.3, Energy Informatics research identifies flexibility in electricity systems as a major field to which it can contribute. Hence, IS scholars publish a
variety of literature dealing with IS-enabled flexibility in journals and conference proceedings, see, for example, Strüker and van Dinther (2012), Feuerriegel and Neumann
(2014), Kahlen et al. (2014), Eisel et al. (2015), Fridgen et al. (2016), or Watson et al.
(2020). For instance, Strüker and van Dinther (2012) provide an overview of the role
of IS in flexibility on the demand side, while Fridgen et al. (2016) quantify IS-enabled
flexibility through an analysis of the transportation sector, in particular, regarding
electric vehicles. This section considers the role of IS in flexibility. In particular, it outlines IS’ role in the context of bi-directional information flows and the automated control of plants and devices. Moreover, it considers IS for the optimization of electricity
markets as well as for digital (market) platforms. Finally, this section elaborates on IS
applications themselves to provide flexibility.
Research widely recognizes the relevance of IS in balancing electricity grids (Strüker
and van Dinther 2012; Gholami et al. 2016; Ketter et al. 2018). To enable flexibility,
there is a need for digital metering infrastructures, smart devices, as well as specific
processors that enable bi-directional information flows and the automated control of
electricity generating plants as well as electricity demanding devices (Siano 2014;
Jäckle et al. 2019). Therefore, since IS provide information and signals that support
decision making on the (real-time) exploitation of flexibility, it constitutes an infrastructural and technical cornerstone of flexibility in electricity systems. In addition, IS
support the activation and monitoring of corresponding processes. Accordingly, for example, the microgrid framework of Sachs et al. (2019) highlights the importance of IS
for flexibility as the respective layer “Information & Communication Infrastructure”
plays a key role in enabling application systems and governance “to manage […] energy
technology efficiently.”
To (further) exploit flexibility on the demand side, it is necessary to enable automated
control of electricity consumers, not only on the (aggregate) household or manufacturing plant level, but foremost on the level of specific devices, in the broader sense of the
Internet of Things (Körner et al. 2019; Watson et al. 2020). In this way, IS enable bidirectional information flows, including automated control and electricity flows
(Watson et al. 2010).
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Moreover, the variety of electricity market players relies on the sharing and processing
of information to ensure operating flexibility (Sachs et al. 2019). Therefore, IS present
new opportunities and decreased transaction costs to flexibility (Watson et al. 2010;
Watson et al. 2013) – especially considering that, for example, some companies within
the German electricity system still rely on analog communication via telephone or telefax (Research Paper 3). In addition, the exploitation of flexibility requires a real-time
electricity market with corresponding prices that enable and incentivize suppliers and
consumers to flexibly adapt their generation and demand, respectively (Watson et al.
2020). As outlined in Section 2.3, IS also support the optimization of market mechanisms, for example, with respect to auction formats.
Considering the exploitation of flexibility, the existing lack of transparency and the current occurrence of complexity can prevent companies from participating in the respective programs (Research Paper 3). In this regard, digital platforms may provide an appropriate solution approach, for example, through aggregators who pool and market
the flexibility of several consumers (Ottesen et al. 2018; Stede et al. 2020). Against this
background, research also discusses the concept of virtual power plants that combines
several (RES) generation plants, storages, and consumers “to create a single operating
profile” (Ruiz et al. 2009). Moreover, digital (local) platforms can enable the balancing
of supply and demand within energy communities (Schlund et al. 2017; Correa-Florez
et al. 2020). Here, also distributed-ledger technologies like blockchain gain attention
recently (Schlund and German 2019): Blockchain allows the utilization of the benefits
of pooling flexible consumers without being exposed to the potential challenges of
(central) aggregators (Schlund and German 2019). In this context, Andoni et al. (2019)
provide an overview of blockchain applications in energy systems, including, for example, billing, trading, or grid management, i.e., on the enabling of flexibility. More recently, the three (electricity) transmission system operators TenneT, Swissgrid, and
Terna implemented the blockchain-based Equigy platform as European Crowd Balancing platform (Equigy 2020). The Equigy platform aims at enabling small-scale consumers to exploit their flexibility. Despite pioneering these solutions approaches, research already considers the next level or the next step after the so-called redispatch
2.0 (cf. Section 2.3): In addition to the benefits of blockchain, privacy-enhancing technologies such as zero knowledge proofs, and secure multiparty computation, self-sovereign identities may enable small-scale consumers to dynamically switch between
self-consumption, providing system services, and active participation in electricity
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market trading (Strüker et al. 2021). Ultimately, this enables the exploitation of a significant amount of (new) flexibility potential.4
Besides the identified IS approaches that contribute to a sustainable energy system by
enabling necessary flexibility measures, research critically reflects on IS applications’
increasing share of electricity demand of IS applications, for instance, data centers,
that emerge along with increasing digitalization (Jones 2018). Hence, it is essential to
consider approaches that are able to flexibilize energy-intensive IS applications. Furthermore, IS-enabled approaches can support the exploitation of flexibility as is the
case with an IS-enabled, integrated energy system consisting of an RES plant and a
data center (Research Paper 4). Figure 6 illustrates the integrated energy system developed in Research Paper 4.

Figure 6: Integrated Energy System Consisting of an RES-Plant and a Temporally Flexible Data Center
Application; Source: Research Paper 4

The concept of the integrated energy system consists of (1) an RES plant that is able to
either sell its generated electricity on (2) the electricity market or to consume its generated electricity within the integrated energy system by (3) an on-site data center.
Computation executed in the data center can be sold on (4) the respective markets.
While Goebel et al. (2014) differentiate between the role of IS in energy systems along
two research themes, namely smart energy-saving systems and smart grids (cf. Section
2.3), the implications of the integrated energy system illustrate that these research

4 Against the background of decentralized technologies like blockchain and self-sovereign identities, one

may argue that there is no further need for a (centralized) platform to exploit this flexibility potential.
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themes do not necessarily have to be mutually exclusive: First, the integrated energy
system can contribute to the research theme of smart energy-saving systems, i.e., the
decarbonization of data centers, as it enables data centers to directly use renewable
electricity, thereby contributing to decarbonization. Second, the integrated energy system is able to provide flexibility (cf. Energy Informatics research theme of smart grids)
as the data center can consume (external) electricity bought via electricity markets at
times of high loads in the electricity grid; and vice-versa, at times of low loads, the RESplant can feed its generated electricity into the electricity grid, assuming that the data
center operation is temporally flexible. Thus, IS-enabled energy-saving approaches
should also reflect on how they can contribute to increase the exploitation of flexibility.
Moreover, Energy Informatics research must also consider approaches that are capable of flexibilizing energy-intensive IS applications.
To summarize, IS can contribute to the enabling of flexibility in various ways. This entails, among others, an automated control of electricity-consuming devices, IS-enabled
real-time markets, digital platforms, as well as flexible IS applications. Therefore, ISenabled approaches constitute a key enabler of flexibility in electricity systems. However, research and practice confirm that economic and regulatory conditions must support flexibility measures in order to enable their exploitation (Olsthoorn et al. 2015).
Here, for example, grid charges and other taxes that currently distort electricity prices
for end-consumers in Germany may present several obstacles to the exploitation of
flexibility on the supply and the demand side. Nevertheless, research in the context of
IS, and in particular, in the context of Energy Informatics, significantly contributes to
sustainable electricity systems relying on an increasing share of RES, and thus, finally,
to the urgently required decarbonization of energy systems world-wide.
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4

Conclusion

4.1

Summary and Outlook

Tackling ongoing climate change requires immediate action and applicable solutions.
In this context, the decarbonization of energy systems world-wide is crucial. One way
to contribute to the decarbonization of energy systems is to transform electricity systems by increasing the share of renewable energy sources. However, (further) increasing the share of renewable energy sources tackles electricity grid stability as, for example, the feed-in of photovoltaic and wind power plants is weather-dependent and thus
intermittent and challenging to control. Moreover, an increasing share of renewable
energy sources also transforms electricity markets, and hence, renews discussions on
respective electricity market designs and electricity pricing regimes. Among others, to
contribute to overcome the challenges with respect to the transformation of electricity
systems, the Information Systems community formed a new research stream, namely
Energy Informatics. To cope with the ongoing transformation of electricity systems,
research knows several options that are able to account for increasing intermittency on
the supply side, in order to increase flexibility in electricity systems: Research considers five flexibility options, namely, new supply-side flexibility, storage flexibility, transmission flexibility, demand-side flexibility, and inter-sectoral flexibility. Accordingly,
flexibility on the demand side through measures of demand response is of particular
interest. Against this background, academic scholars and practitioners consider the
crucial role of Information Systems in enabling and exploiting flexibility in electricity systems.
This cumulative thesis includes seven research papers that, respectively, deal with the
ongoing transformation of electricity systems regarding the integration of renewable
energy sources, with the ongoing challenges induced by electricity market design, with
the important role of flexibility, as well as with the crucial role of Information Systems
in the required decarbonization of electricity systems. Hence, this thesis highlights how
the integration of renewable energy sources transforms current electricity systems
through their intermittency and decentralized feed-in (cf. Section 2.1). Subsequently,
it elaborates on the role of market design in light of electricity systems that rely on
renewable energy sources and discusses different options for electricity pricing regimes
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in accordance with their benefits and challenges (cf. Section 2.2). Hereafter, this thesis
briefly introduces the research stream of Energy Informatics that aims to apply information systems to solve existing and emerging challenges in light of transforming electricity systems (cf. Section 2.3). Being aware of the crucial contribution of flexibility to
future electricity systems, this thesis provides an overview of the five flexibility options
in Section 3.1. Moreover, it enters into a more detailed analysis of one of these options,
namely, demand response that provides flexibility on the demand-side (cf. Section
3.2). Finally, this thesis considers the important role in information systems for exploiting flexibility in electricity systems (cf. Section 3.3).
Overall, this thesis displays several limitations. While it, for example, elaborates on
exemplary approaches in the field of information systems enabled flexibility, it does
not claim to provide a complete overview of all approaches that are currently discussed.
Moreover, this thesis mainly indicates the benefits of the ongoing transformation in
electricity systems and, in particular, of increasing flexibility. However, increasing renewable energy sources, modifying electricity pricing regimes, or exploiting flexibility
are accompanied by various challenges. For instance, the modification of electricity
pricing regimes is a deeply policy-driven process in which many perspectives must be
balanced. Therefore, this thesis aims at contributing to a better understanding of the
need to increase flexibility in electricity systems. In particular, it provides researchers
and practitioners with insights into current Information Systems enabled developments in the field of demand response. Moreover, this thesis reveals the critical role of
Information Systems in coping with the challenges posed by the transformation of electricity systems.
Regarding the limitations of the thesis, the embedded research papers provide a broad
basis for further research. With respect to electricity market design, for instance, future
research may analyze the effect of increasing flexibility on market power particularly
in light of sector coupling that research reflects to affect various markets. Moreover,
research may also elaborate in detail on business models in the context of flexibility
that encourage companies to exploit and market their flexibility potential. In addition,
future literature may deal with the impact of decentralized identity management, for
example, in the form of self-sovereign identities, on the exploitation of flexibility. Finally, this thesis notes that research and practice may reflect the interplay of different
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flexibility options since only the combination of all available flexibility options will be
able to ensure the expedient decarbonization of electricity systems.

