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Abstract

Like many European countries, Germany plans to increase the share of renewable electric-
ity generation within its power system to mitigate the effects of the anthropogenic climate
change. However, the intermittent nature and the spatial allocation of the Renewable
Energy Sources (RES) all over Germany pose a challenge as they will lead to an in-
creased need for flexibility options and increased congestion in the transmission grids.
In this thesis, we research the integration of a powerful yet largely untouched flexibility
resource: Distributed Energy Resources (DERs) connected to the Distribution System Op-
erator (DSO) grid. The thesis is written following a paper-based format. Therefore, we
investigate two different approaches to this topic.

In the first paper, in which we extend the research we have conducted as part of our
specialization project in the fall semester of 2021, we explore possible integration mech-
anisms for these flexibility options. Currently, there is no advanced regulatory system
for including the large-scale use of DERs into the established electricity markets. We in-
vestigate the application of load flexibility DERs can provide for assisting the re-dispatch
necessary in electricity markets that employ a zonal pricing mechanism. Using a deter-
ministic techno-economic optimization model, we implement two different Transmission
System Operator (TSO)-DSO coordination schemes with varying levels of involvement of
the DSOs and compare their performance with a business-as-usual case in one historical
scenario from 2015 and one prediction for 2030. Findings include that while both cases
improve the system-wide re-dispatch concerning volume and cost, the centralized frame-
work outperforms the decentralized one. However, we find the decentralized framework
to be more realistic to implement as it preserves the interests of the different stakeholders.
Furthermore, we find the average value of optimal load-shifting to not be high enough in
2015 to incentivize investment in this area. However, at the higher percentages of gener-
ation from RES in the future scenario, this value becomes promising and using DERs for
this purpose may provide long-term benefits to the system operators and owners of assets
alike.

In the second paper, we expand our focus and research possible methods and ad-
ditional applications to improve the value of load shifting further while considering the
insights from the first paper. We investigate how using the DSO side flexibility not only for
the re-dispatch but also for the intraday market improves the financial incentives to pro-
vide this flexibility service to the system. To do so, we enhance the model from the first
paper to a two-stage stochastic techno-economic optimization model adopting the princi-
ple of coordinated bidding. Regarding the flexibility integration into the re-dispatch, we
use a decentralized TSO-DSO coordination framework. We found that, on the one hand,
accessing more than one market results in a higher value of the DSO side flexibility. On
the other hand, it also allows the DSO side flexibility providers connected to nodes without
re-dispatch in the respective time step to offer their service to the system. Therefore, the
multi-market access improves the reward potential of this flexibility option.
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Chapter 1
Introduction

1.1 The future of European power systems
The anthropogenic climate change and the attempts taken by countries in Europe and
all over the world to slow its effects influence not only the environment but also lead
to changes in the power systems. The European countries agreed to measures aiming
to limit global warming to a maximum of 2 °C, preferably 1.5 °C, compared to pre-
industrial levels (UN (2015)). In order to reach this goal, several carbon reduction targets
concerning different sectors have been set. Concerning the power sector, these measures
induce an increase of Renewable Energy Sources (RES) within the electricity generation.

As Bloomfield et al. (2021) show, the increasing share of RES in European power sys-
tems leads to a higher sensibility of the supply to meteorological conditions. Therefore,
the electricity generation of the future will be increasingly intermittent and consequently
more difficult to forecast. Another implication is the shift from a system of centralized
power producers toward a network of decentralized units. Hence, the nature of RES poses
several challenges to the current power system.

Peak shaving Valley filling

Strategic conversion Strategic load growth

Load  shifting Flexible loadshape

DSO side
flexibility

management
options

Figure 1.1: The versatility of demand side flexibility resources based on Sharda et al.
(2021)
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1.2. THE CHALLENGING INTEGRATION OF DEMAND SIDE RESOURCES

The intermittent aspect of RES calls for more flexibility options to cope with the un-
certainty of their generation. Current sources of flexibility are traded on the balancing
reserve and on the Intraday Market (IDM). To this day, those flexibility options are mainly
connected to the high voltage transmission grid and consist, for example, of gas turbines.
However, the capacity of the current flexibility providers is not sufficient to ensure sys-
tem security with a high share of RES within the generation. Therefore, other flexibility-
providing resources must be considered while designing stable future power systems har-
monizing with the climate goals.

One such resource has been growing over the recent past as part of the medium-
and low-level voltage grids. With an increasing public interest in climate preservation
and the progressing electrification worldwide, more and more Distributed Energy Re-
sources (DERs) are connected to the Distribution System (DS). As Figure 1.1 illustrates,
this demand-side flexibility can offer various services to the system. Each of those can
be used to deal with the uncertainty of renewable generation and ensure supply and sys-
tem security. The most applicable of these six services are the peak-clipping and the
load-shifting (Sharda et al. (2021)). As the potential flexibility capacity of this DSO side
flexibility is expected to increase further over the upcoming years and already has a sig-
nificant volume today, this resource is valuable for the European power systems of the
future. Nevertheless, there are several challenges to their integration into the current sys-
tem. Due to these obstacles, which are further discussed in the next section, this growing
flexibility resource remains mainly untouched to date.

1.2 The challenging integration of demand side resources

Transmission grid Distribution grid

Traditional power and information flow

TSO DSOs

Figure 1.2: Traditional European power system set up

The integration of the flexibility potential offered by DERs connected to the DS features
various challenges. Some of them concern physical issues, while others are more market-
based. However, there is substantial ongoing research aiming to exploit their potential for
the future.

The first challenge to their implementation concerns the current structure of the Euro-
pean power systems. As Figure 1.2 shows, they are designed as unidirectional networks
regarding power and information. Most European systems follow this top-down approach,
which relies on centralized power producers, commanding Transmission System Opera-
tors (TSOs) and mainly passive Distribution System Operators (DSOs). Within this setup,
the TSO receives the power schedules from the producers and coordinates them according
to physical grid constraints. Afterward, the TSO transmits the electricity on a high voltage
level towards the nodes connecting the Transmission System (TS) and the DS. From there,

2



1.3. OBJECTIVES OF THE THESIS

Intraday auction

Congestion
management

In control
zone

t
Real time

t-5 mint-15 min

Continious
Intraday

4 pm

Based on depiction of Kraft et al  from KIT (IIP_Working_Paper… in Onedrive)

Balancing 
reserve capacity 

auction

Balancing 
reserve

activation

10 am 3 pm

Day-ahead auction

Balancing 
reserve energy

auction

t-60 min

Figure 1.3: German power market structure based on Kraft et al. (2021)

the DSOs delivers it to the end consumers. This approach was designed for the largely
fossil-based and, therefore, centralized electricity generation of the past.

This unidirectional design cannot support a future where larger power volumes can
also be injected on the distribution side. Currently, the DERs are treated according to the
“fit-and-forget” approach. This approach only allows power injection into the DS up to
a certain level to ensure that it neither endangers the system security nor causes conges-
tion. However, this approach hinders the efficient exploitation of the flexibility potential
of DERs. Therefore, the communication between the operators of the transmission and
distribution grids needs to be improved in order to make this valuable resource visible
and useful for the whole system.

The introduction of coordination between the TSO and the DSOs would develop the
unidirectional to a bidirectional power system. Even though this coordination needs to be
accompanied by infrastructural adaptations in both grids, the basis to enable this develop-
ment is enhanced communication between the responsible system operators.

However, the lack of standardized implementation schemes is not the only obstacle to
the DSO side flexibility integration. Aside from technical challenges such as the measura-
bility of the flexibility potential, there are also economic issues. As the operating principle
shown in Figure 1.3 is mainly designed for centralized producers, there are entrance bar-
riers for DSO side flexibility providers. Many markets require a minimum capacity size
to participate, which is usually hardly achieved by the aggregators and would only al-
low large consumers to participate. Another obstacle found by Forouli et al. (2021) are
prequalifying requirements from Ancillary Services (AS) markets like a high run dura-
tion. Furthermore, they find that even for markets allowing these flexibility providers
to trade, the competition is too high and the remuneration too low or too complex to
provide incentives for investing in this flexibility. Some European countries also feature
regulatory obstacles, such as forbidden real-time prices in Belgium or complicated and
non-transparent market structures.

1.3 Objectives of the thesis
With the research conducted in this thesis, we target some obstacles mentioned above and
investigate possible solutions. However, as discussed in section 1.1, the versatile nature
of the demand-side flexibility enables them to offer multiple services. Some of these
services, such as AS and balancing services, are already a matter of ongoing research.
Therefore, in order to maintain a reasonable focus and contribute to the current research

3



1.4. STRUCTURE OF THE THESIS

in this field, we concentrate on a less investigated service: support for the re-dispatch.
Our research considers the two main challenges from the previous section: i) the lack

of clear and adequate integration and coordination schemes and ii) the lack of market-
based incentive for investment in flexibility-providing resources. We investigate these
challenges in the two subsequent papers of this thesis.

The first paper aims to find suitable coordination frameworks between the TSO and the
DSOs to enable the DERs to support the re-dispatch. The objective of the two elaborated
coordinated frameworks is to research the value of this flexibility source for the system.
Furthermore, we compare the different approaches concerning their ability to efficiently
exploit and integrate this resource.

While the first paper focuses on the coordination-based flexibility integration mecha-
nisms, the second paper considers the second main challenge mentioned beforehand: the
lack of adequate remuneration and, therefore, lack of incentive to invest in this flexibility
resource. Considering the variety of possible products DSO side flexibility providers can
offer, we research their opportunities when given the chance to trade their flexibility for
more than one purpose. Due to the promising results from our first paper, we retain their
option to trade flexibility for CM purposes while giving them additional access to the In-
traday Market (IDM). The latter is attractive for the flexibility providers due to its high
price volatility. Within this approach, we take the provider’s perspective and investigate
their optimal strategy regarding monetary benefits when considering these two trading
options.

1.4 Structure of the thesis
After this introduction into the topic of our thesis, we provide a description of the targeted
problems in Chapter 2. As this master thesis has a paper-based format, the remaining
structure follows this approach by presenting the two papers corresponding to our work.
Therefore, we present our first paper titled “The value of TSO-DSO coordination in re-
dispatch with flexible Decentralized Energy Sources: Insights for Germany in 2030” in
Chapter 3. The focus of this paper are TSO-DSO coordination frameworks enabling the
integration of DERs into the re-dispatch process. The second paper, titled “Multi-market
bidding for DSO-side flexibility providers: Value from Re-dispatch and Intraday Market
participation”, follows in Chapter 5 after a short transition section. The focus of the
second paper expands the one from the first one by including the point of view of the flex-
ibility providers and researches how multiple trading options increase their incentives to
participate in the power system. Finally, we make some concluding remarks and provide
an outlook into further interesting research in this direction.
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Chapter 2
Problem description

This chapter provides an overview of the scope of the thesis and the methods we use to
approach it. It provides a brief explanation of the idea we base our optimization model on
and sets it into a greater context.

Starting with the scope of this thesis, we research the integration of flexibility re-
sources connected to the DS into the power system. We refer to those resources as DERs
or DSO-side flexibility. While researching possible integration mechanisms, we follow a
market-based rather than electrotechnical approach: We investigate the structural issues
and opportunities for the integration of flexibility. Infrastructural aspects are not within
the scope of our research. As mentioned in the previous chapter, this field of research is
increasingly interesting with the development of growingly decentralized and renewable
power systems. Within this field, we initially focus on a less investigated service DERs
can offer to the system: providing flexibility for the re-dispatch.

The topic can be approached from different perspectives, focusing on different stake-
holders. Within this thesis, we investigate the integration of DSO side flexibility from
two points of view: Firstly, we aim for TSO-DSO coordination frameworks allowing the
systematic implementation of this growing flexibility source into the system without en-
dangering the system security. Secondly, we take the position of the flexibility providers
and analyse possible incentives for them to participate in the power system.

However, we do not present a solely theoretical approach, but implement our frame-
works into a power market model. In the following sections, we firstly present the basis
model, setting the context of the German power system to our work. Afterwards, we
provide an overview on the methodology used to approach the flexibility implementation
from the system’s and the provider’s point of view.

2.1 Power system model
We base our work on the model developed by Xiong et al. (2021). They simulated the
German power system and its Day Ahead Market (DAM) alongside with the re-dispatch
process. As Figure 2.1 illustrates, this model basis reflects the current top-down approach
in Germany. After the clearing of the DAM, the information concerning the clearing price
and the nodal generation schedules are passed towards the TSO. The TSO adjusts the
results of the Economic Dispatch (ED) from the DAM with the physical transmission grid
constraints neglected in the first process within the CM. At the end of this process, the
TSO sends out up- and down regulation commands towards the generators.

This model, to which we also refer as the Business As Usual (BAU) case, considers
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DA-Market

TSO

BAU

CM optimization

Uniform price and nodal 
 volume

Economic dispatch

TSO-M

Figure 2.1: Model basis referred to as Business As Usual (BAU) case

only the TS level and takes no note of DS resources. Therefore, it does not implement the
potential flexibility from the DSO side.

2.2 Coordinated DER integration frameworks
The DER integration approach we follow in Chapter 3 focusses on implementation frame-
works from the system’s perspective. Identifying the most important actors within this
issue as the TSO and the DSOs, we elaborate different coordination schemes between these
two parties. As Figure 2.2 shows, we build up our TSO-DSO coordination frameworks on
the current top-down approach, as described in the previous section. Our focus lies on the
exploitation of the DERs flexibility potential to increase the efficiency of the re-dispatch
process.

We address the topic guided by the following research questions:

• To what extent can flexible DERs contribute to a more efficient re-dispatch?