4.2

Acknowledgment of Previous and Related Work

On all research projects and papers, I worked with colleagues at the University of Bayreuth, the University of Augsburg, the Project Group Business and Information Systems Engineering of the Fraunhofer Institute for Applied Information Technology
(FIT), and the Research Center Finance and Information Management (FIM). Therefore, I indicate how my work builds on previous and related work conducted within
these organizations.
Research Paper 1 and Research Paper 4 relate to the work of Fridgen et al. (2017) and
Thimmel et al. (2019), who consider data centers for spatial flexibility. Moreover,
Sedlmeir et al. (2020) motivated Research Paper 4, in particular. Among others, for
example, Fridgen et al. (2014), Buhl et al. (2019), Körner et al. (2019), and Schott et al.
(2019) provided ideas for Research Paper 2 and Research Paper 3. The insights garnered from Halbrügge et al. (2021), Haupt et al. (2020b), and Ländner et al. (2019) on
flexibility in general influenced the work on Research Paper 5. Dealing with market
design, Research Paper 6 builds on Weibelzahl (2017), Weibelzahl and Märtz (2018),
and Weibelzahl and Märtz (2020). Finally, Fridgen et al. (2015) and Fridgen et al.
(2019) provided starting points for Research Paper 7.

33

5

References

Agarwal, Ritu; Lucas, Jr., Henry C. Lucas (2005): The Information Systems Identity
Crisis: Focusing on High-Visibility and High-Impact Research. In MIS Quarterly
29 (3), p. 381. DOI: 10.2307/25148689.
Albadi, M. H.; El-Saadany, E. F. (2007): Demand Response in Electricity Markets: An
Overview. In : 2007 IEEE Power Engineering Society General Meeting. 2007 IEEE
Power Engineering Society General Meeting. Tampa, FL, USA: IEEE, pp. 1–5.
Andoni, Merlinda; Robu, Valentin; Flynn, David; Abram, Simone; Geach, Dale; Jenkins, David et al. (2019): Blockchain technology in the energy sector: A systematic
review of challenges and opportunities. In Renewable and Sustainable Energy Reviews 100, pp. 143–174. DOI: 10.1016/j.rser.2018.10.014.
Antonopoulos, Ioannis; Robu, Valentin; Couraud, Benoit; Kirli, Desen; Norbu, Sonam;
Kiprakis, Aristides et al. (2020): Artificial intelligence and machine learning approaches to energy demand-side response: A systematic review. In Renewable and
Sustainable Energy Reviews 130, p. 109899. DOI: 10.1016/j.rser.2020.109899.
Arabzadeh, Vahid; Mikkola, Jani; Jasiūnas, Justinas; Lund, Peter D. (2020): Deep decarbonization of urban energy systems through renewable energy and sector-coupling flexibility strategies. In Journal of environmental management 260,
p. 110090. DOI: 10.1016/j.jenvman.2020.110090.
Bahrami, Shahab; Wong, Vincent W. S.; Huang, Jianwei (2019): Data Center Demand
Response in Deregulated Electricity Markets. In IEEE Trans. Smart Grid 10 (3),
pp. 2820–2832. DOI: 10.1109/TSG.2018.2810830.
Bauer, Dennis; Abele, Eberhard; Ahrens, Raphael; Bauernhansl, Thomas; Fridgen, Gilbert; Jarke, Matthias et al. (2017): Flexible IT-platform to Synchronize Energy Demands with Volatile Markets. In Procedia CIRP 63, pp. 318–323. DOI:
10.1016/j.procir.2017.03.088.
Baumgarte, Felix; Dombetzki, Luca; Kecht, Christoph; Wolf, Linda; Keller, Robert
(2021): AI-based Decision Support for Sustainable Operation of Electric Vehicle
Charging Parks. In Tung Bui (Ed.): Proceedings of the 54th Hawaii International
Conference on System Sciences. Hawaii International Conference on System Sciences: Hawaii International Conference on System Sciences (Proceedings of the Annual Hawaii International Conference on System Sciences).
Behrangrad, Mahdi (2015): A review of demand side management business models in
the electricity market. In Renewable and Sustainable Energy Reviews 47, pp. 270–
283. DOI: 10.1016/j.rser.2015.03.033.

34

Benbasat, Izak; Zmud, Robert W. (2003): The Identity Crisis within the Is Discipline:
Defining and Communicating the Discipline's Core Properties. In MIS Quarterly 27
(2), p. 183. DOI: 10.2307/30036527.
Bhaskar, Abhinav; Assadi, Mohsen; Nikpey Somehsaraei, Homam (2020): Decarbonization of the Iron and Steel Industry with Direct Reduction of Iron Ore with Green
Hydrogen. In Energies 13 (3), p. 758. DOI: 10.3390/en13030758.
Bichler, Martin; Grimm, Veronika; Kretschmer, Sandra; Sutterer, Paul (2020): Market
design for renewable energy auctions: An analysis of alternative auction formats. In
Energy Economics 92, p. 104904. DOI: 10.1016/j.eneco.2020.104904.
Bichler, Martin; Gupta, Alok; Ketter, Wolfgang (2010): Research Commentary —Designing Smart Markets. In Information Systems Research 21 (4), pp. 688–699.
DOI: 10.1287/isre.1100.0316.
Bjorndal, Endre; Bjorndal, Mette; Rud, Linda (2013): Congestion management by dispatch or re-dispatch: Flexibility costs and market power effects. In : 2013 10th International Conference on the European Energy Market (EEM). 2013 10th International Conference on the European Energy Market (EEM 2013). Stockholm: IEEE,
pp. 1–8.
Bjørndal, Endre; Bjørndal, Mette Helene; Coniglio, Stefano; Körner, Marc-Fabian;
Leinauer, Christina; Weibelzahl, Martin; (Keine Angabe) (2021): Energy Storage
Operation and Electricity Market Design: On the Market Power of Monopolistic
Storage Operators. In submitted to: European Journal of Operational Research.
Bjørndal, Mette; Jørnsten, Kurt (2007): Benefits from coordinating congestion management—The Nordic power market. In Energy Policy 35 (3), pp. 1978–1991. DOI:
10.1016/j.enpol.2006.06.014.
Bjørndal, Mette; Jørnsten, Kurt; Pignon, Virginie (2003): Congestion Management in
the Nordic Power Market — Counter Purchases and Zonal Pricing. In Competition
and Regulation in Network Industries 4 (3), pp. 271–292. DOI:
10.1177/178359170300400302.
BMWi (2021): Redispatch 3.0. Edited by German Federal Ministry for Economic Affairs
and
Energy.
Available
online
at
https://www.bmwi.de/Redaktion/EN/Artikel/Digital-World/GAIA-X-UseCases/redispatch-30.html, checked on 5/25/2021.
Bohn, Roger E.; Caramanis, Michael C.; Schweppe, Fred C. (1984): Optimal Pricing in
Electrical Networks over Space and Time. In The RAND Journal of Economics 15
(3), p. 360. DOI: 10.2307/2555444.

35

Bompard, Ettore; Ma, Yuchao; Napoli, Roberto; Abrate, Graziano (2007): The Demand
Elasticity Impacts on the Strategic Bidding Behavior of the Electricity Producers. In
IEEE Trans. Power Syst. 22 (1), pp. 188–197. DOI: 10.1109/TPWRS.2006.889134.
Bompard, Ettore; Napoli, Roberto; Wan, Bo (2009): The effect of the programs for demand response incentives in competitive electricity markets. In Euro. Trans.
Electr. Power 19 (1), pp. 127–139. DOI: 10.1002/etep.265.
Boßmann, Tobias; Eser, Eike Johannes (2016): Model-based assessment of demandresponse measures—A comprehensive literature review. In Renewable and Sustainable Energy Reviews 57, pp. 1637–1656. DOI: 10.1016/j.rser.2015.12.031.
Brown, T.; Schlachtberger, D.; Kies, A.; Schramm, S.; Greiner, M. (2018): Synergies of
sector coupling and transmission reinforcement in a cost-optimised, highly renewable European energy system. In Energy 160, pp. 720–739. DOI: 10.1016/j.energy.2018.06.222.
Buhl, Hans; Müller, Günter; Fridgen, Gilbert; Röglinger, Maximilian (2012): Business
and Information Systems Engineering: A Complementary Approach to Information
Systems – What We Can Learn from the Past and May Conclude from Present Reflection on the Future. In JAIS 13 (4), pp. 236–253. DOI: 10.17705/1jais.00292.
Buhl, Hans Ulrich; Fridgen, Gilbert; Körner, Marc-Fabian; Michaelis, Anne; Rägo,
Vadim; Schöpf, Michael et al. (2019): Ausgangsbedingungen für die Vermarktung
von Nachfrageflexibilität : Status-Quo-Analyse und Metastudie. 2 Fassung.
Buhl, Hans Ulrich; Jetter, Martin (2009): BISE’s Responsibility for our Planet. In Bus
Inf Syst Eng 1 (4), pp. 273–276. DOI: 10.1007/s12599-009-0058-z.
Bundesnetzagentur (2021a): Monitoringbericht 2020. Edited by Bundesnetzagentur
für Elektrizität, Gas, Telekommunikation, Post und Eisenbahnen. Bundeskartellamt.
Available
online
at
https://www.bundesnetzagentur.de/SharedDocs/Mediathek/Berichte/2020/Monitoringbericht_Energie2020.pdf?__blob=publicationFile&v=5, checked on 5/26/2021.
Bundesnetzagentur (2021b): Quartalsbericht Netz- und Systemsicherheit - Gesamtes
Jahr 2020. Edited by Bundesnetzagentur. Available online at https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/Versorgungssicherheit/Netz_Systemsicherheit/Netz_Systemsicherheit_node.html, checked on 5/25/2021.
Buttler, Alexander; Spliethoff, Hartmut (2018): Current status of water electrolysis for
energy storage, grid balancing and sector coupling via power-to-gas and power-toliquids: A review. In Renewable and Sustainable Energy Reviews 82, pp. 2440–
2454. DOI: 10.1016/j.rser.2017.09.003.