• How does the coordination between TSO and DSO contribute towards rewarding the
flexibility potential of DERs?

To answer these questions, we follow a two-case approach by elaborating two differ-
ent TSO-DSO coordination frameworks: the TSO managed (TSO-M) and the DSO man-
aged (DSO-M) case. These frameworks differ in their degree of (de)centralization and the
amount of responsibility given to the DSOs.

DA-Market

TSO

DERs per
sector

DSO

CM optimization

Volume and distribution
of shiftable load

Uniform price and nodal 
 volume

Economic dispatch

TSO-M DSO-M

Nodal re-dispatch
volume and price

DA-Market

TSO

DERs per
sector

DSO

1. CM optimization

Nodal re-dispatch
volume and price

Uniform price and nodal 
 volume

Economic dispatch

2. CM optimization

Volume and distribution 
of shiftable load

Min. cost optimization

Changed load profiles

Figure 2.2: TSO-DSO coordination framework approaches: TSO-Managed case (left)
and DSO-Managed case (right)
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2.2.1 The TSO-Managed Case
The TSO-M case is a centralized TSO-DSO coordination framework. Within this frame-
work, the TSO is still in charge of calculating the re-dispatch. However, the potential load
shifting capacities of the DERs are now visible and accessible to the TSO. As illustrated
by the left side of Figure 2.2, the DSOs gather the information about their related DERs
and forward them towards the TSO. Therefore, the TSO can consider them as a flexibility
option in the congestion management and dictate their actions. Being so omniscient and
omnipotent towards the DERs, the TSO optimizes the whole system within the re-dispatch
process.

However, even though the flexibility potential of the DER can now be exploited, this
centralized approach to implementing decentralized flexibility options bears some weak-
nesses when facing reality. Even though it aims for the overall system welfare, the as-
sumption of fully cooperative DSOs is not realistic. As the information barrier between
the TSO and the DSOs is not preserved, it prevents the DSO from representing their interests.

2.2.2 The DSO-Managed Case
The DSO-M case picks up the aforementioned weakness of the TSO-M case. It features a
decentralized, nodal optimization for each DSO, allowing each of them to act according
to its respective interests. The right side of Figure 2.2 illustrates the more active role
assigned to the DSOs in this coordination framework. It shows that each DSO is provided
the information about the re-dispatch cost and volume in its respective area by the TSO.
For this case, the initial CM corresponds to the one in the BAU case. As the DSOs act
as aggregators of their related DERs, they also get the information about the flexibility
potential from the DERs. Using this input, each DSO optimizes the cost for the DER owners,
considering the cost of electricity taken from the system and the profits generated by
providing their flexibility. The result of this optimization is transferred to the TSO in the
form of changed load profiles. Using those, the TSO then runs the CM one additional
time. In this case, the DERs are used for facilitating the necessary re-dispatch without the
necessity of an omniscient TSO.

Within this framework, the information barrier between the system operators is pre-
served. Therefore, the DSOs are given the opportunity to act according to the interests of
its aggregated DERs. It is a more realistic framework than the previous one. However, as
there is no information about the decisions of the other DSOs available to the individual
one, the scope of the operators can no longer be the system welfare. Furthermore, in
this case, precise information about congested transmission lines is no longer part of the
calculations.

2.3 Providing incentive for DSO side flexibility
In Chapter 5, where we present the second paper written as part of this thesis, we shift
our focus towards the DSO side flexibility providers. While the coordination frameworks
in Chapter 3 enable them to participate in the power system, the possible average benefits
of using their flexibility potential are limited. Therefore, in the second part of our the-
sis, we investigate possible methods to improve their gains and further incentivize their
participation.

The already mentioned versatile nature of flexibility-providing resources enables their
owners to use them for more than one service. Even though we find load flexibility to be
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Figure 2.3: DSO side flexibility integration approach from the providers perspective

relatively valuable when used for re-dispatch, the possibility of trading it for other services
may increase possible benefits. In Chapter 5, we investigate the impact of multiple trading
options on the profitability of providing DSO side flexibility. As the second trading option,
we offer the providers access to the IDM, which is attractive for them because of its high
price volatility. Our research aims to answer the following questions:

• Where can DSO flexibility providers profitably participate in power markets?

• What is the optimal strategy to allocate this flexibility within the two trading options
CM and IDM?

As Figure 2.3 illustrates, the approach to these questions is based on the DSO-M case
from Chapter 3. Since the results of our DSO-M case have shown that using load flexibility
for CM purposes can provide financial benefits, we retain this as one possible trading
option.

However, as we want to offer the providers a second trading option, we expand the
DSO-M framework by including the price signals from the IDM. Within this new frame-
work, the DSO still function as aggregators of the flexibility providers and represents their
interest toward other parties. Therefore, each DSO still executes its individual optimiza-
tion, with the adjusted objective of maximizing its financial gains. Within this optimiza-
tion, the DSO considers the price signals from the CM and the IDM.

The strategy for the allocation of flexibility as optimized by each DSO is based on co-
ordinated bidding and, therefore, considers the subsequent markets by the time a decision
needs to be made for the first market. As the IDM opens only after the execution of the
CM, we create a stochastic IDM price signal to consider the uncertainty of this market.
Therefore, we conduct a regression analysis to predict the IDM price development using
researching several possibly influencing factors. We implement a total number of four
different scenarios regarding possible proceedings on the IDM. Unlike in Chapter 3, we
obtain a two-stage stochastic model to analyze the impact of two trading options on the
potential revenue of DSO side flexibility providers.
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Chapter 3
The value of TSO-DSO coordination in
re-dispatch with flexible Decentralized
Energy Sources: Insights for Germany in
2030

Abstract

As Germany plans to raise the share of energy consumption satisfied by RES up
to 65%, congestion in the transmission grids will drastically increase in the power
system unless the grids are substantially upgraded or new flexibility options are con-
sidered. In this paper, we explore possible integration mechanisms of a potentially
powerful source of flexibility: Distributed Energy Resources (DERs). Currently, there
is no advanced regulatory system for including them into the established electricity
markets. We investigate the application of load flexibility DERs can provide for as-
sisting the re-dispatch necessary in electricity markets that employ a zonal pricing
mechanism. We implement two different cases with varying levels of involvement
of the DSOs and compare their performance with a business-as-usual case in one
scenario from 2015 and one prediction for 2030. Findings include that while both
cases facilitate the system-wide re-dispatch concerning volume and cost, the average
value of optimal load-shifting is not high enough in 2015 to incentivize investment
in this area. However, at the higher percentages of generation from RES in the future
scenario, this value becomes promising and using DERs for this purpose may provide
long-term benefits to the system operators and owners of assets alike.
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3.1. INTRODUCTION

3.1 Introduction
Until 2030, Germany plans to generate 65 % of their gross electricity demand from Re-
newable Energy Sources (RES) according to their network development plan from the
federal network agency (BNetzA (2019)). Even though the realization of this plan would
be a great step towards a low-carbon power system, it also imposes major challenges to
the current system. These arise mainly from the intermittent generation of RES that causes
issues in guaranteeing the security of supply. As Figure 3.1 illustrates, the decentralized
availability of RES results in higher risk for congestion. Figure 3.2 shows that this leads to
higher re-dispatch volume and cost and a shift of the congestion to different parts of the
network. The German power system will require more flexibility options than it currently
has to ensure high standards on power quality and supply security. However, as a study
by Zöphel et al. (2018) shows, there is not one ultimate technology providing the needed
flexibility capacity, but a wide portfolio of flexibility options is needed.

An option with a high flexibility potential but that is not yet integrated is the use of
flexible Distributed Energy Resources (DERs), e.g., load shifting, energy storage, demand
response. Their amount and, therefore, their capacity has grown significantly over the
last years and is projected to still increase exponentially over the next decades (Facchini
(2017); Crespo Del Granado et al. (2020)). Currently, some of the reasons for not ex-
ploiting their flexibility potential is the actual design of the German power system. It is
designed as a unidirectional power flow system, where only units connected to the high
voltage TS are allowed to feed in their electricity to the system. As flexible DERs are lo-
cated on the DS, the current grid design does not allow them to offer their full potential of
flexibility as it would create congestion in the DS. Therefore, a new design of the power
system structure is needed to adapt the grid to future conditions and enable the integration
of new flexibility providers such as DERs. The most important change needed concerns
the communication between the grid operators, as only when those set up suitable coor-
dination, it is possible to realistically implement DERs to the system.

In this regard, this paper explores possible TSO-DSO coordination frameworks to in-
tegrate the DERs into the system and exploit their flexibility potential for a more efficient
and sustainable re-dispatch process. The central idea is to understand the value DERs lo-
cated under the DSO domain can have to improve TSO operations for re-dispatch under
different scenarios and TSO-DSO frameworks. In the literature, this has received very lim-
ited attention. Concretely, the objective of this paper is to address the following research
questions:

• To what extent can flexible DERs contribute to a more efficient re-dispatch in TSO-
operation?

• How does the coordination between TSO and DSO contribute towards rewarding the
flexibility potential of DERs?

In order to answer them thoroughly, we approached them with a three-case approach.
Each case contains its own coordination framework. While the first one (BAU) represents
the current setup and serves as a benchmark to reality, the other two cases contain co-
ordination frameworks with varying degrees of (de)centralization and information flow
between the system operators. By implementing data about the German power system
from 2015 and 2030, we can compare the performance of the different frameworks in the
current system and in the environment they have been designed for.
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Figure 3.1: Transmission line overload index of the German network as planned by the
federal network agency with 65 % RES in electricity consumption (by BNetzA (2019))

In the following section, we give an insight into recent literature with a focus on the
integration of DERs into the power system and related modelling concepts. Afterward, we
describe our methodology and optimization models. In the next step, we present our case
study before discussing the results in section 5.5. Ultimately, we finish the report with a
conclusion.

3.2 Related literature
The literature distinguishes different types of DERs connected to the DS. Xu (2019) de-
fines DERs as a part of decentralised flexibility options and categorises them by char-
acteristics concerning technical aspects and field of operation. Eid et al. (2016) define
three categories of DERs: electrical consumption, bidirectional DERs and distributed gen-
eration. Each category offers different variants of flexibility to the grid and, therefore, re-
quires special handling. While electrical consumption can offer only downward flexibility
through demand-side management and DG can only provide changes upwards, bidirec-
tional DERs such as electrochemical energy storages (e.g., batteries) have a broader field
of application. Although the three types of DERs offer different variants of flexibility,
these potentials are not exploited sufficiently (Sia Partners (2014)). In some countries,
DERs are allowed to feed in their generation into the DS. Currently, their total resulting
power does not cause congestion in the DS, but in the next decades, their incoming capac-
ity growth might induce a higher risk for congestion. This upcoming challenge requires
new management mechanisms to integrate DERs. The traditional way to deal with increas-
ing DER-input is the fit-and-forget approach (Givisiez et al. (2020), Silva et al. (2021), Xu
(2019)). This tradition is mainly due to existing limits on how much DERs can feed into
the grid.

In the literature, various paths for the integration of DERs take into account the impact
DERs have on the modus operandi of TSOs and DSOs. Some of them seek to introduce DERs
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Figure 3.2: Spatial distribution of re-dispatch cost over two weeks in Germany in 2015
(right) and 2030 (left) based on own calculations and data by Kunz et al. (2017b) (for
2015) and vom Scheidt et al. (2020) (for 2030)

into existing markets, others elaborate concepts for new emerging markets. ENTSO-E
(2018) and Eid et al. (2016) propose access for aggregated DERs to existing balancing
markets, while Savvopoulos et al. (2019) use DERs mainly on the DS side and introduce
them there either into modified AS markets (Savvopoulos et al. (2019)) or newly designed
DS markets (Xu (2019)). Overall, to integrate DERs, there is an agreement that they need
to be aggregated to have a tradable amount of flexibility (Yuan and Hesamzadeh (2017),
Xu (2019), Silva et al. (2021), Burger et al. (2016)).

An active DSO engaged with DERs has emerged as an important enabler in exploiting
and rewarding their flexibility (Yuan and Hesamzadeh (2017), Najibi et al. (2021), Zhu
et al. (2021)). However, the prospects of a more active DSO entail a redesign of current
information and coordination mechanisms between TSO and DSO. Decisions of DSOs in
sync with local DERs operations should be aligned with the centralized flexibility needs
of the power system, i.e., the TSO-DSO coordination.

3.2.1 TSO-DSO coordination mechanisms - An overview
Different approaches for the structure of TSO-DSO coordination are explored in related
literature. Some focus on specific markets like the AS or the balancing market Eid et al.
(2016); Savvopoulos et al. (2019). Others, like Najibi et al. (2021) and Givisiez et al.
(2020), approach the coordination from a more conceptual point of view and do not con-
sider market designs to trade DER-flexibility. However, both approaches lead to similar
mechanisms regarding the coordination of TSO and DSO. Najibi et al. (2021) differentiate
the coordination schemes primarily by their amount of active operators. Therefore, the
authors distinguish between centralized and decentralized TSO-DSO coordination. Within
decentralized schemes Najibi et al. (2021) further differentiates between hierarchical and
distributed models. While hierarchical models have a leader-follower structure, all DERs
in distributed models can be selected to meet the demand. This categorisation applies
to most models in the field, as they all vary the amount and the nature of information
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exchanged between TSO and DSO to use DERs efficiently. The three conceptual models
identified by Givisiez et al. (2020) similar to the AS-market models (Savvopoulos et al.
(2019), Silva et al. (2021), Rossi et al. (2020), SmartNet Consortium (2019)) follow dif-
ferent degrees of (de-) centralization. Givisiez et al. (2020) extracts the following three
approaches from the literature: i) TSO-managed, ii) hybrid approach, iii) DSO-managed.

The TSO-managed approach is a centralized one as defined by Najibi et al. (2021).
Its core is a TSO to whom the DERs bid directly and who therefore can dispatch over
the whole system using both traditional generating units and DER capacities. The DSOs
only provide operational real-time DS data. Many authors such as Grøttum et al. (2019),
Yuan and Hesamzadeh (2017) and Najibi et al. (2021) present in first place a centralized
model in which the TSO is the sole purchaser of DER-flexibility and optimizes the whole
system while possessing all information about DERs, TS and DS. Givisiez et al. (2020)
state that within this TSO-managed model, the TSO can use his know-how on dispatching
and expand the existing platforms. Alongside with Silva et al. (2021), Rossi et al. (2020)
and Savvopoulos et al. (2019), Givisiez et al. (2020) sets up this model as the closest to
the current situation. They agree upon the fact that this model requires a high compu-
tational effort on the one hand as it optimises the whole system taking into account all
grid constraints from DS and TS. On the other hand, it is also perceived that a centralised
management of distributed energy resources is becoming more difficult the higher the
amount of DERs in the system. However, Xiong et al. (2021) found that even such a DER
integration approach could improve the system performance. Even though Xiong et al.
(2021) do not take into account DS grid constraints, its finding corresponds to Najibi et al.
(2021) who elaborate one centralized and one decentralized coordination framework. For
both scenarios, they found the operational costs for TSO and DSO decreasing, congestion
to be relieved, and the share of accessible DERs increasing. Indeed, Najibi et al. (2021)
also states that the decentralised coordination framework delivers better performance.

Givisiez et al. (2020) proposes a hybrid coordination scheme requiring a higher com-
munication level and more activity from DSO-side. The DSO prequalifies the DER-bids in
terms of DS constraints before allowing them to participate in a central market where both
system operators purchase flexibility. The TSO-DSO coordination is realised here via the
intermediate of this central market. This concept corresponds to the common TSO-DSO
AS market approach by Silva et al. (2021), SmartNet Consortium (2019) and Rossi et al.
(2020). According to Rossi et al. (2020), it would theoretically be the most efficient co-
ordination scheme. However, as it requires a high level of cooperation and much effort in
communication, it causes conflicts between the system operators. Another issue outlined
by Savvopoulos et al. (2019) is the access of commercial parties to this market that would
reclassify the priority access for the system operators who then see their system operation
ability compromised. Hence, this approach is not realistic for the communication between
TSO and DSO.

The DSO-managed approach by Givisiez et al. (2020) could be such a more realis-
tic concept. It requires far more communication between the TSO and the DSOs than the
centralised one but less than the common market idea. Similar to Najibi et al. (2021)
Givisiez et al. (2020) distinguish between two approaches in the decentralized scheme.
The first one is hierarchical, where no market on the distribution side exists. The DSO
awaits the dispatch command from the TSO to transmit it to its aggregated DERs and meet
the requirement. Such a framework requires less information exchange than the previous
one. Yuan and Hesamzadeh (2017) created the generalized bid function as communica-
tion tool between DSO and TSO that similar to Najibi et al. (2021) gets a price from the
TSO as input and returns a net load from DS-side to the TSO. A similar approach is pursued
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conceptually by Grøttum et al. (2019). The second approach by Givisiez et al. (2020) is a
more distributed one, where all available DERs can be pursued on either DS- or TS-level.
Savvopoulos et al. (2019), SmartNet Consortium (2019) and Rossi et al. (2020) adapt this
concept to AS market design and introduce the local AS market coordination scheme that
features parallels to Silva et al. (2021) local and global flexibility market concept. While
Savvopoulos et al. (2019), SmartNet Consortium (2019) and Rossi et al. (2020) propose
an existing AS-market but with a hierarchical structure, Silva et al. (2021) adds a possibil-
ity of direct DER-trade with the TSO and has therefore a more distributed market concept.
The local AS market concept considers a market-clearing on DS-level before it is cleared
on TS-level. The DSO then sends the remaining DER bids to the TSO-AS market. The pos-
sibility added by Silva et al. (2021) enables the DERs not to be aggregated by the DSO on
the TS-level market but to bid there directly after the first market clearing. Hence, this
approach corresponds more to the distributed concept by Givisiez et al. (2020). Never-
theless, both of those AS-market concepts are frequently addressed in the literature. They
are perceived as the simplest coordination scheme with the least optimisation effort while
still allowing the DSOs to control their grid and resources and preserving the information
barrier between the two system operators (Silva et al. (2021)). Even though Givisiez et al.
(2020) see this coordination scheme as the one with potential for the most efficient facil-
itation of DERs, they also state some major challenges for those concepts like the lacking
know-how on markets by the DSO and its upcoming problems with the complexity of
modelling and running them. Rossi et al. (2020) add that DS-side markets are likely sub-
ject to scarcity and illiquidity. However, most of the mentioned challenges concern the
initial set-up of this coordination and could be mastered in the long run. Therefore, this
form of coordination is seen as the most promising one.

3.2.2 TSO-DSO modelling approaches
According to Givisiez et al. (2020) there are three main solution techniques to model
TSO-DSO coordination: distributed, hierarchical and centralized optimization.

While the TSO-managed frameworks such as described by Xiong et al. (2021), Yuan
and Hesamzadeh (2017) and Najibi et al. (2021) follow similar modelling approaches
considering the lack of information barrier, an omnipotent TSO and using the centralized
optimization, the models proposed for a DSO-managed coordination differ more from each
other.

Most of the optimization problems based on the DSO-managed scheme use a hier-
archical solution technique (Savvopoulos et al. (2019), Najibi et al. (2021),Yuan and
Hesamzadeh (2017), Mahboubi-Moghaddam et al. (2018), ). Almost all those solutions
implement a TSO and a DSO sub-problem and are therefore bi-level optimizations. How-
ever, the models vary in their handling and timing of the different sub-problems. While
Savvopoulos et al. (2019) models the local AS market as described in SmartNet Consor-
tium (2019) based on Gerard et al. (2018), they let the DSOs clear their markets before
the actual realization on system imbalances occur, i.e. before the TSO clears the balanc-
ing market. This model is similar to Yuan and Hesamzadeh (2017) where the DERs send
their bids not to a local market but to the DSO who gathers them in a generalized bid
function. The generalized bid function is a communication tool introduced by Yuan and
Hesamzadeh (2017) that implicitly contains all DER bids to one DSO but lowers the data
transfer volume between the system operators. In the models of Savvopoulos et al. (2019)
and Yuan and Hesamzadeh (2017) the TSO optimizes in the following step the whole sys-
tem while using the information about DER-capacities in the different nodes sent by each
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DSO share info about DERs with TSO

This paper
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and average price of re-dis-
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Yuan and Hesamzadeh (2017)
DSO share generalized bid function with TSO

Calvillo et al. (2016)
Only DS with aggregators

Najib et al. (2021)
TSO gives DSO LMP, DSO gives TSO
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Grøttum et al. (2019)
Power balance constraints

Mahboubi-Moghaddam et al. (2018)
Iterative solution with DSO sharing load pro-
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Gerard et al. (2018)
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Xiong et al. (2021)
Only TS but TSO can 
use DG and storage

Figure 3.3: Comparison of TSO-DSO coordination mechanisms in the literature concern-
ing DER integration approaches with an active DSO with the model and concept of our
project

DSO. The timing of this coordination however is different in the two models as Yuan
and Hesamzadeh (2017) set up their model for the ED while Savvopoulos et al. (2019)
operates later on the AS market.

Unlike Savvopoulos et al. (2019) and Yuan and Hesamzadeh (2017), Najibi et al.
(2021) and Mahboubi-Moghaddam et al. (2018) handle the sub-problems in a different
order. They first let the TSO optimize the TS while meeting the DS load entirely with TS
resources and ignoring DERs. As they assume a nodal pricing system the model takes
place in the ED and the TSO calculates a locational marginal price that is his signal to the
DSOs. Each DSO then solves its own cost-minimizing optimization taking into account its
DERs and sends a changed load profile to the TSO. The TSO then considers it again in its
optimization. Hence, it is an iterative solution technique that converges to a near optimal
solution which is also timed to the ED.

A somewhat different DS-side approach is offered by Calvillo et al. (2016). Their
model aggregates the DERs on DS-level and the aggregator can participate in the DAM.
Unlike the other models that aim to minimise the system costs, Calvillo et al. (2016) aims
to maximise the benefit of the DER-owners and the aggregator. As the aggregator can be
either an independent company or the DSO, this approach adds an interestingly different
perspective to the other models.

Few solutions aim to integrate DERs into the re-dispatch as most are either integrating
them in the dispatch process or in the AS market. Xiong et al. (2021) propose a model that
introduces DER-capacities to the re-dispatch but locates the DERs on TS-level. Therefore,
it does not include a DSO-model and ignores the DS. Hence, neither Xiong et al. (2021) nor
one of the models discussed above consider re-dispatch services coming from a TSO-DSO
coordination.
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3.2.3 Contribution
There are few approaches including a DSO model, even though most of them assume the
DSOs participating actively in the process. Figure 3.3 illustrates that most models integrate
the DER-potential either in the dispatch process or introduce it to the balancing or AS
market. Few models include DERs into the re-dispatch process. Even within those that
consider the re-dispatch, there are barely any models that integrate the DSO within its own
sub-problem in the optimisation (see Figure 3.3). Based on this review, the contribution
of this paper in comparison with related literature is as follows:

• provide original TSO-DSO coordination frameworks and models considering the in-
terests of DSOs

• demonstrate the integration of flexibility potentials from DERs connected to the DS

• analyze TSO-DSO coordination in the re-dispatch of power generating units in a
uniform pricing system

• and evaluate the performance of the frameworks in the current system as well as in
a future scenario (2030).

The literature does not discuss whether DSOs and their connected, flexible DERs can
contribute to the re-dispatch. This paper provides groundwork for the research in this
specific field by describing and modelling possible frameworks for an efficient DSO-TSO
coordination in this process. Therefore, our contribution consists of formulating possi-
ble coordination frameworks, their implementation, i.e., our optimization models, and the
frameworks’ performance comparison from 2015 to 2030. Unlike other papers, we pro-
vide a real-life country-wide scope to test the validity of our model. Such high-scaled
models are not broadly available in the literature (especially in a TSO-DSO context).
The models including their respective mathematical formulations may also contribute to
further research, as they are easy to scale and expand. With increasing insight and under-
standing of this research domain, this model can serve as an implementation framework.
It is beneficial for this purpose, as it considers a possibility to calculate the load profiles
and shifting on behalf of DERs in the context of re-dispatch.

3.3 Methodology
To measure the impact of flexible DERs on the re-dispatch process, we implement three
cases: i) Business as Usual, ii) TSO-Managed, and iii) DSO Managed. The cases are
elaborated in the following sub-sections and overall framework depicted in Figure 3.4.

3.3.1 Business as usual case (BAU)
The BAU case reflects the current system structure and serves both as a benchmark and as
a foundation to both the TSO-M and DSO-M cases. Here, we use the model as formulated
by Xiong et al. (2021) in a slightly modified version, calculating the minimal system-wide
cost of re-dispatch necessary not to violate transmission constraints.

As we show in Figure 3.4, the first stage of all three cases is about modelling the ED
(step 1) whose results are then transferred to the second stage where the TSO executes its
CM optimization (step 2a for BAU). The BAU case only involves those two steps. Xiong
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Right: DSO managed (DSO-M))

et al. (2021) chose a sequential model to simulate this process. With each sequence be-
ing 24 h long, this approach allows us to analyse our results over longer periods (in this
case one year) day by day. Every sequence starts with the ED that minimizes the overall
system cost for generation. As the ED assumes a single copper plate, its input and output
information are economical. Therefore, the DAM transfers the uniform market price Ψt

and volume PDA
g,t to the TSO on hourly basis for it to perform the second stage. As the BAU

case reflects the current situation, the TSO does not have information about the location or
flexibility potential of connected DERs and therefore does not use them for the re-dispatch.
Hence, the TSO executes the CM to calculate the system-wide cost-minimal redispatch for
the assigned volume while considering physical grid constraints of the transmission grid.
Adjusted power plants, curtailed RES and lost load lead to financial compensation. The re-
muneration is based on current schemes and describes a profit neutral re-dispatch concept
for power plants (Connect (2018), BDEW (2018)). The resulting up- and downward reg-
ulation volumes, as well as the total nodal volumes, are communicated to the generators
and DSOs by commands sent by the TSO.

3.3.2 The TSO managed case (TSO-M)
Here, we model a fully cooperative TSO-DSO coordination that does not take into account
their different interests nor preserves the information barrier. However, unlike the BAU
case, it implements the load shifting potential of the DERs. Those are visible to the TSO
in this framework because the fully cooperative DSOs provide the TSO all the necessary
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information concerning location and load shifting capabilities about connected DERs. This
corresponds to step 2 variant (b) in Figure 3.4. Not only are demand response potentials
of DERs in this case visible for the TSO, he can also access and dispatch them. Therefore,
the TSO can perform the re-dispatch by using both TS generators and DER flexibility. To
keep computational effort reasonable for this project, the TSO does not consider physical
DS constraints.

This solution would maximize the welfare and the all-over efficiency of the power
system. However, it is not realistic, as it neglects the interest conflicts between the differ-
ent system operators and the high computational effort in the CM if it would also consider
the DS-constraints.