36

Cardoso, Catarina Araya; Torriti, Jacopo; Lorincz, Mate (2020): Making demand side
response happen: A review of barriers in commercial and public organisations. In
Energy Research & Social Science 64, p. 101443. DOI: 10.1016/j.erss.2020.101443.
Cargill, Thomas F.; Meyer, Robert A. (1971): Estimating the Demand for Electricity by
Time of Day. In Applied Economics 3 (4), pp. 233–246. DOI:
10.1080/00036847100000011.
Chao, Hung-Po; Peck, Stephen (1996): A market mechanism for electric power transmission. In J Regul Econ 10 (1), pp. 25–59. DOI: 10.1007/BF00133357.
Chen, WenShin; Hirschheim, Rudy (2004): A paradigmatic and methodological examination of information systems research from 1991 to 2001. In Inform Syst J 14 (3),
pp. 197–235. DOI: 10.1111/j.1365-2575.2004.00173.x.
Conejo, Antonio J.; Sioshansi, Ramteen (2018): Rethinking restructured electricity
market design: Lessons learned and future needs. In International Journal of Electrical
Power
&
Energy
Systems
98,
pp. 520–530.
DOI:
10.1016/j.ijepes.2017.12.014.
Cook, John; Oreskes, Naomi; Doran, Peter T.; Anderegg, William R. L.; Verheggen,
Bart; Maibach, Ed W. et al. (2016): Consensus on consensus: a synthesis of consensus estimates on human-caused global warming. In Environ. Res. Lett. 11 (4),
p. 48002. DOI: 10.1088/1748-9326/11/4/048002.
Correa-Florez, Carlos Adrian; Michiorri, Andrea; Kariniotakis, George (2020): Optimal Participation of Residential Aggregators in Energy and Local Flexibility Markets. In IEEE Trans. Smart Grid 11 (2), pp. 1644–1656. DOI:
10.1109/TSG.2019.2941687.
Cramton, P. (2003): Electricity market design: the good, the bad, and the ugly. In :
36th Annual Hawaii International Conference on System Sciences, 2003. Proceedings of the. 36th Annual Hawaii International Conference on System Sciences,
2003. Proceedings of the. Big Island, HI, USA: IEEE, 8 pp.
Degefa, Merkebu Zenebe; Sperstad, Iver Bakken; Sæle, Hanne (2021): Comprehensive
classifications and characterizations of power system flexibility resources. In Electric Power Systems Research 194, p. 107022. DOI: 10.1016/j.epsr.2021.107022.
Després, Jacques; Mima, Silvana; Kitous, Alban; Criqui, Patrick; Hadjsaid, Nouredine;
Noirot, Isabelle (2017): Storage as a flexibility option in power systems with high
shares of variable renewable energy sources: a POLES-based analysis. In Energy
Economics 64, pp. 638–650. DOI: 10.1016/j.eneco.2016.03.006.
Dincer, Ibrahim (2000): Renewable energy and sustainable development: a crucial review. In Renewable and Sustainable Energy Reviews 4 (2), pp. 157–175. DOI:
10.1016/S1364-0321(99)00011-8.

37

Djeumou Fomeni, Franklin; Gabriel, Steven A.; Anjos, Miguel F. (2019): Applications
of logic constrained equilibria to traffic networks and to power systems with storage. In Journal of the Operational Research Society 70 (2), pp. 310–325. DOI:
10.1080/01605682.2018.1438761.
Egerer, Jonas; Weibezahn, Jens; Hermann, Hauke (2016): Two price zones for the German electricity market — Market implications and distributional effects. In Energy
Economics 59, pp. 365–381. DOI: 10.1016/j.eneco.2016.08.002.
Eisel, Matthias; Hildebrandt, Björn; Kolbe, Lutz; Schmidt, Johannes (2015): Applying
Demand Response Programs for Electric Vehicle Fleets American Conference on
Information Systems. Puerto Rico.
Elliot, Steve (2011): Transdisciplinary perspectives on environmental sustainability: a
resource base and framework for IT-enabled business transformation. In MIS
Quarterly 35 (1), pp. 197–236.
Emonts, Bernd; Reuß, Markus; Stenzel, Peter; Welder, Lara; Knicker, Felix; Grube,
Thomas et al. (2019): Flexible sector coupling with hydrogen: A climate-friendly
fuel supply for road transport. In International Journal of Hydrogen Energy 44
(26), pp. 12918–12930. DOI: 10.1016/j.ijhydene.2019.03.183.
Equigy (2020): 50Hertz and TenneT test Equigy Blockchain Platform for congestion
management processes involving household systems. Edited by TenneT TSO GmbH
&
50Hertz
Transmission
GmbH.
Available
online
at
https://equigy.com/2020/12/10/50hertz-and-tennet-test-equigy-blockchainplatform/, checked on 5/31/2021.
European Union (2012): Energy roadmap 2050. Publications Office of the European
Union. Available online at https://ec.europa.eu/energy/sites/ener/files/documents/2012_energy_roadmap_2050_en_0.pdf.
European Union (2018): Directive (EU) 2018/2001 of the European Parliament and of
the Council of 11 December 2018 on the Promotion of the Use of Energy from Renewable Sources (Recast). Office Journal of the European Union. Available online
at https://eur-lex.europa.eu/eli/dir/2018/2001/oj, checked on 6/8/2021.
Fanone, Enzo; Gamba, Andrea; Prokopczuk, Marcel (2013): The case of negative dayahead electricity prices. In Energy Economics 35, pp. 22–34. DOI: 10.1016/j.eneco.2011.12.006.
Faucheux, S.; Nicolaï, I. (2011): IT for green and green IT: A proposed typology of ecoinnovation. In Ecological Economics 70 (11), pp. 2020–2027. DOI:
10.1016/j.ecolecon.2011.05.019.

38

Feuerriegel, Stefan; Neumann, Dirk (2014): Measuring the financial impact of demand
response for electricity retailers. In Energy Policy 65, pp. 359–368. DOI:
10.1016/j.enpol.2013.10.012.
Fridgen, Gilbert; Häfner, Lukas; König, Christian; Sachs, Thomas (2016): Providing
Utility to Utilities: The Value of Information Systems Enabled Flexibility in Electricity Consumption. In JAIS 17 (8), pp. 537–563. DOI: 10.17705/1jais.00434.
Fridgen, Gilbert; Keller, Robert; Körner, Marc-Fabian; Schöpf, Michael (2020): A holistic view on sector coupling. In Energy Policy 147, p. 111913. DOI: 10.1016/j.enpol.2020.111913.
Fridgen, Gilbert; Keller, Robert; Thimmel, Markus; Wederhake, Lars (2017): Shifting
load through space–The economics of spatial demand side management using distributed data centers. In Energy Policy 109, pp. 400–413. DOI: 10.1016/j.enpol.2017.07.018.
Fridgen, Gilbert; Körner, Marc-Fabian (2020): Sektorenkopplung als ganzheitlicher
Ansatz für das Energiesystem: Potentiale und Herausforderungen. In Jörg Gundel,
Knut Werner Lange (Eds.): 10 Jahre Energierecht im Wandel. Tagungsband der
Zehnten Bayreuther Energierechtstage 2019. Tübingen: Mohr Siebeck (Energierecht, 26), pp. 33–48.
Fridgen, Gilbert; Körner, Marc-Fabian; Sedlmeir, Johannes; Weibelzahl, Martin
(2019): (How) Can Blockchain Contribute to the Management of Systemic Risks in
Global Supply Networks? In Systemic Risks in Global Networks: Proceedings of
the First Workshop on Systemic Risks in Global Networks, co-located with 14. Internationale Tagung Wirtschaftsinformatik, pp. 89–96.
Fridgen, Gilbert; Körner, Marc-Fabian; Walters, Steffen; Weibelzahl, Martin (2021):
Not All Doom and Gloom: How Energy-Intensive and Temporally Flexible Data
Center Applications May Actually Promote Renewable Energy Sources. In Bus Inf
Syst Eng. DOI: 10.1007/s12599-021-00686-z.
Fridgen, Gilbert; Mette, Philipp; Thimmel, Markus (2014): The Value of Information
Exchange in Electric Vehicle Charging. In Proceedings of the 35th International
Conference on Information System (ICIS), Auckland, New Zealand, December
2014.
Fridgen, Gilbert; Stepanek, Christian; Wolf, Thomas (2015): Investigation of exogenous shocks in complex supply networks – a modular Petri Net approach. In International Journal of Production Research 53 (5), pp. 1387–1408. DOI:
10.1080/00207543.2014.942009.
FS-UNEP (2020): Global Trends in Renewable Energy Investment 202. Edited by
Frankfurt School-UNEP Centre. BloombergNEF, Frankfurt School-UNEP Centre,

39

UN Environment Programme. Frankfurt, Germany. Available online at
https://www.fs-unep-centre.org/wp-content/uploads/2020/06/GTR_2020.pdf,
checked on 5/27/2021.
Gan, D.; Bourcier, D. V. (2002): Locational market power screening and congestion
management: experience and suggestions. In IEEE Trans. Power Syst. 17 (1),
pp. 180–185. DOI: 10.1109/59.982211.
Gerbaulet, C.; Hirschhausen, C. von; Kemfert, C.; Lorenz, C.; Oei, P.-Y. (2019): European electricity sector decarbonization under different levels of foresight. In Renewable Energy 141, pp. 973–987. DOI: 10.1016/j.renene.2019.02.099.
Gholami, Roya; Watson, Richard; Hasan, Helen; Molla, Alemayehu; Bjorn-Andersen,
Niels (2016): Information Systems Solutions for Environmental Sustainability:
How Can We Do More? In JAIS 17 (8), pp. 521–536. DOI: 10.17705/1jais.00435.
Glenk, Gunther; Reichelstein, Stefan (2019): Economics of converting renewable
power to hydrogen. In Nat Energy 4 (3), pp. 216–222. DOI: 10.1038/s41560-0190326-1.
Glensk, Barbara; Madlener, Reinhard (2019): The value of enhanced flexibility of gasfired power plants: A real options analysis. In Applied Energy 251, p. 113125. DOI:
10.1016/j.apenergy.2019.04.121.
Goebel, Christoph; Jacobsen, Hans-Arno; Del Razo, Victor; Doblander, Christoph; Rivera, Jose; Ilg, Jens et al. (2014): Energy Informatics. In Bus Inf Syst Eng 6 (1),
pp. 25–31. DOI: 10.1007/s12599-013-0304-2.
Goranovic, Andrija; Meisel, Marcus; Fotiadis, Lampros; Wilker, Stefan; Treytl, Albert;
Sauter, Thilo (2017): Blockchain applications in microgrids an overview of current
projects and concepts. In : IECON 2017 - 43rd Annual Conference of the IEEE Industrial Electronics Society. IECON 2017 - 43rd Annual Conference of the IEEE Industrial Electronics Society. Beijing: IEEE, pp. 6153–6158.
Gregor, Shirley; Hevner, Alan R. (2013): Positioning and Presenting Design Science
Research for Maximum Impact. In MIS Quarterly 37 (2), pp. 337–355. DOI:
10.25300/MISQ/2013/37.2.01.
Grein, Arne; Pehnt, Martin (2011): Load management for refrigeration systems: Potentials and barriers. In Energy Policy 39 (9), pp. 5598–5608. DOI: 10.1016/j.enpol.2011.04.040.
Grübel, Julia; Kleinert, Thomas; Krebs, Vanessa; Orlinskaya, Galina; Schewe, Lars;
Schmidt, Martin; Thürauf, Johannes (2020): On electricity market equilibria with
storage: Modeling, uniqueness, and a distributed ADMM. In Computers & Operations Research 114, p. 104783. DOI: 10.1016/j.cor.2019.104783.