3.3.3 The DSO managed case (DSO-M)
Aside from the TSO-M case aiming for the whole system welfare, we set up the DSO-M
case as a second coordinated framework that takes into account the individual interests
of the participants by preserving the information barrier between the TSO and the DSOs.
In this case, the DSOs have a more active part than in the previous ones. Each DSO has
the opportunity to profit from providing their flexibility options to the TSO. Our model
assumes that there is no inter- or intra-node competition between different DSOs. There-
fore, it models only one DSO per node and does not contain a market model to coordinate
bids between DSOs. Therefore, each DSO focuses on a nodal level to minimize the cost
of electricity taken from the system and to maximize benefits from changing load profiles
to reduce the necessary re-dispatch of generators. The DSOs are assumed to aggregate
the providers of DERs in their node and have, therefore, an interest in reducing the nodal
electricity costs.

As this case requires a more bidirectional information flow between the TSO and the
DSOs than the previous cases, the DSO-M model contains two more steps than the BAU
and TSO-M case. As the right part of Figure 3.4 shows, the first two steps correspond to
the BAU case, as the TSO has no information about DERs connected to the DS. Unlike
in the previous cases, the TSO transmits information about the uniform market price Ψt

and the nodal ratio of re-dispatch cost to volume Φ
RD
n,t to the correspondent DSOs. Those

parameters are the input information for each DSO optimization (Step 3 in Figure 3.4).
The output of each DSO optimization is a new load profile that is sent to the TSO. In step
4 of the model, the TSO optimizes the whole system with these new load profiles.

Based on the outcome of this second re-dispatch calculation, the TSO sends the usual
redispatch commands to the generators connected to the TS. Therefore, in this case, the
TSO cannot dispatch the DERs, and the DSOs keep control over their grid and their re-
sources.

3.3.4 Model formulation
The mathematical formulation and the implementation is based on the Julia programming
language for the ED and CM optimization (initial code by Xiong et al. (2021)1). The
nomenclature containing denominations for sets, variables and parameters is available in
the appendix (see Appendix A).

1The original source code is openly available at http://github.com/bobbyxiong/redispatch-
ptg
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Model assumptions

No Ramping. Rotating generation units achieve ramp rates between 2% and 15% per
minute of their maximum output, which makes it possible for a model with an hourly
resolution to have ramping rates from 100 % per hour of the maximum output (Gonzalez-
Salazar et al. (2018)). Hence, ramping constraints become non-binding. Therefore, we
neglect ramping constraints, also because this reduces the computational complexity of
our model.

No cross-border exchange. The cross-border exchanges can either be modelled by in-
cluding them as fixed parameters based on historical data or considering the related ex-
change equations in the clearing process. However, the former approach is not realistic
since export is equivalent to a higher load, leading to a higher market-clearing price.
Moreover, the latter approach requires more information about the neighbouring coun-
tries and more computational efforts beyond the project’s technical and contextual scope.
Therefore, cross-border exchanges are not considered.

Inter-DSO competition. It is assumed that there is no more than one DSO connected
to a node of the transmission grid. This assumption eliminates the need to model the
competition between the nodal DSOs since such a competition is not within the scope of
this paper.

DER actions. Due to the lack of real data set about the demand and existing DER capac-
ity, the aggregated behaviour of DERs has been modelled as a change in the load pattern
of each DSO.

No transmission losses. Due to the nature of transmission lines, losses are ignored, and
DC load flow is employed to calculate the flow of power in the grid. Those transmission
losses range in Europe between 1.7 and 3.4 % (CEER (2020)). As they are rather low
and we focus on the congestion on the transmission lines, we neglect those losses in our
optimization.

Sectoral load shifting. We assume that each sector in our model formulations can shift
its demand within a certain relative range, as only parts of the demand with DERs are
flexible. As stated by Gils (2014), especially the large-scale, highly energy-consuming
industry sector features considerable mechanisms to provide load shifting. Hence, we
include higher load shifting capacities for this sector. To avoid overestimating how much
load shifting can be realistically achieved, we choose to implement 5% of the daily aver-
age for the residential and trade, and service sectors. We assume 10% for the industrial
sector, which are only available during working hours (hours 9 to 16 of each day).

ED model (Step 1)

The Economic Dispatch (ED) as the result of the Day Ahead Market (DAM) is the basis
for all three cases. It is responsible for efficiently allocating generating resources. It aims
to meet the global demand of all nodes at the lowest system costs possible. Here, we
assume a copper plate, i.e., we allow for unlimited transmission with no losses between
all generators and nodes. The model formulation is as follows:
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Objective function. The objective function of the ED minimizes the global cost of all
dispatched generation, i.e. the sum of the marginal cost times the used generation capacity
for all generators and timesteps within the optimization period (Eq. 3.1).

min
PDA

g,t
∑
t

∑
g

cmc
g PDA

g,t (3.1)

Market clearing. The sum of generation from all sources must be equal to the sum of
demand in all nodes at all times (Eq. 3.2).

∑
g

PDA
g,t −∑

n
dload

n,t = 0 , t ∈ T (3.2)

Power generation. The power generation by all generators cannot exceed their maxi-
mum power output (Eq. 3.3). Since we assume

PDA
g,t ≤ pmax

g ,g ∈ G , t ∈ T (3.3)

Pumped Hydroelectric Storage (PHS). The units for pumped hydroelectric storage (PHS)
used in the models have upper bounds for the maximum pumping and generating power
(Eq. 3.4, 3.5). They can only store energy up to their maximum capacity (Eq. 3.6).
Furthermore, their hourly state of charge (SOC) is calculated using the SOC from the
prior time-step minus pumping and plus storing power. Additional storage is subject to
efficiency losses (Eq. 3.7).

Ds,t ≤ pmax
s ,s ∈ S , t ∈ T (3.4)

PDA
s,t ≤ pmax

s ,s ∈ S , t ∈ T (3.5)

Hs,t ≤ lmax
s ,s ∈ S , t ∈ T (3.6)

Hs,t = Hs,t−1 −PDA
s,t−1 +ηsDs,t−1 ,s ∈ S , t ∈ T : t > 1 (3.7)

Non negativity. Eq. (3.9-3.11) ensure that the power output of all generators and stor-
ages, demand for power by PHS units and storage level can never be negative.

PDA
g,t ≥ 0 ,g ∈ G , t ∈ T (3.8)

PDA
s,t ≥ 0 ,s ∈ S , t ∈ T (3.9)

DDA
s,t ≥ 0 ,s ∈ S , t ∈ T (3.10)

LDA
s,t ≥ 0 ,s ∈ S , t ∈ T (3.11)

CM model (Step 2a)

Auxiliary parameters. The auxiliary parameters we use in this iteration of the calcu-
lations are the market clearing price for electricity Ψt and the economically optimal,
hourly generation per generating unit PDA

g,t . As no binary or otherwise non-linear equa-
tions or constraints are used, the price is obtained as the dual value of the market clearing
constraint of the ED (Eq. 3.2).
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Objective function. We follow the formulation of Xiong et al. (2021), based on Kunz
and Zerrahn (2016). Re-dispatch is profit-neutral, so any affected unit is reimbursed for
additional costs or lost profits: Power-output increasing re-dispatch is compensated at
marginal cost, power-decreasing re-dispatch at the lost profit, PHS storage units at the
efficiency-adjusted market price and demand that cannot be delivered at the cost of lost
load. The Value of Lost Load (VOLL) is set to 1000 in our calculations (Eq. 3.12).

min
∆P+

g,t ,∆P−
g,t

∑
t

∑
n[

∑
g

(
cmc

g ∆P+
g,t +(Ψt − cmc

g )∆P−
g,t

)
+∑

s

Ψt

ηs
∆P+

s,t + cVOLLPlost
n,t

] (3.12)

The re-dispatch effectively changes the scheduled power output of generating units. As
such, we introduce the variables P′

g,t for the adjusted generation schedules after CM calcu-
lations (Eq. 3.13).

P′
g,t = PDA

g,t +∆P+
g,t −∆P−

g,t (3.13)

Nodal balance and power injection. Eq.3.14 ensures that the market clearing constraint
holds true at each node. As shown in Eq. 3.15, the nodal power injection is calculated
as the net difference between all connected generation (positive) and load (negative). The
voltage angles are linked to this injection by using the susceptance entry on the admittance
matrix.

∑
g

P′
g,t −dn,t = Pin j

n,t ,n ∈ N , t ∈ T (3.14)

∑
m

bn,m(Θn,t −Θm,t) = Pin j
n,t

,n ∈ N , t ∈ T
(3.15)

Line power flow. The power flow in our model is calculated by using the line reactance
and voltage angles at the from-node and the to-node in equation 3.16. To avoid line dam-
aging, their thermal capacity limit including the Transmission Reliabiliy Margin (TRM)
must not be exceeded (positive or negative) at all times. This constraint is expressed by
equation 3.17 and 3.18 and holds true in both flow directions. The TRM is defined as a
value between 0 and 1. As Xiong et al. (2021), we chose a TRM value of 0.25 for the 2015
scenario. To ensure physical feasibility of the model, no TRM was assumed for the future
scenario.

x−1
n,m(Θn,t −Θm,t) = P f low

n,m,t

,n,m ∈ N : n ̸= m, t ∈ T
(3.16)

Pflow
l,t ≤ pmax

l (1− trm) , l ∈ L , t ∈ T (3.17)

−
[
pmax

l (1− trm)
]
≤ Pflow

l,t , l ∈ L , t ∈ T (3.18)
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Power generation. Eq. 3.19 and 3.20 prevent power plants from being simultaneously
shifted up and down. Additionally, Eq. 3.19-3.21 ensure the new generation profiles to
stay within generation limits

PDA
g,t +∆P+

g,t ≤ pmax
g ,g ∈ G , t ∈ T (3.19)

0 ≤ PDA
g,t −∆P−

g,t ,g ∈ G , t ∈ T (3.20)

PDA
s,t +∆P+

s,t ≤ pmax
s ,s ∈ S , t ∈ T (3.21)

Non negativity. All generation after CM calculations must not be negative (Eq. 3.22).

P′
g,t ≥ 0 ,g ∈ G , t ∈ T (3.22)

TSO-M: CM extension. (Step 2b)

In the TSO-M case, the TSO is responsible for including the flexibility options provided
by DERs into its calculations to achieve the globally minimized cost of re-dispatch. In
order to simulate this, we apply a number of changes to the previously introduced model
formulation for the CM. The objective function (Eq. 3.12) as well as most constraints (Eq.
3.13, 3.15-3.22) remain unchanged. However, for implementing flexible loads, the nodal
demand for the respective nodes is no longer treated as exogenously determined. Instead,
we allow the TSO to change the hourly demands, according to the respective constraints.
Additionally, constraints are required to limit the amount of load shifting.

Load. We introduce the variables Ln,t to depict the actually realized demand for elec-
tricity as the sum of the previously constant demand and the changes in all sectors (Eq.
3.23).

Ln,t = dn,t +∆D+
n,t −∆D−

n,t (3.23)

Nodal balance. Eq. 3.14 is modified to accommodate for variable load profiles. Still,
the nodal power injection must equal the difference between re-dispatched generation and
shifted load (Eq. 3.24).

∑
g

P′
g,t −Ln,t = Pin j

n,t ,n ∈ N , t ∈ T (3.24)

Aggregated load shifting. The aggregated load shifting in a node - upwards and down-
wards, respectively, both denoted by positive values - is comprised of the three sectors
(further explained in chapter 3.4.3).

∆D+
n,t = Dser+

n,t +Dre+
n,t +Dind+

n,t (3.25)

∆D−
n,t = Dser−

n,t +Dre−
n,t +Dind−

n,t (3.26)

Aggregated demand balance. Over each calculation period of 24 hours, the sum of
upwards-shifting must be equal to the sum of downwards-shifting for all nodes and de-
mand sectors. Eq. 3.27-3.29 ensure that the daily demand for power by each sector
aggregates to the same amount as before the introduction of flexibility. Since the total
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demand is the sum of the three sectors, these implicitly include the demand balance for
each node.

∑
t

{
Dser+

n,t −Dser−
n,t

}
= 0 , t ∈ T ,n ∈ N (3.27)

∑
t

{
Dres+

n,t −Dres−
n,t

}
= 0 , t ∈ T ,n ∈ N (3.28)

∑
t

{
Dind+

n,t −Dind−
n,t

}
= 0 , t ∈ T ,n ∈ N (3.29)

Maximum shifting capacity. We split the previously exogenously determined load
profiles into the sectors and assign upper bounds for both upwards and downwards load
shifting. These bounds are constant for the residential and the service sectors at their
average demand for energy times the relative load shifting capacity (Eq. 3.30-3.33). The
(albeit higher) shifting potential of the industrial sector is only available during working
hours (Eq. 3.34-3.37).

Dser+
n,t ≤ aser × zser ×mean(dn,t) , t ∈ T ,n ∈ N (3.30)

Dser−
n,t ≤ aser × zser ×mean(dn,t) , t ∈ T ,n ∈ N (3.31)

Dre+
n,t ≤ ares × zres ×mean(dn,t) , t ∈ T ,n ∈ N (3.32)

Dre−
n,t ≤ ares × zres ×mean(dn,t) , t ∈ T ,n ∈ N (3.33)

Dind+
n,t ≤ aind × zind ×mean(dn,t) , t ∈ 9 : 16,n ∈ N (3.34)

Dind−
n,t ≤ aind × zind ×mean(dn,t) , t ∈ 9 : 16,n ∈ N (3.35)

Dind+
n,t = 0 , t ∈ (1 : 8)∨ (17 : 24),n ∈ N (3.36)

Dind−
n,t = 0 , t ∈ (1 : 8)∨ (17 : 24),n ∈ N (3.37)

DSO-M: Load shifting (Step 3)

In the DSO-M case, the TSO no longer performs the calculations controlling the load shift-
ing decisions. Instead, as an aggregator of flexibility provided by the owners of DERs,
the DSO runs a cost minimization attempting to reduce the amount that needs to be paid
for the electricity as much as possible. For this calculation, we define a new objective
function while using all constraints from the TSO-M case regarding limits to load shifting
capacities (Eq. 3.23; 3.25-3.37).

Auxillary Parameters. For this optimization step, we use two auxiliary parameters from
the first calculation of CM without load shifting. For minimizing their cost, the end-
consumers connected to a node need to pay a price for their electricity demand. To ex-
amine the effect of utilizing DERs for re-dispatch and to prevent the influence of volatile
market prices, we assume them to be price-takers at the average market price over the 24
hours of each day. For this purpose, we introduce the daily average electricity price Ψ that
is no longer volatile.2 Furthermore, we assume them to receive a signal Φ

RD
n,t about the

2We acknowledge that assuming a constant price for taking electricity from the TS for a certain time pe-
riod makes the price itself irrelevant to the load shifting decisions as long as each nodal demand aggregates
to its original value over the same period. Hence, we could also assume a price of zero and remove the
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hourly average cost of re-dispatch, obtained from the non-extended CM and influencing
their decisions. Calculated for every node and hour of calculation, we obtain it as the
nodal ratio of the total cost of re-dispatch divided by the total volume of re-dispatch. We
define it to be zero for nodes with no active re-dispatch.

Objective function. The purpose of the objective function (Eq. 3.38) is minimizing the
overall cost of all participants connected to a node. Using the uniform market price given
by the ED, the cost for the end-consumers is comprised of price multiplied by the energy
that is actually taken from the electric network. They reduce their cost by shifting their
load according to signals sent by the TSO regarding the profitability of positive or negative
load shifting (both negative and positive values are possible for Φ

RD
n,t ).3

min∑
t

[
Ψ

avGn,t +Φ
RD
n,t (∆D+

n,t −∆D−
n,t)

]
(3.38)

Final CM (Step 4)

After running the DSO-side optimization outlined in section 3.3.4, the resulting load pro-
files are returned to the TSO for a final iteration of the CM optimization, finalizing the
re-dispatch commands sent to generators.

This calculation follows the mathematical formulation of the CM with a minor mod-
ification: The forecast demand profiles dn,t are replaced by the auxiliary parameters Ln,t
as the nodal, changed demand profiles returned by the DSO optimization.

3.4 Case study
We apply our model to real-life data from the German power system of 2015 and a Ger-
man 2030 scenario with 65 % RES.

3.4.1 The 2015 scenario
For the 2015-scenario, we use an open-access reference data set (version 1.0.0), which
reflects the whole German energy sector (electricity, heat, natural gas) at the state of
late 2015 provided by Kunz et al. (2017b). The related data documentation (Kunz et al.
(2017a)) offers great insight into their data collection method. In the context of this
project, we extract data on electric load, installed capacities of conventional and RE gen-
eration units, transmission line capacities, resistance, and reactance. The extraction is
based on the preparation of Weibezahn and Kendziorski (2019) and Xiong et al. (2021).
The extracted data are the input for our model of the ED and subsequent CM.

The transmission grid provided by the data set includes 724 multi-circuit AC trans-
mission lines connected to 451 national nodes. Across those nodes, the annual load of

first term entirely. However, we include it on purpose as it would be very simple to replace it by the actual,
volatile market prices for further research.

3The signal Φ
RD
n,t could be interpreted as a price for the load shifting by itself that is then paid to the

involved parties. However, it is not its actual dimension that is important for the load shifting decisions,
but its absolute and relative change over the course of one day. Indeed, multiplying all hourly values over
the course of one day - or dividing them - by any non-negative number has absolutely no effect on the load
shifting decisions resulting from this optimization step. Hence, the pricing of load shifting is its own topic
we discuss in chapter 3.5.3.
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Fuel Marginal Cost (MC) [e /MW] Installed capacity in [GW]
Wind onshore 0 41.2
Wind offshore 0 3.3

Solar PV 0 39.3
Run of River 0 3.7

PHS 0 8.8
Geothermal 0 0.03

Biomass < 1 8.1
Total RES 104.4
Natural gas 40 - 135 23.6

Nuclear 9.09 12.1
Lignite 20 - 36 20.9

Hard coal 29 -52 28.6
Oil (light) 120 - 157 3.1

Oil (heavy) 61 -71 0.6
Other fuels 102 -139 2.5

Waste 0 1.6
Total Non-RES 93

Total 197.4

Table 3.1: Installed capacity and marginal cost for 2015 based on Kunz et al. (2017b)

540.339 TWh is distributed at hourly resolution. Concerning the generation, 613 individ-
ual thermal power plants and 33 PHS units are included and associated with nodes. The
data set also considers RES units but aggregates them on a nodal level. At the time frame
of the data set, a total generation capacity of 197,4 GW is installed in Germany. 47%
of the capacity is provided by conventional thermal power plants, 11% by flexible RES
power plants and 42% by intermittent RES generation units. Table 3.1 shows the exact
distribution of generation capacity.

This table also shows the range of MC for the different technologies used in the 2015
scenario that are the basis to the calculation of the market price and the re-dispatch cost.
While the MC for RES technologies are set to zero, the components of MC of conven-
tional power plants are the fuel cost c f uel , a technology specific price and factor for CO2
(cCO2 ,λg), cost for operation and maintenance cOM

g and the efficiency ηg. The model
computes the MC from those components with eq. (3.39).

cmc
g =

cfuel + cCO2λg

ηg
+ cOM

g ,g ∈ G (3.39)

3.4.2 The 2030 scenario
For the 2030 scenario, we use the open-access data set provided by vom Scheidt et al.
(2020). It models the German power system in 2030 with 65 % of the brute electricity
consumption satisfied by RES. By basing their projections concerning transmission grid
topography on the current data provided by Matke et al. (2016) and on the development
plan of the federal network agency of Germany (BNetzA (2019)), they give a realistic
impression of the power system in 2030. This development plan also lays the basis for the
data set concerning generation and demand (in high spatial and temporal resolution). The
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MC [e /MW] Installed capacity [GW]
0 190

30 0.681
40 1.337
50 6.411
60 2.146
70 33.829
80 7.414
90 2.854
100 9.543
110 2.434
120 0.242
130 1.693
140 0.853
150 0.498
160 0
170 0
180 0
220 0.036

Total 259.975

Table 3.2: Installed capacity and marginal costs for 2030 based on vom Scheidt et al.
(2020)

documentation 4 provides greater insight into their data collection method and assump-
tions made to create a future data set. Up to today, this data set has been used by vom
Scheidt et al. (2021) and vom Scheidt et al. (2022) to analyse the effects of integrating hy-
drogen in the German power system and how this would affect the hydrogen supply chain.
However, as it provides a realistic and applicable simulation of the German power system
in 2030, we chose to use this data set to apply our frameworks to a power system with
higher RES generation share as it could be in eight years. The described transmission grid
consists of 663 lines connecting 485 nodes and transmitting 543.9 TWh per year. Com-
pared to 2015, its capacity is increased by 18.76 %. On the generation side, it includes
only wind and solar as RES with an annual generation of 247.4 TWh and 86.7 TWh. This
capacity corresponds to an increase of RES generation of 109.81 % compared to 2015.
For the conventional power plants, it considers 718 units with a total annual capacity of
70,175 MW. It excludes nuclear power as Germany plans to shut down all nuclear units
by the end of 2022. Unlike in the 2015 data set, vom Scheidt et al. (2020) did not clas-
sify the generators by their fuel or technology, but they created 23 cost classes based on
their marginal cost. Table 5.1 shows the total amount of installed capacity (both for dis-
patchable and non-dispatchable generation) per cost class. The authors of the data set
included a 24th cost class to simulate that each node has an additional generation capacity
of 1,000 MW with marginally higher marginal costs than all other conventional power
plants (221 e /MWh). vom Scheidt et al. (2020) did so, as the network development plan
does not provide a power system free of bottlenecks. Quite the contrary is the case, as they
intentionally allowed those bottlenecks to encourage technological innovations that can
compensate for the shortages in the grid (BNetzA (2019), pp.42-43). The hypothetical

4available on https://bwdatadiss.kit.edu/dataset/254#headingFileList
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1,000 MW generation capacity per node considers these innovations to ensure a feasible
grid simulation. We consider this theoretical capacity, as we found that the amount of lost
load becomes unreasonably high without this capacity.

As the data of vom Scheidt et al. (2020) are formatted differently to our basis data set
provided by Kunz et al. (2017b), we needed to adapt the given data with further assump-
tions to apply them to our model.

The main challenge was the lack of line specifications such as reactance and resistance
that our model needs to perform a DC Optimal Power Flow (OPF) calculation. We had to
make some assumptions to approximate those values as follows:

• Since the data set does not imply information about the length of the lines, we had
to assume that each line connects its start and endpoint in a straight line. This
assumption enabled us to approximate the length using the provided coordinates of
the nodes and the line incidence matrix.

• We assumed the line type and voltage level based on the capacity of each line. In-
deed, lines with capacities divisible by 490 MW and 1700 MW are considered in
220 kV and 380 kV levels, respectively. Egerer et al. (2014) provide the specifi-
cations of lines with 490 MW and 1700 MW capacity. It should be noted that the
dataset contains a few lines that are not divisible by 490 MW and 1700 MW. These
lines are rounded to the closest higher capacity.

• Finally, some lines have a capacity of 245 MW, i.e., half of 490 MW lines which
are typically configured with a bundle of 2 wires per phase (Openmod Initiative
(2022)). So, it is assumed that the only difference between 245 MW and 490 MW
lines is the number of wires per phase. Therefore, the resistance per length per
phase of each 490 MW is half of the 245 MW lines. However, equation 3.40 shows
the relation between the reactances, assuming a symmetrical configuration for the
lines.

X245

X490
=

ln( d
r′
)

ln( d√
r′×x

)
(3.40)

d is the distance between the lines, r
′

is the effective radius of the wires, and x is
the distance between wires in the bundled phase. Based on some typical values for
d, r

′
, and x, the reactance per length of the 245 MW line is 29 percent higher than

the impedance of the 490 MW line.

3.4.3 DSO-modelling for both scenarios
In our project, we want to model the TSO as well as several DSOs. While real transmission
network data are available (like the data sets we use), DSOs usually do not publish data
about their networks. Furthermore, the significant number of DSOs also causes problems
for mapping the DSs. In Germany, more than 880 DSOs are operating (BNetzA (2016)).
Therefore, there is no uniform data set for medium and low voltage grids.

To avoid the lack of real data but still get a realistic picture, we did not model a
different electricity demand distribution between the sectors for each DSO but applied
the same distribution to all nodes across Germany. At 45% (large scale industry), 27%
(trade and services), and 26% (residential), those three sectors were responsible for almost
all electricity demand in Germany in 2020 (BDEW (2021)). To avoid overestimating
the industry sector’s influence, we have chosen to assume a distribution of 40% for the
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Residential
30,0%

Trade and services
30,0%

Industrial
40,0%

Figure 3.5: Sectoral load distribution per node based on BDEW (2021)

industrial and 30% each for the other two sectors. As the sectoral energy demand is not
estimated to change significantly until 2030 (Matthes et al. (2007)), this distribution can
be used for both scenarios. Using this assumption, we achieve sufficient accuracy while
reducing the risk of unrealistically excessive shifting in the industrial sector. Furthermore,
this method enables us to run our model in the macroscopic setting we are aiming for.

3.5 Results

3.5.1 Key Indicators
We set out four key indicators to compare and analyze the results from the different cases
and scenarios. The first indicator reflects the system-wide cost of re-dispatch. Related
to the first indicator, we take a look at the global volume of re-dispatch as the second
indicator. The value of comparison for this parameter are the aggregated re-dispatch
commands reducing the power output of all generators, including the curtailment of RES
5. The third indicator depends on the mentioned load profile adaption, as we analyze the
volume of total shifted load in the system. This parameter indicates the intensity of use of
the DER flexibility potential and is, therefore, an efficiency indicator for their integration.
The fourth and last indicator was chosen to measure the efficiency of the frameworks for
a power system with increasing RES generation share: the volume of curtailment. The less
energy generation from renewable sources is curtailed, the more the frameworks support
the green shift. Another aspect of this indicator is of economic nature. As curtailment
is one of the most expensive forms of power-reducing re-dispatch, the frameworks are
generally more cost-efficient with a lower share of curtailment.

3.5.2 The value of flexible DERs for the re-dispatch
Knowing our key indicators, we present the results of our cases. We begin with an exam-
ination of results on an annual level. Table 3.3 provides a summary of the key indicators
resulting from all three cases and the two scenarios over the course of one year.