40

Gui, Emi Minghui; MacGill, Iain (2018): Typology of future clean energy communities:
An exploratory structure, opportunities, and challenges. In Energy Research & Social Science 35, pp. 94–107. DOI: 10.1016/j.erss.2017.10.019.
Gutierrez, G.; Madrigal, M.; Rosenzweig, F. de; Aguado, J. (2003): The effect of bilateral contracting and demand responsiveness on market power in the mexican electricity system. In : 2003 IEEE Bologna Power Tech Conference Proceedings. 2003
IEEE Bologna Power Tech. Bologna, Italy: IEEE, pp. 542–548.
Haider, Haider Tarish; See, Ong Hang; Elmenreich, Wilfried (2016): A review of residential demand response of smart grid. In Renewable and Sustainable Energy Reviews 59, pp. 166–178. DOI: 10.1016/j.rser.2016.01.016.
Halbrügge, Stephanie; Schott, Paul; Weibelzahl, Martin; Buhl, Hans Ulrich; Fridgen,
Gilbert; Schöpf, Michael (2021): How did the German and other European electricity systems react to the COVID-19 pandemic? In Applied Energy 285, p. 116370.
DOI: 10.1016/j.apenergy.2020.116370.
Haupt, Leon; Körner, Marc-Fabian; Schöpf, Michael; Schott, Paul; Fridgen, Gilbert
(2020a): Strukturierte Analyse von Nachfrageflexibilität im Stromsystem und Ableitung eines generischen Geschäftsmodells für (stromintensive) Unternehmen. In
Z Energiewirtsch 44 (2), pp. 141–160. DOI: 10.1007/s12398-020-00279-5.
Haupt, Leon; Schöpf, Michael; Wederhake, Lars; Weibelzahl, Martin (2020b): The influence of electric vehicle charging strategies on the sizing of electrical energy storage systems in charging hub microgrids. In Applied Energy 273, p. 115231. DOI:
10.1016/j.apenergy.2020.115231.
Heffron, Raphael; Körner, Marc-Fabian; Wagner, Jonathan; Weibelzahl, Martin; Fridgen, Gilbert (2020): Industrial demand-side flexibility: A key element of a just energy transition and industrial development. In Applied Energy 269, p. 115026.
DOI: 10.1016/j.apenergy.2020.115026.
Heffron, Raphael J.; Körner, Marc-Fabian; Schöpf, Michael; Wagner, Jonathan;
Weibelzahl, Martin (2021a): The role of flexibility in the light of the COVID-19 pandemic and beyond: Contributing to a sustainable and resilient energy future in Europe. In Renewable and Sustainable Energy Reviews 140, p. 110743. DOI:
10.1016/j.rser.2021.110743.
Heffron, Raphael J.; Körner, Marc-Fabian; Sumarno, Theresia; Wagner, Jonathan;
Weibelzahl, Martin (2021b): How Different Electricity Pricing Systems Affect the
Energy Trilemma: Assessing Indonesia’s Electricity Market Transition. In ADBI
Working Papers (1213). Available online at https://www.adb.org/publications/how-different-electricity-pricing-systems-affect-energy-trilemma-indonesia.

41

Hevner, Alan R.; March, Salvatore T.; Park, Jinsoo; Ram, Sudha (2004): Design Science in Information Systems Research. In MIS Quarterly 28 (1), p. 75. DOI:
10.2307/25148625.
Heydarian-Forushani, E.; Golshan, M.E.H.; Siano, Pierluigi (2017): Evaluating the
benefits of coordinated emerging flexible resources in electricity markets. In Applied Energy 199, pp. 142–154. DOI: 10.1016/j.apenergy.2017.04.062.
Hinterstocker, Michael; Schott, Paul; Roon, Serafin von (2017): Evaluation of the effects of time-of-use pricing for private households based on measured load data. In
: 2017 14th International Conference on the European Energy Market (EEM). 2017
14th International Conference on the European Energy Market (EEM). Dresden,
Germany: IEEE, pp. 1–6.
Holly, Stefanie; Nieße, Astrid; Tröschel, Martin; Hammer, Lasse; Franzius, Christoph;
Dmitriyev, Viktor et al. (2020): Flexibility management and provision of balancing
services with battery-electric automated guided vehicles in the Hamburg container
terminal Altenwerder. In Energy Inform 3 (S1). DOI: 10.1186/s42162-020-001291.
Horowitz, Cara A. (2016): Paris Agreement. In International Legal Materials 55 (4),
pp. 740–755.
Huang, Xuefei; Hong, Seung Ho; Yu, Mengmeng; Ding, Yuemin; Jiang, Junhui (2019):
Demand Response Management for Industrial Facilities: A Deep Reinforcement
Learning Approach. In IEEE Access 7, pp. 82194–82205. DOI: 10.1109/ACCESS.2019.2924030.
Imani, Mahmood Hosseini; Ghadi, M. Jabbari; Ghavidel, Sahand; Li, Li (2018): Demand Response Modeling in Microgrid Operation: a Review and Application for
Incentive-Based and Time-Based Programs. In Renewable and Sustainable Energy
Reviews 94, pp. 486–499. DOI: 10.1016/j.rser.2018.06.017.
Jäckle, Florian; Schöpf, Michael; Töppel, Jannick; Wagon, Felix (2019): Risk mitigation capability of flexibility performance contracts for demand response in electricity systems. In Proceedings of the 27th European Conference on Information Systems (ECIS).
Jones, Nicola (2018): How to stop data centres from gobbling up the world's electricity.
In Nature 561 (7722), pp. 163–166. DOI: 10.1038/d41586-018-06610-y.
Jonynas, Rolandas; Puida, Egidijus; Poškas, Robertas; Paukštaitis, Linas; Jouhara,
Hussam; Gudzinskas, Juozas et al. (2020): Renewables for district heating: The
case of Lithuania. In Energy 211, p. 119064. DOI: 10.1016/j.energy.2020.119064.

42

Jordehi, Rezaee A. (2019): Optimisation of demand response in electric power systems,
a review. In Renewable and Sustainable Energy Reviews 103, pp. 308–319. DOI:
10.1016/j.rser.2018.12.054.
Jørgensen, Bo Nørregaard; Kjærgaard, Mikkel Baun; Lazarova-Molnar, Sanja; Shaker,
Hamid Reza; Veje, Christian T. (2015): Challenge: Advancing Energy Informatics
to Enable Assessable Improvements of Energy Performance in Buildings. In Shivkumar Kalyanaraman, Deva P. Seetharam, Rajeev Shorey, Sarvapali Ramchurn,
Mani Srivastava (Eds.): Proceedings of the 2015 ACM Sixth International Conference on Future Energy Systems. e-Energy'15: The Sixth International Conference
on Future Energy Systems. Bangalore India. New York, NY, USA: ACM, pp. 77–82.
Kahlen, Micha; Ketter, Wolfgang; van Dalen, Jan (2014): Balancing with electric vehicles: A profitable business model. In Proceedings of the European Conference on
Information Systems (ECIS) 2014, Tel Aviv, Israel, June 9-11,2014. Available
online at www.aisel.aisnet.org/ecis2014/proceedings/track22/11/.
Kahn, Alfred E.; Cramton, Peter C.; Porter, Robert H.; Tabors, Richard D. (2001): Uniform Pricing or Pay-as-Bid Pricing. In The Electricity Journal 14 (6), pp. 70–79.
DOI: 10.1016/S1040-6190(01)00216-0.
Ketter, Wolfgang; Collins, John; Saar-Tsechansky, Maytal; Marom, Ori (2018): Information Systems for a Smart Electricity Grid. In ACM Trans. Manage. Inf. Syst. 9
(3), pp. 1–22. DOI: 10.1145/3230712.
Kiliccote, Sila; Olsen, Daniel; Sohn, Michael D.; Piette, Mary Ann (2016): Characterization of demand response in the commercial, industrial, and residential sectors in
the United States. In WIREs Energy Environ 5 (3), pp. 288–304. DOI:
10.1002/wene.176.
Körner, Marc-Fabian; Bauer, Dennis; Keller, Robert; Rösch, Martin; Schlereth, Andreas; Simon, Peter et al. (2019): Extending the Automation Pyramid for Industrial
Demand
Response.
In
Procedia
CIRP
81,
pp. 998–1003.
DOI:
10.1016/j.procir.2019.03.241.
Körner, Marc-Fabian; Sedlmeir, Johannes; Weibelzahl, Martin; Fridgen, Gilbert;
Heine, Moreen; Neumann, Christoph (2021): Systemic Risks in Electricity Systems:
A Perspective on the Potential of Digital Technologies for Data Exchange. In Submitted to: Energy Policy.
Ländner, Eva-Maria; Märtz, Alexandra; Schöpf, Michael; Weibelzahl, Martin (2019):
From energy legislation to investment determination: Shaping future electricity
markets with different flexibility options. In Energy Policy 129, pp. 1100–1110.
DOI: 10.1016/j.enpol.2019.02.012.

43

Lannoye, Eamonn; Flynn, Damian; O'Malley, Mark (2015): Transmission, Variable
Generation, and Power System Flexibility. In IEEE Trans. Power Syst. 30 (1),
pp. 57–66. DOI: 10.1109/TPWRS.2014.2321793.
Legner, Christine; Eymann, Torsten; Hess, Thomas; Matt, Christian; Böhmann, Tilo;
Drews, Paul et al. (2017): Digitalization: Opportunity and Challenge for the Business and Information Systems Engineering Community. In Bus Inf Syst Eng 59 (4),
pp. 301–308. DOI: 10.1007/s12599-017-0484-2.
Leuthold, Florian; Weigt, Hannes; Hirschhausen, Christian von (2008): Efficient pricing for European electricity networks – The theory of nodal pricing applied to feeding-in wind in Germany. In Utilities Policy 16 (4), pp. 284–291. DOI:
10.1016/j.jup.2007.12.003.
Li, Pei-Hao; Pye, Steve (2018): Assessing the benefits of demand-side flexibility in residential and transport sectors from an integrated energy systems perspective. In
Applied Energy 228, pp. 965–979. DOI: 10.1016/j.apenergy.2018.06.153.
Liang, Xiaodong (2017): Emerging Power Quality Challenges Due to Integration of Renewable Energy Sources. In IEEE Trans. on Ind. Applicat. 53 (2), pp. 855–866.
DOI: 10.1109/TIA.2016.2626253.
Linnemann, C.; Echternacht, D.; Breuer, C.; Moser, A. (2011): Modeling optimal redispatch for the European Transmission grid. In : 2011 IEEE Trondheim PowerTech.
2011 IEEE PES PowerTech - Trondheim. Trondheim: IEEE, pp. 1–8.
Lund, Henrik (2007): Renewable energy strategies for sustainable development. In
Energy 32 (6), pp. 912–919. DOI: 10.1016/j.energy.2006.10.017.
Lund, Peter D.; Lindgren, Juuso; Mikkola, Jani; Salpakari, Jyri (2015): Review of energy system flexibility measures to enable high levels of variable renewable electricity. In Renewable and Sustainable Energy Reviews 45, pp. 785–807. DOI:
10.1016/j.rser.2015.01.057.
Majchrzak, Ann; Markus, M. Lynne; Wareham, Jonathan (2016): Designing for Digital
Transformation: Lessons for Information Systems Research from the Study of ICT
and Societal Challenges. In MIS Quarterly 40 (2), pp. 267–277. DOI:
10.25300/MISQ/2016/40:2.03.
Melville, Nigel P. (2010): Information Systems Innovation for Environmental Sustainability. In MIS Quarterly 34 (1), p. 1. DOI: 10.2307/20721412.
Mengelkamp, Esther; Gärttner, Johannes; Rock, Kerstin; Kessler, Scott; Orsini, Lawrence; Weinhardt, Christof (2018): Designing microgrid energy markets. In Applied
Energy 210, pp. 870–880. DOI: 10.1016/j.apenergy.2017.06.054.