A comparison of our results regarding the electricity mix in Germany to historic data
from 2015 (see Appendix B) shows that our modeling frameworks have the ability to

5It would also have been possible to aggregate the re-dispatch increasing the power output of generators,
in this case excluding RES with a marginal cost of zero, as they will always be fully utilized as long as the
demand exceeds their availability. However, by choosing the power-decreasing re-dispatch, lost load is
inherently included in the parameter. Both scenarios feature a certain amount of lost load, with the majority
occurring in node 272 (87% of global lost load in the 2015 scenario) and node 14 (100% of global lost load
in the 2030 scenario).
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Indicator BAU TSO M DSO M
2015
Cost of re-dispatch [Mio e /a] 609.86 526.60 574.14
Volume of re-dispatch [TWh/a] 5.36 4.74 5.33
Volume of RES curtailment [GWh/a] 993 948 980
Volume of load shifting [TWh/a] - 9.04 4.44
2030
Cost of re-dispatch [Mio e /a] 9,396 9,089 9,242
Volume of re-dispatch [TWh/a] 44.86 43.23 44.45
Volume of RES curtailment [TWh/a] 5.65 5.52 5.69
Volume of load shifting [TWh/a] - 9.31 6.03

Table 3.3: Annual key indicators calculated by CM. A price for the DERs is not yet
included.

provide an insight close enough to reality. For the future scenario, a comparison with
empiric data is impossible. Furthermore, the annual, system-wide cost for re-dispatch
of over 9 billion e , being over 15 times the result from 2015, may seem exaggerated.
However, vom Scheidt et al. (2022) use the dataset for their own re-dispatch calculations,
achieving a result of 6.163 billion e . According to our calculations, the dataset features
unavoidable lost load in node 14 accumulating to 3.18 TWh. Thus, at our VOLL of 1,000
e per MWh of lost load, this is responsible for the difference as vom Scheidt et al. (2022)
does not consider lost load. Depending on the progress of grid extension, other sources
also project (very) high re-dispatch costs in 2030 (von Schemde et al. (2020)).

Since all models minimize costs, it is expected that both the DSO-M and TSO-M cases
manage to reduce the annual cost for the re-dispatch. Caused by the significantly higher
total amount of necessary re-dispatch, the relative decrease in cost is substantially lower
for the 2030 scenario, despite the actual savings being higher. For the 2015 scenario, the
savings of roughly 83 and 35 Millione translate to a relative reduction of cost of 13.65 %
and 5.86 %, respectively. Using the future data, we achieve a reduction of roughly 300 and
150 Million Euros (3.26 and 1.63 %, TSO-M and DSO-M case, respectively). We emphasize
that no pricing or compensation for the DERs is included at this point. Concerning the
DSO-M case, the parameter Φ

RD
n,t as implemented in the objective function of the DSOs is

only considered a signal for how useful load-shifting in a certain time step is. In the TSO-M
case, the load shifting capacities, as included in the constraints, can be freely utilized up
to their respective bounds and with no associated costs.

We also expect the related indicator of global volume of re-dispatch to decrease in
both coordinated frameworks and for both scenarios. As Table 3.3 shows, our expectation
holds true, even though the increase in performance is significantly more substantial for
the TSO-M case: The DSO-M case decreases this indicator by only 0.5 % in 2015 and by
0.9 % in 2030. Caused by the much larger total amount of necessary re-dispatch, the
relative reduction for the TSO-M case reaches only 3.6 % in 2030 compared to 11.5 % in
2015 despite its absolute value being 1.63 TWh over the course of the year.

In summary, the decrease in the overall cost of re-dispatch is significantly higher than
the decrease in the overall volume of re-dispatch for the 2015 scenario, with the change in
volume being even negligible for the DSO-M case. Using the predicted data for 2030, the
relative indicators reach similar dimensions in both cases.

We calculate the volume of load shifting as the annual sum of all shifting decisions
reducing the hourly nodal power demand. The aggregated power demand over the course
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Indicator BAU TSO M DSO M
2015
Cost of re-dispatch [Mio e ] 57.4 52.5 56.0
Volume of re-dispatch [GWh] 548.8 501.6 543.4
Volume of RES curtailment [GWh] 109.5 104.2 108.4
Volume of load shifting [GWh] - 402.6 199.0
Value of load shifting [e /MWh] - 12.17 7.04
2030
Cost of re-dispatch [Mio e ] 492.6 481.2 487.2
Volume of re-dispatch [TWh] 2.374 2.299 2.350
Volume of RES curtailment [GWh] 430.5 429.5 428.8
Volume of load shifting [GWh] - 400.9 270.7
Value of load shifting [e /MWh] - 28.39 19.97

Table 3.4: Key indicators over days 321-334

of each day is required to be unchanged (eq. 3.27-3.29). As such, this value equals the
sum of power-increasing decisions over the course of each day and thus over the year. The
system-wide demand for power is only increased marginally in our second scenario (plus
0.7 %). Consequently, according to our models, the maximum amount of load shifting
potential is similar in both scenarios. This can be easily observed with the TSO-M cases
reaching a total amount of 9.04 TWh (2015) and 9.31 TWh (2030) of shifted load over
the course of the entire years. In the DSO-M cases, the load shifting is less pronounced,
aggregating to 4.44 TWh (2015) and 6.03 TWh (2030). We discuss the main reason for
this difference in section 3.5.3.

Concerning the volume of curtailment, both coordinated frameworks improve the out-
come in 2015. However, the TSO-M case outperforms the DSO-M case again at a relative
reduction of 4.75 % and 1.32 %, respectively. In 2030, the TSO-M case is still able to
reduce curtailment by a small margin (2.4 %) while applying the DSO-M case slightly
increases the amount of curtailed generation from RES (0.7 %).

3.5.3 Discussion and sensitivity analysis
For further analysis of the results, we take a close look at one single period of two con-
secutive weeks for both scenarios in the following section. When applying our coordi-
nation frameworks, we discuss the changes to the re-dispatch decisions and load profiles.
Furthermore, we explain and discuss other aspects influencing the outcome and possi-
ble model limitations before performing a sensitivity analysis regarding the percentage of
shiftable load.

A microscopic view

While the annual sums of costs and volumes are good parameters for comparing the cases’
performance, re-dispatch and its efficiency become increasingly important in the times of
the highest congestion. Furthermore, a more microscopic view on the optimal re-dispatch
as calculated by the different models provides valuable insight into the mechanisms be-
hind the improvement in performance when using the newly developed models. Conse-
quently, in addition to investigating the annual model outcomes, we take a closer look at
the two weeks with the highest cost of re-dispatch identified from the results of the 2015
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scenario. Since we aim to decrease congestion by finding suitable mechanics to reduce
the volumes and costs of necessary re-dispatch, we identify these weeks using the conges-
tion management as implemented for the BAU case. Since each week consisting of seven
consecutive days features the same number of weekdays with higher expected total loads,
we do not require our two-week period to start on a Monday. Instead, we allowed for any
period of fourteen consecutive days of operation. We have identified the time frame of
reference as the 336 hours starting on the 321st day of the year. For clarity, we chose the
same time frame for the 2030 scenario. The key indicators for this period are in Table 3.4.

BAU

2015 2030

Conventional Generation Renewable Generation Load shift Lost Load

DSO-M

TSO-M

Figure 3.6: Re-dispatch volume over the two most expensive weeks for all cases in 2015
and 2030

Fig. 3.6 shows the aggregated re-dispatch, load shifting decisions by our frameworks,
and unavoidable lost load per case and scenario. For each time step, the sum of generation-
increasing re-dispatch, consumption decreasing load shifting, and lost load must equal
the sum of generation-decreasing re-dispatch, curtailment of generation from RES, and
consumption increasing load shifting. We observe that the relative share of load shifting
decisions is much higher in the 2015 scenario (making up more than 80 % of the global
volume of re-dispatch using the TSO-M case) due to the much lower amount of necessary
global re-dispatch. Furthermore, caused by periods with shallow necessary re-dispatch
volumes, the flexibility manages to assist in balancing peaks in both cases while these
periods are missing in the 2030 scenario.

We have plotted the hourly cost of re-dispatch over the time period of 336 hours in Fig.
3.7. In the 2015 scenario, the difference in cases is clearly visible, with the TSO-M case
achieving the most pronounced decrease in overall cost by efficiently using times of low
cost for an increase of re-dispatch. However, in the 2030 scenario featuring much higher
overall levels of necessary re-dispatch, both frameworks perform similarly at reducing
peaks of re-dispatch cost.
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2015 2030

Figure 3.7: Re-dispatch cost for all cases over the two most expensive weeks in 2015
(left) and 2030 (right)

2015 2030

Figure 3.8: Volume of RES curtailment for all cases over the two most expensive weeks
in 2015 (left) and 2030 (rigth)

Fig. 3.8 shows the hourly volume of RES curtailment that becomes necessary for
each case and scenario during the calendar days 321-334. It becomes apparent that the
curtailment of generation from RES is one of the most expensive forms of re-dispatch for
the 2015 scenario. As such, the TSO-M case, in particular, is able to reduce its peaks.
However, using the large amount of fictional generation capacities at a marginal price of
221 e per MWh of generation in the 2030 scenario, it becomes a relatively cheap option
for re-dispatch, and some peaks are increased considerably, especially by the TSO-M case.

Further discussion

During the process of our analysis, we have identified additional aspects of TSO-DSO
coordination regarding the usage of DER for re-dispatch purposes that we discuss in the
following paragraphs.

Performance improvement in re-dispatch operations. There are two mechanisms by
which the two different implementations of DER integration affect the volume and cost of
re-dispatch as calculated by the CM.

1. Using the implemented load shifting capacities, necessary re-dispatch is shifted
from periods with a high ratio of re-dispatch cost to volume to periods where this
value is lower.

2. The shifted load profiles synergize better with transmission constraints. This leads
to less congestion and consequently to a lower cost and volume of global re-dispatch.
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These two mechanisms are used in the two cases to a different extent, explaining
their difference in the outcome. In the TSO-M case, both the load shifting capacities and
transmission constraints are included in the optimization. As such, both of the previously
mentioned effects can be exhausted: The spatial allocation of nodes and their connecting
transmission lines are taken into account, so the model will find the optimal allocation
of load shifting to achieve the lowest global cost for necessary re-dispatch. Interdepen-
dencies between nodes caused by connections and the physical laws (and constraints) for
the flow of electricity are considered. Hence, if a locally sub-optimal solution provides
a global optimum, it will be the outcome the model opts for. This reduces the overall
volume and thus cost of re-dispatch, explaining the extensive decrease in re-dispatch vol-
ume of the TSO-M case compared to the BAU. Furthermore, the load shifting capacities
are used to make the remaining unavoidable re-dispatch as cheap as possible. This leads,
for example, to the decrease of RES curtailment: At a marginal cost of zero, curtailment
needs to be compensated at market price, making it an expensive form of re-dispatch. The
effect of shifting re-dispatch towards timesteps when it is overall cheaper can be easily
observed when comparing the re-dispatch profiles of cases BAU and TSO-M in the 2015
scenario depicted in Fig. 3.6.

In the DSO-M case, each DSO (as in each node, since we assume one DSO per node) op-
timizes its own outcome without considering transmission constraints and interdependen-
cies between nodes. As such, they can only directly control the utilization of mechanism
1, i.e., they will shift their load from periods with more expensive re-dispatch towards
the cheaper timesteps. According to our model, any effect of mechanism 2 that comes
into play in the decentralized optimization is entirely accidental, meaning that an actual
reduction in re-dispatch volume is not certain for case DSO-M.

TSO-M: Conflict of interest. Our models are already subject to a considerable amount of
simplifications. One of the most important assumptions may be the omniscience and the
omnipotence of the TSO: Not only does the TSO have full information about every partic-
ipant in the market, it can also dictate the load profiles for every provider of load shifting
capacities to reach an optimal solution. Both of these assumptions are unrealistic. Even
if the DSOs actually assume the role of aggregators, they are unlikely to share information
with the TSO that they could utilize for their own benefit. Furthermore, adequate compen-
sation - or other forms of benefit - will need to be provided by the TSO for load-shifting
capacities for consumers to follow its suggestions.

DSO-M: Nodes without re-dispatch. In the DSO-M case, the signal given to the DSOs
regarding the nodal cost of re-dispatch is calculated as the hourly ratio of re-dispatch
cost divided by volume after the first iteration of CM calculations. It is pre-defined to be
zero when no re-dispatch occurs in a certain time-step and location. Consequently, nodes
without re-dispatch over any complete period of 24 hours after the first calculation of
the CM do not receive any incentive to use their load-shifting capacities during this day,
explaining the large difference in load-shifting volumes despite the same amount being
technically available.

DSO-M: Competition with market prices. To prevent competition with volatile mar-
ket prices for electricity, the objective function implemented for the DSO-managed case
assumes each holder of flexibility-providing DER assets to be a price taker at the same
average market price over each period of 24 hours (Eq. 3.38). Indeed, as long as a con-
stant price is assumed during the balancing period for load shifting as implemented in Eq.
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3.27-3.29, the actual price signal is irrelevant for the resulting shifting decisions. This as-
sumption is necessary for investigating the best possible effect of DERs on the re-dispatch,
but not realistic: If load shifting capacities are available, it would also be possible to use
them for a variety of other purposes, including benefiting from volatile market prices. We
go into a little more detail on compensation in the following paragraph.

Both cases: Pricing of DERs. As we have previously shown, both cases are able to
reduce global volumes and prices of re-dispatch in both scenarios. However, any price
improvement is largely due to the fact that no compensation for the owners of DER assets
is implemented. Nevertheless, load-shifting capacities require infrastructure and will thus
be linked with considerable investment. To gain an estimate of how much could poten-
tially be paid to the owners of the DER assets providing the flexibility for re-dispatch, we
divide the annual volume of load-shifting by the annual decrease in cost for re-dispatch. If
this value was paid per amount of electricity shifted from one time step to another, the sum
of both prices - for re-dispatch and for load shifting - would aggregate to the same value.
Hence, their usage would be profit-neutral, while decreases in re-dispatch and curtailment
volume are preserved. Over the course of the year 2015, this value is 9.21 e per MWh
(TSO-M) and 8.04 e per MWh (DSO-M). These values are both not close to being high
enough to provide a realistic incentive for investing in flexible DERs. However, Fig. 3.6
provides a conclusive explanation for these values being so low: The available load shift-
ing capacities can be used for decreasing expensive re-dispatch such as the curtailment of
RES during some periods, providing substantial benefits to the re-dispatch both regard-
ing cost and by including more renewably generated electricity. However, during periods
of cheap re-dispatch, both cases still utilize all available load shifting capacities, adding
large amounts to load shifting but little to the decrease of global cost of re-dispatch.

It must be noted that the result is very different for the future scenario: At higher
levels of necessary re-dispatch and at technologies being used that are relatively more
expensive, the TSO-M and DSO-M case reach average values of 33.51 and 25.78 e per
MWh of shifted load, respectively.

Sensitivity analysis

Relative shares of shiftable load are hard to predict. In the 2015 scenario, the initial shares
of load we allow for shifting result in a global volume of load shifting of over 80% the
sum of annual re-dispatch already for the DSO-M case. In TSO-M, the aggregated annual
load shifting equals almost double the re-dispatch. These values may be too high to be
realistic in the medium term. Even if they are achieved or assumed, assisting re-dispatch
decisions is not the only purpose they can be used for. To investigate the effect smaller
shares of shiftable load have on the outcome of our calculations, we perform a sensitiv-
ity analysis applying load shifting percentages of one half (2.5/2.5/5%) and one quarter
(1.25/1.25/2.5%) of their original values to the calculations over the two weeks examined
in the previous chapter. We expect the results to be less pronounced than initially but
similar to our original scenario in that the TSO-M case outperforms the DSO-M case for
all scenarios. However, we especially expect the average value of load shifting (i.e., the
ratio of cost decrease by volume of shifted load) to increase with each reduction of shift-
ing percentage, as at lower shifting volumes, more expensive re-dispatch remains to be
shifted. Tables 3.5 and 3.6 provide an overview of the key indicators resulting from our
examinations. The plotted re-dispatch profiles for our sensitivity analysis are included in
the appendix.
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Indicator BAU TSO M DSO M
2015
Cost of re-dispatch [Mio e ] 57.4 54.4 56.6
Volume of re-dispatch [GWh] 548.8 501.6 543.4
Volume of RES curtailment [GWh] 109.5 106.8 108.8
Volume of load shifting [GWh] - 204.2 99.5
Value of load shifting [e /MWh] - 14.76 8.66
2030
Cost of re-dispatch [Mio e ] 492.6 486.1 489.3
Volume of re-dispatch [TWh] 2.374 2.330 2.361
Volume of RES curtailment [GWh] 430.5 429.7 429.9
Volume of load shifting [GWh] - 208.5 135.4
Value of load shifting [e /MWh] - 31.50 24.89

Table 3.5: Results over days 321-334 for half the shifting capacity

Indicator BAU TSO M DSO M
2015
Cost of re-dispatch [Mio e ] 57.4 55.7 56.9
Volume of re-dispatch [GWh] 548.8 533.1 547.1
Volume of RES curtailment [GWh] 109.5 107.8 109.1
Volume of load shifting [GWh] - 103 49.8
Value of load shifting [e /MWh] - 16.60 9.54
2030
Cost of re-dispatch [Mio e ] 492.6 489.1 490.8
Volume of re-dispatch [TWh] 2.374 2.349 2.367
Volume of RES curtailment [GWh] 430.5 430.1 430.5
Volume of load shifting [GWh] - 105.6 67.7
Value of load shifting [e /MWh] - 33.68 27.05

Table 3.6: Results over days 321-334 for one quarter the shifting capacity

During our sensitivity analysis, both cases continue to prove beneficial in both scenar-
ios. However, at lower percentages of available load for shifting, the aggregated volume
of shifted load drops faster than the saves from the decrease in re-dispatch. Consequently,
our second expectation holds true as well: At lower availability of shifting capabilities,
the value per shifted amount of load increases, bringing this values from 12.20 to 14.76
and 16.60 e per MWh (TSO-M) / from 7.09 to 8.66 and 9,54 e per MWh (DSO-M) for the
2015 scenario. For the future scenario, the already much more promising values of 28.39
(TSO-M) and 19.97 e per MWh (DSO-M) increase further to 31.50 / 33.68 e per MWh
and 24.89 / 27.05 e per MWh, respectively.
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3.6 Conclusion
The domain for researching new coordination mechanisms between TSO and DSOs is rel-
atively new and of high interest. The novelty of the domain, caused by the recently in-
creasing DER potential all over the world, leaves many opportunities for new concepts and
discussion. The high interest derives from the ongoing implementation of RES into power
systems, causing increasing risks for congestion and, therefore, increasing re-dispatch
costs as we saw in the 2030 scenario.

We have seen various paths explored to find feasible solutions to integrate and exploit
the potential of DERs for a higher power system efficiency with RES. Models in related
literature present different approaches for the various types of DERs and often focus on
just one type. The approaches vary in the level of integration, the form of aggregation,
the level of market entrance, and, as mentioned, the type of considered DERs. Based
on the different ideas, diverse modeling concepts emerged. The concepts perceived as
the most promising ones consider an active DSO and decentralized coordination. Most
considered concepts aim to minimize the system cost and therefore choose economic
efficiency indicators. This corresponds to the current practice of evaluating those systems.

In this paper, we have researched the application of load flexibility DERs can provide
for assisting the re-dispatch necessary in electricity markets that employ a zonal pricing
mechanism and that do not consider transmission constraints before the closure of the
DAM markets. We have developed two coordination frameworks (TSO-M and DSO-M) and
used a BAU case as a benchmark in one empiric and one future scenario.

We have found that both coordinated frameworks outperform the BAU in 2015 and
2030. However, the centralized framework TSO-M aiming for the system welfare yielded
more efficient results than the more realistic DSO-M case both in 2015 and 2030. Despite
this finding, TSO-M is not likely to be applied (in this form) as it assumes the TSO to have
complete information and the DSOs owners of DER assets to be fully cooperative. The
DSO-M case is more likely to be accepted as it preserves the information barrier and the
cost-minimizing interest of the DSOs. However, this framework does not offer a system-
wide perspective to the system operators and has, therefore, lower performance than the
TSO-M case.

Further research could include the development of a coordination framework combin-
ing the preservation of the information barrier, i.e., taking both the different interests of
the participants and the system-wide perspective for TSO and DSOs into account. Other
approaches could be to develop remuneration schemes to incentivize investment in the
area of DERs or to investigate whether using the flexibility provided by them for more
than just one purpose could prove beneficial.
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3.7 Appendices

Appendix A

Nomenclature

Sets

G Set of all generators: g

L Set of transmission lines: l ∈ (n,m)

N Set of nodes: n,m

R Subset of G, Renewable energy units: r

S Set of all PHS units: s

T Set of time slices in hours: t

Variables Economic Dispatch (ED)

Ψt MCP in e/MWhel

DDA
s,t Power demand of PHS units on the DA market

in MWel

HDA
s,t Storage level of PHS units on the DA market in

MWhel

PDA
g,t Generation by all generators on the DA market

in MWel

PDA
r,t Generation by renewable energy units on the

DA market in MWel

PDA
s,t Generation by PHS units on the DA market in

MWel

Variables Congestion Management (CM)

∆P+g,t Upwards adjustment of the DA market genera-
tion in MWel

∆P−g,t Downwards adjustment of the DA market gen-
eration in MWel

Pin j
n,t Power injection at node n in MWel

Plost
n,t Lost load at node n in MWel

P f low
n,m,t Line flow from n to m in MWel

Θn,t,Θm,t Node angle at n and m in rad

Variables CM extension

ΦRD
n,t Ratio of nodal re-dispatch cost to volume

∆D+n,t Upwards adjustment of the nodal hourly de-
mand in MWel

∆D−n,t Downwards adjustment of the nodal hourly de-
mand in MWel

Ln,t Actual, realized load

Dre+
n,t Hourly increase of demand in the residential

sector MWel

Dind+
n,t Hourly increase of demand in the industrial sec-

tor MWel

Dser+
n,t Hourly increase of demand in the service sector

MWel

Dre−
n,t Hourly decrease of demand in the residential

sector MWel

Dind−
n,t Hourly idecrease of demand in the industrial

sector MWel

Dser−
n,t Hourly decrease of demand in the service sec-

tor MWel

Variables DSO optimization

Gn,t Electricity taken from network at average mar-
ket price in MWel

Parameters

aser nodal share of service sector load

aind nodal share of industrial sector load

ares nodal share of residential sector load

bn,m Susceptance entry (n,m) on the admittance ma-
trix

cmc
g Marginal cost of generator g in e/MWhel

cVOLL Value of lost load (VOLL) in MWel

dn,t Nodal load in MWel

pmax
g Maximum power generation of generator g in

MWel

pmax
s Maximum pumping and generating power of

PHS unit s in MWel

pmax
l Line capacity in MWel

trm Transmission reliability margin (trm)

xl Reactance of line l in MWel

zser share of load from the service sector that can be
shifted

zind share of load from the industrial sector that can
be shifted

zres share of load from the residential sector that can
be shifted

ηs Storing efficiency of PHS unit s

22

38



3.7. APPENDICES

Appendix B

BNetzA BAU

TSO-M DSO-M

Figure 3.9: Generation Mix 2015. Historic data by BNetzA (2016) and resulting mix for
each case after CM

39



3.7. APPENDICES

Appendix C

2015 2030

Conventional Generation Renewable Generation Load shift Lost Load

DSO-M

TSO-M

Sensit half

Figure 3.10: Re-dispatch volume over the two most expensive weeks for all cases in 2015
and 2030 with half the original load shifting capacity

2015 2030

Conventional Generation Renewable Generation Load shift Lost Load

DSO-M

TSO-M

Sensit quart

Figure 3.11: Re-dispatch volume over the two most expensive weeks for all cases in 2015
and 2030 with a quarter of the original load shifting capacity

Model framework
We provide our model (Julia) under the MIT licence on GitHub: https://github.com/
simonpea/tsodso_der.
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Chapter 4
Towards a more realistic value for DSO
side flexibility

4.1 Reflections of the first paper
Within this section, we review the methodology and the results of the first paper. Here, we
consider both: their strengths and limitations. The research of the first paper aimed to set
up possible TSO-DSO coordination frameworks to exploit the potential of DERs within the
power system. More precisely, we investigated their value to lessen the cost and volume of
the CM. We developed two coordinated frameworks (TSO-M and DSO-M) and one reference
case (BAU) to benchmark them. Furthermore, we considered that the flexibility of DERs
becomes more crucial in future power systems with a higher share of RES and, therefore,
higher uncertainty concerning generation. Hence, we applied our frameworks to two
scenarios: the German power system in 2015 and 2030.

In the following sections, we assess some limitations and the general perspective of
the frameworks in Chapter 3. We have already discussed some of those limitations in the
discussion part of the previous chapter. However, we set a particular focus on some of
them in order to point out the relation to our second paper.

4.1.1 The realization potential of the coordinated frameworks
The frameworks in Chapter 3 are designed to measure the impact of integrating DERs on
the whole power system. However, as discussed previously, some assumptions influence
the likelihood of their realization. Even though the TSO-M case outperforms the DSO-M
case, several factors make the DSO-M case more realistic. Firstly, a centralized approach
to managing growing, decentralized flexibility resources is highly demanding in terms of
computational complexity. This is especially true if these calculations occur while cal-
culating the large-scale CM. Our decision to exclude the DS-level constraints from our
model prevented our analysis from reflecting this challenge. Secondly, the assumption of
the benevolence of the DSOs towards the system welfare by sharing all necessary infor-
mation disregards the interests of the flexibility providers aggregated by the DSOs. The
TSO is allowed to utilize their flexibility assets without providing immediate, adequate
compensation to benefit the system’s welfare. The DSO-M case does consider those inter-
ests and is, as a decentralized approach to an increasingly decentralized power system,
more likely to be accepted. However, the DSO-M case also has some limitations. As the
incentive to provide flexibility is a price signal from the CM, the DSOs on nodes without
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necessary re-dispatch get no signal and have no incentive to use their assets. Therefore,
the potential of DERs is not exhausted, and the DSO-M case fails at fully integrating them
into the power system.

4.1.2 Static market prices
Both of the coordinated frameworks assume the CM to be the only possibility for the DER
owners to profit from participation in the power system. As our focus in Chapter 3 was the
systems benefit from an integration of the flexibility potential of the DERs, we prevented
competition between the CM and other markets for the DERs. The versatile nature of DERs
allows them to use their potential for different purposes and theoretically take advantage
of other trading options. However, our decision to only consider the average market price
over 24 hours as DAM price prevents the providers of flexibility from profiting from any
volatility in electricity price. Meanwhile, the results in Chapter 3 showed that the value
of load shifting if considered as revenue for the flexibility providers is not high enough
by itself to incentivize investment into demand side flexibility assets.

4.1.3 The two scenarios
The use of two scenarios enabled us, on the one hand, to calibrate the model with empiri-
cal data and to get an insight into the future value of demand-side flexibility on the other.
While the 2015 scenario shows a potential value of DSO side flexibility already for cur-
rent power systems, it also proves the lack of investment incentives. The 2030 scenario,
however, illuminates a growing potential for these flexibility providers in the future. With
more uncertain generation in the system, flexibility such as provided by DERs becomes
increasingly valuable and their participation more beneficial for their owners. It is, there-
fore, interesting from the perspective of the providers to investigate the incentives arising
in the future.