44

Monfared, Houman Jamshidi; Ghasemi, Ahmad; Loni, Abdolah; Marzband, Mousa
(2019): A hybrid price-based demand response program for the residential microgrid. In Energy 185, pp. 274–285. DOI: 10.1016/j.energy.2019.07.045.
Mulder, F. M. (2014): Implications of diurnal and seasonal variations in renewable energy generation for large scale energy storage. In Journal of Renewable and Sustainable Energy 6 (3), p. 33105. DOI: 10.1063/1.4874845.
Murugesan, San (2008): Harnessing Green IT: Principles and Practices. In IT Prof. 10
(1), pp. 24–33. DOI: 10.1109/MITP.2008.10.
Müsgens, Felix; Ockenfels, Axel; Peek, Markus (2014): Economics and design of balancing power markets in Germany. In International Journal of Electrical Power &
Energy Systems 55, pp. 392–401. DOI: 10.1016/j.ijepes.2013.09.020.
Neukirch, Mario (2020): Grinding the grid: Contextualizing protest networks against
energy transmission projects in Southern Germany. In Energy Research & Social
Science 69, p. 101585. DOI: 10.1016/j.erss.2020.101585.
Nielsen, Jimmy J.; Ganem, Herve; Jorguseski, Ljupco; Alic, Kemal; Smolnikar, Miha;
Zhu, Ziming et al. (2017): Secure Real-Time Monitoring and Management of Smart
Distribution Grid Using Shared Cellular Networks. In IEEE Wireless Commun. 24
(2), pp. 10–17. DOI: 10.1109/MWC.2017.1600252.
Nikzad, Mehdi; Mozafari, Babak (2014): Reliability assessment of incentive- and
priced-based demand response programs in restructured power systems. In International Journal of Electrical Power & Energy Systems 56, pp. 83–96. DOI:
10.1016/j.ijepes.2013.10.007.
O'Connell, Niamh; Pinson, Pierre; Madsen, Henrik; O'Malley, Mark (2014): Benefits
and challenges of electrical demand response: A critical review. In Renewable and
Sustainable Energy Reviews 39, pp. 686–699. DOI: 10.1016/j.rser.2014.07.098.
Olsthoorn, Mark; Schleich, Joachim; Klobasa, Marian (2015): Barriers to electricity
load shift in companies: A survey-based exploration of the end-user perspective. In
Energy Policy 76, pp. 32–42. DOI: 10.1016/j.enpol.2014.11.015.
O'Neill, Daniel; Levorato, Marco; Goldsmith, Andrea; Mitra, Urbashi (2010): Residential Demand Response Using Reinforcement Learning. In : 2010 First IEEE International Conference 2010, pp. 409–414.
Ottesen, Stig Ødegaard; Tomasgard, Asgeir; Fleten, Stein-Erik (2018): Multi market
bidding strategies for demand side flexibility aggregators in electricity markets. In
Energy 149, pp. 120–134. DOI: 10.1016/j.energy.2018.01.187.
Palensky, Peter; Dietrich, Dietmar (2011): Demand Side Management: Demand Response, Intelligent Energy Systems, and Smart Loads. In IEEE Trans. Ind. Inf. 7
(3), pp. 381–388. DOI: 10.1109/TII.2011.2158841.

45

Palvia, Prashant; Leary, David; Mao, En; Midha, Vishal; Pinjani, Parveen; Salam, A. F.
(2004): Research Methodologies in MIS: An Update. In CAIS 14. DOI:
10.17705/1CAIS.01424.
Papaefthymiou, Georgios; Haesen, Edwin; Sach, Thobias (2018): Power System Flexibility Tracker: Indicators to track flexibility progress towards high-RES systems. In
Renewable Energy 127, pp. 1026–1035. DOI: 10.1016/j.renene.2018.04.094.
Paterakis, Nikolaos G.; Erdinç, Ozan; Catalão, João P.S. (2017): An overview of Demand Response: Key-elements and international experience. In Renewable and
Sustainable Energy Reviews 69, pp. 871–891. DOI: 10.1016/j.rser.2016.11.167.
Paulus, Moritz; Borggrefe, Frieder (2011): The potential of demand-side management
in energy-intensive industries for electricity markets in Germany. In Applied Energy 88 (2), pp. 432–441. DOI: 10.1016/j.apenergy.2010.03.017.
Peffers, Ken; Tuunanen, Tuure; Rothenberger, Marcus A.; Chatterjee, Samir (2007): A
Design Science Research Methodology for Information Systems Research. In Journal of Management Information Systems 24 (3), pp. 45–77. DOI:
10.2753/MIS0742-1222240302.
Peker, Meltem; Kocaman, Ayse Selin; Kara, Bahar Y. (2018): Benefits of transmission
switching and energy storage in power systems with high renewable energy penetration. In Applied Energy 228, pp. 1182–1197. DOI: 10.1016/j.apenergy.2018.07.008.
Perera, A.T.D.; Nik, Vahid M.; Wickramasinghe, P. U.; Scartezzini, Jean-Louis (2019):
Redefining energy system flexibility for distributed energy system design. In Applied Energy 253, p. 113572. DOI: 10.1016/j.apenergy.2019.113572.
Pollitt, Michael G. (2012): The role of policy in energy transitions: Lessons from the
energy liberalisation era. In Energy Policy 50, pp. 128–137. DOI: 10.1016/j.enpol.2012.03.004.
Rogelj, Joeri; Elzen, Michel den; Höhne, Niklas; Fransen, Taryn; Fekete, Hanna;
Winkler, Harald et al. (2016): Paris Agreement climate proposals need a boost to
keep warming well below 2 °C. In Nature 534 (7609), pp. 631–639. DOI:
10.1038/nature18307.
Roth, Stefan; Schott, Paul; Ebinger, Katharina; Halbrügge, Stephanie; Kleinertz,
Britta; Köberlein, Jana et al. (2020): The Challenges and Opportunities of EnergyFlexible Factories: A Holistic Case Study of the Model Region Augsburg in Germany. In Sustainability 12 (1), p. 360. DOI: 10.3390/su12010360.
Rövekamp, Patrick; Schöpf, Michael; Wagon, Felix; Weibelzahl, Martin; Fridgen, Gilbert (2021): Renewable electricity business models in a post feed-in tariff era. In
Energy 216, p. 119228. DOI: 10.1016/j.energy.2020.119228.

46

Ruiz, N.; Cobelo, I.; Oyarzabal, J. (2009): A Direct Load Control Model for Virtual
Power Plant Management. In IEEE Trans. Power Syst. 24 (2), pp. 959–966. DOI:
10.1109/TPWRS.2009.2016607.
Sachs, Thomas; Gründler, Anna; Rusic, Milos; Fridgen, Gilbert (2019): Framing Microgrid Design from a Business and Information Systems Engineering Perspective.
In Bus Inf Syst Eng 61 (6), pp. 729–744. DOI: 10.1007/s12599-018-00573-0.
Sauer, Alexander; Abele, Eberhard; Buhl, Hans Ulrich (Eds.) (2019): Energieflexibilität in der deutschen Industrie. Ergebnisse aus dem Kopernikus-Projekt - Synchronisierte und energieadaptive Produktionstechnik zur flexiblen Ausrichtung von Industrieprozessen auf eine fluktuierende Energieversorgung (SynErgie). Stuttgart:
Fraunhofer Verlag.
Schlund, Jonas; German, Reinhard (2019): A distributed ledger based platform for
community-driven flexibility provision. In Energy Inform 2 (1). DOI:
10.1186/s42162-019-0068-0.
Schlund, Jonas; Steber, David; Bazan, Peter; German, Reinhard (2017): Increasing the
efficiency of a virtual battery storage providing frequency containment reserve
power by applying a clustering algorithm. In : 2017 IEEE Innovative Smart Grid
Technologies - Asia (ISGT-Asia). 2017 IEEE Innovative Smart Grid Technologies Asia (ISGT-Asia). Auckland: IEEE, pp. 1–8.
Schoepf, Michael; Weibelzahl, Martin; Nowka, Lisa (2018): The Impact of Substituting
Production Technologies on the Economic Demand Response Potential in Industrial Processes. In Energies 11 (9), p. 2217. DOI: 10.3390/en11092217.
Schott, Paul; Sedlmeir, Johannes; Strobel, Nina; Weber, Thomas; Fridgen, Gilbert;
Abele, Eberhard (2019): A Generic Data Model for Describing Flexibility in Power
Markets. In Energies 12 (10), p. 1893. DOI: 10.3390/en12101893.
Sedlmeir, Johannes; Buhl, Hans Ulrich; Fridgen, Gilbert; Keller, Robert (2020): The
Energy Consumption of Blockchain Technology: Beyond Myth. In Bus Inf Syst Eng
62 (6), pp. 599–608. DOI: 10.1007/s12599-020-00656-x.
Seljom, Pernille; Rosenberg, Eva; Fidje, Audun; Haugen, Jan Erik; Meir, Michaela;
Rekstad, John; Jarlset, Thore (2011): Modelling the effects of climate change on the
energy system—A case study of Norway. In Energy Policy 39 (11), pp. 7310–7321.
DOI: 10.1016/j.enpol.2011.08.054.
Sensfuß, Frank; Ragwitz, Mario; Genoese, Massimo (2008): The merit-order effect: A
detailed analysis of the price effect of renewable electricity generation on spot market prices in Germany. In Energy Policy 36 (8), pp. 3086–3094. DOI: 10.1016/j.enpol.2008.03.035.

47

Shi, Qingxin; Li, Fangxing; Hu, Qinran; Wang, Zhiwei (2018): Dynamic demand control for system frequency regulation: Concept review, algorithm comparison, and
future vision. In Electric Power Systems Research 154, pp. 75–87. DOI:
10.1016/j.epsr.2017.07.021.
Shi, Wenbo; Li, Na; Chu, Chi-Cheng; Gadh, Rajit (2017): Real-Time Energy Management in Microgrids. In IEEE Trans. Smart Grid 8 (1), pp. 228–238. DOI:
10.1109/TSG.2015.2462294.
Shoreh, Maryam H.; Siano, Pierluigi; Shafie-khah, Miadreza; Loia, Vincenzo; Catalão,
João P.S. (2016): A survey of industrial applications of Demand Response. In Electric Power Systems Research 141, pp. 31–49. DOI: 10.1016/j.epsr.2016.07.008.
Siano, Pierluigi (2014): Demand response and smart grids—A survey. In Renewable
and
Sustainable
Energy
Reviews
30,
pp. 461–478.
DOI:
10.1016/j.rser.2013.10.022.
Singh, H.; Hao, S.; Papalexopoulos, A. (1998): Transmission congestion management
in competitive electricity markets. In IEEE Trans. Power Syst. 13 (2), pp. 672–680.
DOI: 10.1109/59.667399.
Staudt, Philipp; Lehnhoff, Sebastian; Watson, Richard (2019): Call for Papers, Issue
3/2021. In Bus Inf Syst Eng 61 (6), pp. 767–769. DOI: 10.1007/s12599-019-00619x.
Staudt, Philipp; Träris, Yannick; Rausch, Benjamin; Weinhardt, Christof (2018): Predicting Redispatch in the German Electricity Market using Information Systemsbased on Machine Learning. In Thirty Ninth International Conference on Information Systems, San Francisco.
Stede, Jan; Arnold, Karin; Dufter, Christa; Holtz, Georg; Roon, Serafin von; Richstein,
Jörn C. (2020): The role of aggregators in facilitating industrial demand response:
Evidence from Germany. In Energy Policy 147, p. 111893. DOI: 10.1016/j.enpol.2020.111893.
Strbac, Goran (2008): Demand side management: Benefits and challenges. In Energy
Policy 36 (12), pp. 4419–4426. DOI: 10.1016/j.enpol.2008.09.030.
Strüker, Jens; van Dinther, Clemens (2012): Demand Response in Smart Grids : Research Opportunities for the IS Discipline. In Proceedings of the 18th Americas
Conference on Information Systems.
Strüker, Jens; Weibelzahl, Martin; Körner, Marc-Fabian; Kießling, Axel; Franke-Sluijk, Ariette; Hermann, Mike (2021): Dekarbonisierung durch Digitalisierung - Thesen zur Transformation der Energiewirtschaft. In Bayreuther Arbeitspapiere zur
Wirtschaftsinformatik Universität Bayreuth, Projektgruppe Wirtschaftsinformatik

48

des Fraunhofer-Instituts für Angewandte Informationstechnik FIT und TenneT.
DOI: 10.15495/EPub_UBT_00005596.
Thimmel, Markus; Fridgen, Gilbert; Keller, Robert; Roevekamp, Patrick (2019): Compensating balancing demand by spatial load migration – The case of geographically
distributed data centers. In Energy Policy 132, pp. 1130–1142. DOI: 10.1016/j.enpol.2019.06.063.
Torriti, Jacopo; Hassan, Mohamed G.; Leach, Matthew (2010): Demand response experience in Europe: Policies, programmes and implementation. In Energy 35 (4),
pp. 1575–1583. DOI: 10.1016/j.energy.2009.05.021.
Umweltbundesamt (2020): Energiebedingte Emissionen. Edited by Umweltbundesamt. Available online at https://www.umweltbundesamt.de/daten/energie/energiebedingte-emissionen, checked on 5/25/2021.
United Nations (2021): Sustainable Development Goal 7. Edited by Department of
Economic and Social Affairs Sustainable Development. Available online at
https://sdgs.un.org/goals/goal7, checked on 5/27/2021.
van der Kam, Mart; van Sark, Wilfried (2015): Smart charging of electric vehicles with
photovoltaic power and vehicle-to-grid technology in a microgrid; a case study. In
Applied Energy 152, pp. 20–30. DOI: 10.1016/j.apenergy.2015.04.092.
Vargas, Alberto; Samper, Mauricio E. (2012): Real-Time Monitoring and Economic
Dispatch of Smart Distribution Grids: High Performance Algorithms for DMS Applications. In IEEE Trans. Smart Grid 3 (2), pp. 866–877. DOI:
10.1109/TSG.2012.2187078.
vom Brocke, Jan; Fridgen, Gilbert; Hasan, Helen; Ketter, Wolfgang; Watson, Richard
(2013a): Energy informatics: designing a discipline (and possible lessons for the IS
community). In 34th International Conference on Information Systems, pp. 1435–
1440.
vom Brocke, Jan; Watson, Richard T.; Dwyer, Cathy; Elliot, Steve; Melville, Nigel
(2013b): Green Information Systems: Directives for the IS Discipline. In CAIS 33.
DOI: 10.17705/1CAIS.03330.
Wang, Qi; Zhang, Chunyu; Ding, Yi; Xydis, George; Wang, Jianhui; Østergaard, Jacob
(2015): Review of real-time electricity markets for integrating Distributed Energy
Resources and Demand Response. In Applied Energy 138, pp. 695–706. DOI:
10.1016/j.apenergy.2014.10.048.
Watson, Richard T.; Boudreau, Marie-Claude; Chen, Adela J. (2010): Information Systems and Environmentally Sustainable Development: Energy Informatics and New
Directions for the IS Community. In MIS Quarterly 34 (1), p. 23. DOI:
10.2307/20721413.

49

Watson, Richard T.; Howells, Jeffrey; Boudreau, Marie-Claude (2012): Energy Informatics: Initial Thoughts on Data and Process Management. In Jan vom Brocke,
Stefan Seidel, Jan Recker (Eds.): Green Business Process Management: Towards
the Sustainable Enterprise. Berlin, Heidelberg: Springer Berlin Heidelberg,
pp. 147–159.
Watson, Richard T.; Lawrence, Thomas M.; Boudreau, Marie-Claude; Johnsen, Kyle J.
(2013): Design Of A Demand Response System:Economics And Information Systems Alignment. In Proceedings of the 21st European Conference on Information
Systems.
Watson, Richard Thomas; Ketter, Wolfgang; Recker, Jan; Seidel, Stefan (2020): Transitioning to Intermittent Energy: The Critical Digital Transformation of the Decade.
In SSRN Journal. DOI: 10.2139/ssrn.3737738.
Weibelzahl, Martin (2017): Nodal, zonal, or uniform electricity pricing: how to deal
with network congestion. In Front. Energy 11 (2), pp. 210–232. DOI:
10.1007/s11708-017-0460-z.
Weibelzahl, Martin; Märtz, Alexandra (2018): On the effects of storage facilities on optimal zonal pricing in electricity markets. In Energy Policy 113, pp. 778–794. DOI:
10.1016/j.enpol.2017.11.018.
Weibelzahl, Martin; Märtz, Alexandra (2020): Optimal storage and transmission investments in a bilevel electricity market model. In Ann Oper Res 287 (2), pp. 911–
940. DOI: 10.1007/s10479-018-2815-1.
Wheeler, Tim; Braun, Joachim von (2013): Climate change impacts on global food security. In Science (New York, N.Y.) 341 (6145), pp. 508–513. DOI: 10.1126/science.1239402.
Wohlfarth, Katharina; Klobasa, Marian; Eßer, Anke (2019): Setting course for demand
response in the service sector. In Energy Efficiency 12 (1), pp. 327–341. DOI:
10.1007/s12053-018-9728-3.
Woo, C. K.; Moore, J.; Schneiderman, B.; Ho, T.; Olson, A.; Alagappan, L. et al. (2016):
Merit-order effects of renewable energy and price divergence in California’s dayahead and real-time electricity markets. In Energy Policy 92, pp. 299–312. DOI:
10.1016/j.enpol.2016.02.023.
Wu, Jiani; Tran, Nguyen (2018): Application of Blockchain Technology in Sustainable
Energy Systems: An Overview. In Sustainability 10 (9), p. 3067. DOI:
10.3390/su10093067.
Zafar, Rehman; Mahmood, Anzar; Razzaq, Sohail; Ali, Wamiq; Naeem, Usman;
Shehzad, Khurram (2018): Prosumer based energy management and sharing in

50

smart grid. In Renewable and Sustainable Energy Reviews 82, pp. 1675–1684.
DOI: 10.1016/j.rser.2017.07.018.
Zhang, Yan; Wu, Yan; Tsang, Danny H. K.; Leon-Garcia, Alberto (2018): Guest Editorial Special Section on Energy Informatics for Green Cities. In IEEE Trans. Ind. Inf.
14 (4), pp. 1456–1457. DOI: 10.1109/TII.2018.2809575.

51

6

Appendix

6.1

Research Papers Relevant to This Thesis1 2

Research Paper 1
Fridgen, Gilbert; Keller, Robert; Körner, Marc-Fabian; Schöpf, Michael (2020):
A Holistic View on Sector Coupling.
In: Energy Policy.
DOI: 10.1016/j.enpol.2020.111913.
VHB Jourqual 3: Category B, CiteScore 2020: 10.2, SJR 2020: 2.093, SNIP 2020:
1.941 / 95th percentile

Research Paper 2
Heffron, Raphael; Körner, Marc-Fabian; Wagner, Jonathan; Weibelzahl, Martin;
Fridgen, Gilbert (2020):
Industrial demand-side flexibility: A key element of a just energy transition and industrial development.
In: Applied Energy.
DOI: 10.1016/j.apenergy.2020.115026.
VHB Jourqual 3: n.a., CiteScore 2020: 17.6, SJR 2020: 3.035, SNIP 2020: 2.696 /
99th percentile

1

Papers 1–7 can be found in the supplement. Kindly note that the text formatting and the reference
style may differ from published papers, to allow for a consistent layout. There is a separate reference
section, as well as a separate numbering of figures, tables, and footnotes for each paper.

2

Continued on the next pages.

52

Research Paper 3
Haupt, Leon; Körner, Marc-Fabian; Schöpf, Michael; Schott, Paul; Fridgen, Gilbert
(2020a):
Strukturierte Analyse von Nachfrageflexibilität im Stromsystem und Ableitung eines
generischen Geschäftsmodells für (stromintensive) Unternehmen.
In: Zeitschrift für Energiewirtschaft.
DOI: 10.1007/s12398-020-00279-5.
VHB Jourqual 3: Category C, CiteScore 2020: n.a., SJR 2020: n.a., SNIP 2020: n.a. /
n.a. percentile

Research Paper 4
Fridgen, Gilbert; Körner, Marc-Fabian; Walters, Steffen; Weibelzahl, Martin (2021):
Not All Doom and Gloom: How Energy-Intensive and Temporally Flexible Data Center Applications May Actually Promote Renewable Energy Sources.
In: Business & Information Systems Engineering.
DOI: 10.1007/s12599-021-00686-z.
VHB Jourqual 3: Category B, CiteScore 2020: 10.3, SJR 2020: 1.022, SNIP 2020:
2.992 / 93rd percentile

Research Paper 5
Heffron, Raphael; Körner, Marc-Fabian; Schöpf, Michael; Wagner, Jonathan;
Weibelzahl, Martin (2021a):
The role of flexibility in the light of the COVID-19 pandemic and beyond: Contributing to a sustainable and resilient energy future in Europe.
In: Renewable and Sustainable Energy Reviews.
DOI: 10.1016/j.rser.2021.110743.
VHB Jourqual 3: Category n.a., CiteScore 2020: 30.5, SJR 2020: 3.522, SNIP 2020:
4.684 / 97th percentile

53

Research Paper 6
Bjørndal, Endre; Bjørndal, Mette; Coniglio, Stefano; Körner, Marc-Fabian; Leinauer,
Christina; Weibelzahl, Martin (2021):
Energy Storage Operation and Electricity Market Design: On the Market Power of
Monopolistic Storage Operators.
submitted

Research Paper 7
Körner, Marc-Fabian; Sedlmeir, Johannes; Weibelzahl, Martin; Fridgen, Gilbert;
Heine, Moreen; Neumann, Christoph (2021):
Systemic Risks in Electricity Systems: A Perspective on the Potential of Digital Technologies.
submitted

54

During my PhD, I also contributed to a number of other publications, which are listed
below. These publications are not part of the dissertation.

▪

Buhl, Hans Ulrich; Fridgen, Gilbert; Dufter, Christa; Haupt, Leon; Kern, Timo;
Körner, Marc-Fabian; Ländner, Eva-Maria; Von Roon, Serafin; Rägo, Vadim;
Schöpf, Michael; Schott, Paul; Sitzmann, Amelie; Thimmel, Markus; Weibelzahl, Martin (2019). Industrielle Energieflexibilität im Energiesystem”. In:
Sauer, A.; Abele, E.; Buhl, H. U. (Hrsg.), Energieflexibilität in der deutschen Industrie: Ergebnisse aus dem Kopernikus-Projekt – Synchronisierte und energieadaptive Produktionstechnik zur flexiblen Ausrichtung von Industrieprozessen auf eine fluktuierende Energieversorgung (SynErgie). Stuttgart, Deutschland: Fraunhofer Verlag.

▪

Buhl, Hans Ulrich; Fridgen, Gilbert; Körner, Marc-Fabian; Michaelis, Anne;
Rägo, Vadim; Schöpf, Michael; Schott, Paul; Sitzmann, Amelie; Bertsch,
Joachim; Sachs, Thomas; Schweter, Helena (2019). Ausgangsbedingungen für
die Vermarktung von Nachfrageflexibilität: Status-Quo-Analyse und Metastudie. 2 Fassung. In: Bayreuther Arbeitspapiere zur Wirtschaftsinformatik.
DOI: 10.15495/EPub_UBT_00004455

▪

Fridgen, Gilbert; Körner, Marc-Fabian; Sedlmeir, Johannes; Weibelzahl, Martin (2019). (How) Can Blockchain Contribute to the Management of Systemic
Risks in Global Supply Networks? In: Systemic Risks in Global Networks: Proceedings of the First Workshop on Systemic Risks in Global Networks, co-located with 14. Internationale Tagung Wirtschaftsinformatik.

▪

Körner, Marc-Fabian; Bauer, Dennis; Keller, Robert; Rösch, Martin; Schlereth,
Andreas; Simon, Peter; Bauernhansl, Thomas; Fridgen, Gilbert; Reinhart, Gunther (2019). Extending the Automation Pyramid for Industrial Demand Response. In: Procedia CIRP. DOI: 10.1016/j.procir.2019.03.241

55

▪

Fridgen, Gilbert; Körner, Marc-Fabian (2020). Sektorenkopplung als ganzheitlicher Ansatz für das Energiesystem: Potentiale und Herausforderungen. In: 10
Jahre Energierecht im Wandel: Tagungsband der Zehnten Bayreuther Energierechtstage 2019. Tübingen: Mohr Siebeck.

▪

Fridgen, Gilbert; Körner, Marc-Fabian; Rägo, Vadim; Steck, Werner; Stohr, Alexander; Wolfangel, Christian (2021). Einsatz von KI im Retail Banking – Eine
praxisorientierte Studie. Augsburg, Eschborn: Projektgruppe Wirtschaftsinformatik des Fraunhofer-Instituts für Angewandte Informationstechnik FIT und
Senacor Technologies AG.

▪

Heffron, Raphael; Halbrügge, Stephanie; Körner, Marc-Fabian; Obeng-Darko,
Nana A.; Sumarno, Theresia; Wagner, Jonathan; Weibelzahl, Martin (2021).
Justice

in

Solar

Energy

Development.

In:

Solar

Energy.

DOI: 10.1016/j.solener.2021.01.072
▪

Heffron, Raphael; Körner, Marc-Fabian; Sumarno, Theresia; Wagner, Jonathan; Weibelzahl, Martin; Fridgen, Gilbert (2021). How Different Electricity
Pricing Systems Affect the Energy Trilemma: Assessing Indonesia’s Electricity
Market Transition. In: ADBI Working Papers.

▪

Strüker, Jens; Weibelzahl, Martin; Körner, Marc-Fabian; Kießling, Axel;
Franke-Sluijk, Ariette, Hermann, Mike (2021). Dekarbonisierung durch Digitalisierung - Thesen zur Transformation der Energiewirtschaft. In: Bayreuther Arbeitspapiere zur Wirtschaftsinformatik. DOI: 10.15495/EPub_UBT_00005596
(currently prepared for publication)

56

6.2

Declaration of Co-authorship and Individual Contribution

This doctoral thesis is cumulative and comprises seven research papers. All of them
were written in collaboration with multiple co-authors. In this section, I will describe
my individual contribution to each of the seven papers.

Research Paper 1 was written by four co-authors. All authors contributed equally to
this paper. Together will all authors, I developed the model for a holistic sector coupling. In particular, I contributed to the research paper by conducting the literature
review and by elaborating on the contribution of our work. Moreover, I organized the
research project. By this, I also wrote the major share of the text in the article.
The work for Research Paper 2 was done by five co-authors. Together with three coauthors, I set-up the idea for this paper. With these three co-authors, I also analyzed
existing literature on the paper’s topic. Moreover, I also contributed to develop the
monitoring approach presented in the paper. One co-author with experience in this
area guided the research process and provided us with valuable feedback. The other
three co-authors and I acted as lead authors of the research paper. The fifth member
of the team contributed to the writing as a subordinate author.
Regarding Research Paper 3, I conceptualized the paper in collaboration with three coauthors. With the same three co-authors, I also realized the workshops with various
experts that were a major part of this project. Moreover, I contributed to the consequent literature review, and the qualitative validation of the initial results generated.
The other co-author with experience in this area guided the research process and provided us with valuable feedback. Hence, he contributed as sub-ordinate author,
whereas the other three co-authors and I acted as lead authors.
Three co-authors and I conducted the work of Research Paper 4. All authors contributed equally to this paper. In particular, I elaborated on the (theoretical) framing and
the methodology of the paper. Moreover, one co-author and I developed the use-case
applied within the evaluation of the developed model. With this co-author, I also wrote
the major share of the text in the article. Moreover, I organized the research project,
and presented an earlier version at a scientific conference.
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paper. Together with two co-authors, I conducted the literature review on the paper’s
topic. The other two co-authors provided the initial idea to write this paper and guided
us with valuable feedback throughout the paper process. In particular, I contributed to
the reflections on (the need for) flexibility. Moreover, together with two co-authors, I
worked out the policy implications of the paper.
Six co-authors worked on Research Paper 6. While all authors contributed equally to
this paper, together with one co-author I was responsible for the framing of the paper,
in particular. Moreover, I provided feedback for the model development and the evaluation cases. With reference to the text of the paper, I closely assist in writing it. The
other four co-authors contributed with valuable feedback and expertise in the context
of electricity market modeling.
For the work of Research Paper 7 I assigned as lead-author to the paper. The other
authors contributed as sub-ordinate authors. In particular, I set up the research idea
and wrote a major part of the paper. Moreover, I organized the paper project. While
one co-author contributed, in particular, to the section on current risk and crisis management, another co-author provided insights from a practitioner-perspective. The
other two co-authors guided the paper process, one with a focus on electricity systems,
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6.3

Research Paper 1 —
A Holistic View on Sector Coupling.

Authors:

Fridgen, Gilbert; Keller, Robert; Körner, Marc-Fabian; Schöpf, Michael

Published in:
Abstract:

Energy Policy (2020)
Sector coupling (SC) describes the concept of a purposeful connection and interaction of energy sectors to increase the flexibility
of supply, demand, and storing. While SC is linked to research on
smart energy system and locates itself in the research stream of
100% renewable energy systems, it currently focusses on counteracting challenges of temporal energy balancing induced by the intermittent feed-in of renewable energy sources. As regarding the
coupling of grids, SC currently remains within classical energy
grids. It does not exploit the coupled sectors’ potential to its full extent and, hence, lacks a holistic view. To include this view, we call
on the use of all grids from coupled sectors for spatial energy transportation, resulting in an infrastructural system. By using the different loss structures of coupled grids, we illustrate how a holistic
view on SC minimizes transportation losses. We argue that SC
should include all grids that transport whichever type of energy
(e.g., even transportation or communication grids). Ultimately, we
derive and discuss implications relevant for policy makers and research: We illustrate why regulation and market design should be
aligned in a way that the resulting incentives within and across the
different sectors support climate change goals.
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6.4

Research Paper 2 —
Industrial demand-side flexibility: A key element of a just energy transition and industrial development.

Authors:

Heffron, Raphael; Körner, Marc-Fabian; Wagner, Jonathan;
Weibelzahl, Martin; Fridgen, Gilbert

Published in:
Abstract:

Applied Energy (2020)
In many countries, industry is one of the largest consumers of
electricity. Given the special importance of electricity for industry,
a reliable electricity supply is a basic prerequisite for further industrial development and associated economic growth. As countries
worldwide transition to a low-carbon economy (in particular, by the
development of renewable energy sources), the increasing fluctuation in renewable energy production requires new flexibility options
within the electricity system in order to guarantee security of supply. It is advanced in this paper that such a flexibility transition with
an active participation of industry in general has unique potential:
It will not only promote green industrial development, but also become an engine for inclusive industrial development and growth as
well as delivering a just transition to a low-carbon economy. Given
the high potential of industrial demand-side flexibility, a first monitoring approach for such a flexibility transition is illustrated, which
bases on a flexibility index. Our flexibility index allows for an indication of mis-developments and supports an appropriate implementation of countermeasures together with relevant stakeholders.
Hence, it holds various insights for both policy-makers and practice
with respect to how industrial demand-side flexibility can ensure
advances towards an inclusive, just, and sustainable industrial development.
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6.5

Research Paper 3 —
Strukturierte Analyse von Nachfrageflexibilität im Stromsystem und Ableitung eines generischen Geschäftsmodells für
(stromintensive) Unternehmen.

Authors:

Haupt, Leon; Körner, Marc-Fabian; Schöpf, Michael; Schott, Paul;
Fridgen, Gilbert

Published in:

Zeitschrift für Energiewirtschaft (2020)

Zusammenfassung:

Im Zuge des Ausbaus erneuerbarer Energien bedarf es im

Stromsystem entsprechender Flexibilität, um das Gleichgewicht
von Stromerzeugung und -verbrauch jederzeit aufrechterhalten zu
können. Gleichzeitig nimmt der Industriesektor aufgrund der
stromintensiven Prozesse und dem daraus resultierenden hohen
Strombedarf eine zentrale Rolle für eine erfolgreiche Energiewende
ein. Industrielle Nachfrageflexibilität kann im Vergleich zu anderen
Flexibilitätsoptionen eine kostengünstige Alternative darstellen.
Unternehmen können wiederum durch die Bereitstellung von Flexibilität die eigenen Strombeschaffungskosten reduzieren. Aufgrund eines komplexen Entscheidungsumfelds sowie mangelnder
Planungssicherheit nutzen aktuell nur wenige Unternehmen das
vorhandene Potenzial. Zum Erreichen der Ziele der Energiewende
muss das genutzte Potenzial noch deutlich gehoben werden, d. h.
die Unternehmen müssen die Stromnachfrage zukünftig stärker an
das vorhandene Stromangebot anpassen. Der vorliegende Artikel
soll Unternehmen bei diesem Transformationsprozess unterstützen, indem Dimensionen und Ausprägungen eines generischen Geschäftsmodells für Nachfrageflexibilität aufgezeigt werden. Durch
eine Literaturstudie und anschließende Expertenworkshops wird
ein generisches Geschäftsmodell für Unternehmen abgeleitet, welches Transparenz hinsichtlich der notwendigen Aktivitäten und
Ressourcen für die Befähigung sowie der Umsetzung von Nachfrageflexibilität schafft. Die Ergebnisse wurden mithilfe des etablier-
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ten Business Model Canvas erarbeitet. Dadurch werden Unternehmen, die sich bislang noch nicht mit Nachfrageflexibilität auseinandersetzen, bei der Einführung unterstützt, und somit Einstiegsbarrieren reduziert. Die vorgestellten Ergebnisse tragen dadurch zu einer Steigerung des Nachfrageflexibilitätspotenzials der Industrie
bei.

Abstract:

The expansion of renewable energy requires appropriate flexibility in the electricity system in order to maintain the balance between electricity generation and consumption at all times. The industrial sector plays a central role for a successful energy transition
due to the power-intensive processes and the resulting high electricity demand. Industrial demand response may be a cost-effective
alternative to other flexibility options. At the same time, companies
can reduce electricity procurement costs by providing demand response. Nevertheless, due to a complex decision-making environment and a lack of planning security, only a few companies are currently exploiting the existing potential. To reach the goals of the energy transition, the potential used must still be raised significantly,
i.e., companies must align their demand for electricity more closely
to the existing supply of electricity. This article supports companies
in this transformation process by illustrating dimensions and characteristics of a business model for demand response. Through a literature study and subsequent expert workshops, a generic business
model for companies is derived that provides transparency regarding the necessary activities and resources for enabling and implementing demand response. The results were developed using the
established Business Model Canvas. This supports companies that
have not yet started to use demand response in their business
model development and thus reduces barriers to entry. The results
presented contribute to an increase in the demand response potential of the industry.
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6.6

Research Paper 4 —
Not All Doom and Gloom: How Energy-Intensive and Temporally Flexible Data Center Applications May Actually Promote
Renewable Energy Sources.

Authors:

Fridgen, Gilbert; Körner, Marc-Fabian; Walters, Steffen; Weibelzahl, Martin

Published in:
Abstract:

Business & Information Systems Engineering (2021)
To achieve a sustainable energy system, a further increase in
electricity generation from renewable energy sources (RES) is imperative. However, the development and implementation of RES
entail various challenges, e.g., dealing with grid stability issues due
to RES’ intermittency. Correspondingly, increasingly volatile and
even negative electricity prices question the economic viability of
RES-plants. To address these challenges, this paper analyzes how
the integration of an RES-plant and a computationally intensive,
energy-consuming data center (DC) can promote investments in
RES-plants. An optimization model is developed that calculates the
net present value (NPV) of an integrated energy system (IES) comprising an RES-plant and a DC, where the DC may directly consume
electricity from the RES-plant. To gain applicable knowledge, this
paper evaluates the developed model by means of two use-cases
with real-world data, namely AWS computing instances for training
Machine Learning algorithms and Bitcoin mining as relevant DC
applications. The results illustrate that for both cases the NPV of
the IES compared to a stand-alone RES-plant increases, which may
lead to a promotion of RES-plants. The evaluation also finds that
the IES may be able to provide significant energy flexibility that can
be used to stabilize the electricity grid. Finally, the IES may also
help to reduce the carbon-footprint of new energy-intensive DC applications by directly consuming electricity from RES-plants.
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6.7

Research Paper 5 —
The role of flexibility in the light of the COVID-19 pandemic
and beyond: Contributing to a sustainable and resilient energy future in Europe.

Authors:

Heffron, Raphael; Körner, Marc-Fabian; Schöpf, Michael; Wagner,
Jonathan; Weibelzahl, Martin

Published in:
Abstract:

Renewable and Sustainable Energy Reviews (2021)
The energy sector provides fuel for much of everyday life, particularly economically and socially. Fighting against the COVID-19
pandemic, a well-functioning and resilient energy sector is vital for
maintaining the operation of critical infrastructures, including,
most importantly, the health sector, and timely economic recovery.
Notwithstanding its importance in everyday life and crises, the energy sector itself is currently in a complex and far-reaching transformation to combat climate change whilst supporting the transition to a low-carbon economy and society, mainly through the development of variable renewable energy sources (RES) such as wind
and solar photovoltaics. This paper highlights the need for energy
resilience as countries face the triple challenge of the COVID-19
health crisis, the consequent economic crisis, and the climate crisis.
Focusing on Europe, it is advanced here that with the ability to balance fluctuating electricity generation and demand, flexibility allows the energy sector to utilise low-carbon RES reliably, ensuring
a more resilient and sustainable energy future. This paper derives
five urgent policy recommendations for Europe that address possible impacts of COVID-19 on the economic and societal prerequisites for flexibility in energy systems.
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6.8

Research Paper 6 —
Energy Storage Operation and Electricity Market Design: On
the Market Power of Monopolistic Storage Operators.

Authors:

Bjørndal, Endre; Bjørndal, Mette; Coniglio, Stefano; Körner, MarcFabian; Leinauer, Christina; Weibelzahl, Martin

Under Review
Extended Abstract1
The rapid growth of the share of energy generated via renewable
sources highly challenges grid stability (Ludig et al., 2011). The supply by renewable sources can only be controlled to a limited extent
as, while they can be curtailed, upwards adjustments of supply are
limited to the respective source of electricity generation such as solar energy or wind. Hence, flexibility is key to balance the electricity
supply and demand. As a relatively new player in the energy market, the Energy Storage System (ESS) is capable of providing such
flexibility, acting as both a consumer and producer. Hence, ESSs
allow for avoiding the electricity mismatch with a high variety of
applications for securing grid stability (Lund et al., 2015). While the
Directive (EU) 2019/944 of the European Union requires ESSs to
be operated by an independent market player, ESSs are already becoming an important player in different electricity markets. As
hence, the capacity of ESSs operating in the electricity grid increases, it is important to closely examine the influence of the ESSs’
participation on the electricity spot market and real-time balancing
market. To prevent effects that are potentially harmful for the electricity grid and disadvantageous for other market participants, the
regulators must constantly scrutinize the market design and the respective behavior of the market participants (Gencer et al., 2020).

1
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Crucially, it is difficult for, e.g., market-monitoring authorities, to
compare the bid cost functions to the true opportunity costs of an
ESS. Motivated by this, in this paper we elaborate on the potential
of an ESS to exercise market power in a liberalized electricity market. As the capacity of storage facilities operated in the electricity
grid increases, comparatively large facilities may emerge and exercise market power by influencing market prices: The question
arises if the behavior of a monopolistic storage operator may also
have negative impacts on grid stability, and subsequently may increase costs for redispatch. Hence, it is relevant to analyze the behavior of the storage operator and the potential of an inefficient
market outcome that reduces the surplus for the other market participants and consequently also decreases the overall social welfare.
In particular, we analyze how a monopolistic ESS operator may influence short-run market outcomes, e.g., prices and system costs,
depending on different market designs including a nodal, a zonal,
and a uniform pricing system (Bjørndal et al., 2013, Weibelzahl,
2017). For this purpose, we propose a four-stage Stackelberg game
where the monopolistic ESS operator first decides on its day-ahead
market bids (level 1), followed by day-ahead market clearing (level
2), after which the ESS submits bids to the real-time balancing market (level 3), which is then cleared (level 4); see Dempe et al. (2015),
Coniglio et al. (2020), or Weibelzahl & Märtz (2020). In addition,
the model is able to represent several market designs. Next, we
translate the problem of computing an equilibrium in our fourstage Stackelberg model into a four-level hierarchical optimization
problem. Accordingly, we illustrate how to reformulate such an optimization problem into a single-level one. In particular, we illustrate how to combine the two levels where the strategic ESS operator submits bids to either of the two electricity markets into a single
upper-level problem, and how to replace these two lower-level
problems by their Karush–Kuhn–Tucker conditions, whose complementary conditions are then linearized. By means of different
case studies, we conclude that the monopolistic storage operator
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can exercise market power by strategically bidding prices and quantities on a day-ahead market and the subsequent real-time balancing market. Comparing the different market designs, we illustrate
that, in case of a monopolistic storage operator, the nodal market
design can lead to the smallest increase in system costs as all the
transmission lines are accounted for in the day-ahead market. With
zonal and uniform market designs, we observe that the storage operator may strategically bid to violate omitted transmission constraints or withhold dispatch capacity. These options allow the storage operator for increased revenues by operating on two spatially
different electricity markets.
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6.9

Research Paper 7 —
Systemic Risks in Electricity Systems: A Perspective on the
Potential of Digital Technologies.

Authors:

Körner, Marc-Fabian; Sedlmeir, Johannes; Weibelzahl, Martin;
Fridgen, Gilbert; Heine, Moreen; Neumann, Christoph

Under Review
Extended Abstract1
In the last decades, several developments have transformed electricity systems in Europe towards liberalized and decentralized systems that are coupled inter-sectorally and inter-regionally. With respect to the European Union (EU), this shift results in particular
from (1) electricity market liberalizations, (2) transformations towards decentralized systems based on renewable energy sources,
(3) increased sector coupling, and (4) inter-regional coupling of national electricity systems, which yields highly complex and interdependent system structures (Berizzi, 2004; Chu and Majumdar,
2012; Fridgen et al., 2020; Jamasb and Pollitt, 2005). These developments have yielded various benefits, such as increased efficiency.
However, we argue that they have also caused new interdependencies with an increase of (hidden) systemic risks, e.g., local failures
may spread faster and more extensively throughout the system (Acemoglu et al., 2015). In this paper, we illustrate how systemic risks
may arise in European electricity systems. Moreover, we structure
current risks and corresponding crisis management in electricity
systems and elaborate on its main challenges before, during, and
after a potential blackout (Khan et al., 2008). We also discuss the
decisive role of digitalization that, on the one hand, speeds up the
developments transforming electricity systems, but on the other
1
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hand may also provide solutions to tackle systemic risks. We argue
that, especially in a strongly interconnected world, policymakers
must implement a global perspective on these critical and increasingly complex systems, requiring adequate cooperation with respect to data. In particular, we call for further collaboration and coordination with respect to relevant data collection, provision, and
exchange to be able to construct a global picture of the current state
of the system (Fridgen et al., 2019). The current participation of respective stakeholders in committees, such as ENTSO-E, is without
any doubt a highly valuable first step, but such efforts need to be
intensified and expanded if systemic risks are to be adequately addressed. Using an exemplary case from Germany, we illustrate how
an intensified data exchange may help to address systemic risks. As
we also argue, while the simplest solution to obtain the required
comprehensive information would be a centralized IT system, such
a system might be challenging to implement due to economic and
political reasons, such as the threat of the new platform being a systemic risk on its own, leading to a data monopoly, or the exchange
of sensitive information about a critical infrastructure with other
countries. Digital technologies that offer possibilities of an exchange of data and even the reliable enforcement of business logic
through smart contracts in decentralized architectures (such as
self-sovereign identities and blockchain, combined with privacyenhancing technologies such as zero knowledge proofs and multi
party computation) may help to increase trust and collaboration
among the involved market parties, and additionally contribute to
security to ensure a more integrated management and control of
systemic risks (Zare-Garizy et al., 2018; Zhang et al., 2019). Ultimately, we argue that combining these decentralized technologies
with privacy-enhancing computing in order to prove or aggregate
necessary information (involving multiple stakeholders) might be a
promising direction for the electricity system and requires further
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research at the interface of decentralized identity management, distributed ledger technologies, privacy-enhancing technologies and
systemic risk mitigation in electricity systems.
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