4.1.4 Value of load shifting
The price signal from the CM to the flexibility providers in the first paper is not yet an
actual remuneration for the providers. However, even if they would be recompensated
at this value, at between 8.04 e /MWh and 9.21 e /MWh in 2015, this does not provide
enough incentive to invest in this flexibility resource. Even at the significantly higher
values for the future scenario (25.78 e /MWh (DSO-M) and 33.51 e /MWh (TSO-M)),
the incentive for new DSO side flexibility investments may be relatively low.

4.2 Transition to the subsequent paper
The second paper in this thesis continues the research based on the reflections in Section
4.1. They aroused our interest in investigating a more realistic approach to the topic. In-
stead of searching for the system’s most beneficial way to exploit the potential of DSO side
flexibility, we are now searching for methods to improve the potential monetary benefits
that can be gained by investing in load flexibility. Consequently, our focus expands and
considers the following aspects.

The main extension of the second paper consists of the addition of other possibilities
DSOs aside from the CM as trading options. As seen in Chapter 1, DSO-side flexibility

42



4.2. TRANSITION TO THE SUBSEQUENT PAPER

providers could potentially access many existing electricity markets. We decided to offer
the providers the opportunity to trade on the IDM additionally to the CM because of the
high price volatility of that market. The flexibility providers can exploit this volatility to
maximize their revenue.

From the modeling perspective, the most critical development is the step from a de-
terministic toward a two-stage stochastic model. The stochastic model extension copes
with the uncertainty regarding the price development on the IDM: The decision regarding
the allocation of flexibility to the precedent CM needs to be made before the IDM comes
into play. Unlike in the first paper, we now expect that the DSO flexibility providers will
exploit the price volatility. Therefore, we do not assume the IDM price to be constant
over the course of 24 hours. Instead, we make a prediction for different possible devel-
opments of the IDM price, each assigned with a certain probability of occurrence. We
investigate the optimal expected revenue the DSO side flexibility providers could expect
when allocating their potential to these two trading options.
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Chapter 5
Multi-market bidding for DSO side
flexibility providers: Value from
Re-dispatch and Intraday Market
participation

Abstract

As the share of renewable electricity generation increases in most power systems,
their intermittent nature will lead to an increased demand for flexible technologies
to balance fluctuations in power supply. Furthermore, the spatial distribution of the
different sources of renewable energy will cause increased congestion of the affected
transmission lines. DSO-side flexibility may prove beneficial regarding both of those
challenges. However, to this day, this flexibility resource remains largely unused.
Besides missing integration frameworks, the remuneration for the DSO side flexibil-
ity providers is not high enough to incentivize investment in this flexibility resource.
We investigate how using the DSO side flexibility not only for the re-dispatch but
also for the intraday market improves the financial incentives to provide this flex-
ibility service to the system. In order to do so, we set up a two-stage stochastic
techno-economic optimization model adopting the principle of coordinated bidding.
Regarding the flexibility integration into the re-dispatch, we use a decentralized TSO-
DSO coordination framework. We find that allowing access to more than one mar-
ket results in a significantly higher value of the DSO side flexibility than when used
solely for CM purposes. Furthermore, it allows more DSO side flexibility providers
to effectively offer their service. Consequently, this improves the integration of this
potentially crucial future flexibility resource.
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5.1 Introduction
The energy-related climate goals set by governments all over the world pose significant
challenges to their power systems. Designed for receiving energy from centralized gener-
ators and distributing it top-down towards the end consumer, the systems are not yet ready
for an increasing share of intermittent generation from Renewable Energy Sources (RES).
Alongside the higher share of RES in the system comes an increasing electricity demand
originating from climate-friendly electrification policies. Higher electricity demand and
a growingly uncertain and decentralized generation call for more flexibility options to
ensure system and supply security.

As Sánchez-Jiménez et al. (2015) claims, alongside with others (see section 5.2), an
important yet largely unexploited source of flexibility is located on the DSOs side of the
grid. The research about possible DSO side flexibility integration is a rather new but fas-
cinating and important field of research. As Figure 5.1 shows, there are, on the one hand,
various possibilities to introduce DSO side flexibility into existing electricity markets. On
the other hand, the figure also shows that significant research has been done already to
work out integration programs.

However, besides the research progress on this topic, Figure 5.1 illustrates as well
the limitations of current literature. The versatile nature of the DSO flexibility qualifies
them to offer their products also for other services. Even though some authors consider
designing new markets for this flexibility resource, some services such as help within the
Congestion Management (CM) are less researched. Another issue that is only touched by
recent literature is the missing incentives for investment into DSO side flexibility through
their integration into the power system. The main focus lies on the systematic implemen-
tation and not on adequately incentivizing the DSO side flexibility providers to participate.
As Figure 5.1 shows, there are price and incentive-based participation programs. How-
ever, currently, those incentives are not strong enough.

Day-Ahead
Economic Scheduling

Day-Of
Economic Dispatch

<15 
min

DA hourly pricing

Price-based DSO side flexibilty

Incetive-based DSO side flexibilty

Demand bidding/ 
buypack

Emergency 
programs

Direct load
control

Interruptable
programs

Real-Time 
hourly pricing

Figure 5.1: Possibilities to integrate DSO-side flexibility into the power system based on
Shivakumar et al. (2017)

A possibility to provide adequate incentives is offering the possibility of providing
flexibility not only in one but also in several of the pictured programs and beyond. How-
ever, little research in this area has been done so far as we know, especially with a consid-
eration of the CM. Therefore, we want to contribute to this research with this paper guided
by the following questions:

• Where can DSO flexibility profitably participate in power markets?
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• What is the optimal strategy to allocate this flexibility within the two trading options
CM and IDM?

We approach these questions within this paper as follows: After a review of current
related literature, we explain our methodology and lay out our model formulation in sec-
tion 5.3. Once we clarified our approach, we give insight into the case study we apply
the methodology onto. Ultimately, we state and discuss the results in section 5.5 before
giving some concluding remarks in section 5.6.

5.2 Related literature
The flexibility providers located at the DS have been increasing over the years in num-
ber and variety. Within the literature, those flexibility options are described as decen-
tralized flexibility options and, based on technical characteristics like, among others, re-
sponse time, duration, and delivering time, categorized as follows: electrical consump-
tion, bidirectional flexibility, and Distributed Generation (DG) (Xu (2019); Eid et al.
(2016)). Within the scope of this paper, we focus on the Demand Response (DR) po-
tential for load shifting, towards which all the three categories can contribute. To date,
the amount of this DSO side flexibility is already considerable and is expected to further
increase in the future (Sia Partners (2014),Vartanian et al. (2018)).

However, the current power market design does not support the integration of this
growing resource. While in our previous work (Pearson et al. (2022)), we investigated
their integration from a system perspective, we research in the following sections what
markets are attractive for the flexibility providers and how their bidding strategies can be
modeled when they access more than one market.

5.2.1 Attractive markets and perspectives for DSO side flexibility
providers

While Xu (2019) and Eid et al. (2016) distinguish between different physical flexibility
assets, Villar et al. (2018) identifies three flexibility products that can be offered with
those assets: ramping capacity (power), energy and capacity. As products of the exact
nature are traded on the different electricity markets, the versatility of DSO side flexibility
gives their providers the opportunity to participate in those trades.

However, the current power system design hinders the participation of DS flexibility
resources. Integrating this resource into the system is a matter of ongoing research. Au-
thors like SmartNet Consortium (2019), Rossi et al. (2020), Savvopoulos et al. (2019),
Silva et al. (2021), Xu (2019) and Eid et al. (2016) investigate possible integration frame-
works and, while agreeing on some findings, take rather different approaches. They all
agree on the need for a change in the coordination of TSOs and DSOs to enable market par-
ticipation of DSO side flexibility. The authors also agree that with increasing RES in the
system, the integration of those flexibility resources becomes crucial for supply security.
However, there is no agreement on the level or type of their market entrance.

SmartNet Consortium (2019), Rossi et al. (2020), Silva et al. (2021) and Savvopou-
los et al. (2019) see the greatest potential for those flexibility options on the AS market.
They propose different integration frameworks that focus on the TSO-DSO coordination
to manage their structural implementation. One of their main findings is the importance
of a more active DSO role that takes more responsibilities in an increasingly bidirectional
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power and communication flow. Another finding is the need for an aggregator that repre-
sents the interests of several DSO side flexibility providers to participate in any market.

While Eid et al. (2016) and Xu (2019) agree with the other authors on the need for
an aggregator, they find more potential for DSO side flexibility on the balancing market.
Villar et al. (2018) agree to this finding by defining two of their three market-orientated
flexibility products as balancing flexibility that is either sold at the TS or the DS.

Unlike the previous authors, Newman and MacDougall (2021) and IRENA (2019)
state that real-time market signals, such as from the balancing market, do not offer flexi-
bility providers enough response time to reschedule their flexibility optimally. Especially
for DSO side flexibility as in the context of this paper, these authors find that an integration
in medium- to long-term wholesale markets and, more precisely, in the IDM is exploiting
their potential more efficiently. Newman and MacDougall (2021) further explore the ben-
efits of such an integration for the IDM and sees increasing trading volumes and a more
cost-effective market with higher liquidity.

Less research has been conducted so far about the benefits of distributed flexibility
for the CM. The results of Xiong et al. (2021) and our previous work Pearson et al.
(2022) showed that using this flexibility for this purpose can improve the all-over system
performance. However, it also revealed that the remuneration for the provision of this
flexibility is only high enough to incentivize their providers when the share of RES in
the system is higher than it is now. This result correlates with Ostergaard et al. (2021)
stating in the context of a study about demand side flexibility in Denmark that to date the
financial benefit for DSO side flexibility providers is not sufficient to engage them into the
power system.

Indeed, most of the literature considered so far does not take the point of view of the
flexibility providers but seeks to preserve the interests of the TSO, DSOs, and of a func-
tioning system. Fewer authors took the position of flexibility providers and aggregators.
Calvillo et al. (2016) proposes a framework for DSO side flexibility aggregators operating
on the DAM, aiming to maximize their benefit. With the increasing size of the aggregator,
it turns out to be economically beneficial for the flexibility providers to participate in the
DAM. This correlates with the findings of Ottesen et al. (2016) who analysed possible bid-
ding strategies for DSO side flexibilities on the DAM, considering penalities for imbalances
but excluding the IDM. Madlener and Ruhnau (2021) and Bichler et al. (2021) expand this
investigation by including the IDM. While comparing the strategies of demand-side flex-
ibility on those two markets, especially DR, Madlener and Ruhnau (2021) and Bichler
et al. (2021) found the IDM more promising due to higher price volatility than on the DAM
that will even increase with a growing share of RES.

So far, the literature mainly focuses on one market to integrate DSO side flexibility.
However, the European Network for Transmission System Operators (ENTSO-E) sug-
gests the participation of DSO side flexibility in as many electricity markets as possible
to exploit their potential the most efficient way (Chabanne et al. (2014)). From the per-
spective of the flexibility providers, it is also attractive to participate in more than one
market, as shown by Ottesen et al. (2018) and Roos et al. (2014). The latter found that
an aggregator allowed to participate in the DAM and the tertiary reserve market can maxi-
mize its outcome by trading simultaneously on both. Ottesen et al. (2018) even makes the
aggregator participate in three electricity markets: an options market (like the balancing
reserve capacity market), a spot market (like the DAM), and a flexibility market (like the
balancing energy market). The multi-market participation leads to a significant increase
in the benefit for the flexibility aggregator and the providers.
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Figure 5.2: Graphic summary of the reviewed literature concerning DSO side flexibility
perspective and market modelling

5.2.2 Multi-market bidding strategies
The investigation of optimal bidding strategies for an actor in more than one electricity
market is not a new topic. As Klaboe and Fosso (2013) show, there have been several
investigations about optimal participation in subsequent markets. However, those strate-
gies have been developed and tailored to conventional power producers. Moreover, as
DSO side flexibility providers have a different structure than those actors, these strategies
need adjustments to allow an optimal DSO side flexibility allocation between subsequent
markets.

Nevertheless, the concepts and procedures from conventional research provide a good
basis for developing flexibility allocation strategies. Klaboe and Fosso (2013) differenti-
ates two different bidding types: coordinated and separated bidding. While the latter does
not take into account the opportunities in following markets before the closure time of
the first market the actor participates in, the coordinated bidding does so. The concept of
coordinated bidding also implies a decision for all related markets before the closure time
of the first one. Research such as by Faria and Fleten (2011) and Boomsma et al. (2014)
showed that the coordinated bidding slightly outperforms the separate bidding concerning
the profit, even though currently it has a limited profit potential (Aasgård et al. (2019)).
However, Klaboe and Fosso (2013) and Aasgård et al. (2019) points out the lack of com-
paring literature and states that coordinated bidding becomes more important with higher
price differences between markets.

In a future with higher RES generation share, the conditions become more favorable
for coordinated bidding. Therefore, most authors developing multi-market bidding strate-
gies for DSO side flexibility aggregators such as Roos et al. (2014) and Ottesen et al.
(2018) adopt this principle in their research. Even though Aasgård et al. (2019) are not
researching multi market participation of DSO side flexibility, they also find this principle
valuable for the flexibility, reservoir hydropower producers can offer on multiple markets.
In doing so, the authors encounter the issue of uncertain information about the subse-
quent market. While Roos et al. (2014) chose a deterministic approach, Ottesen et al.
(2018) and Aasgård et al. (2019) saw an interest in integrating these uncertainties via a
stochastic model based on different price scenarios for its participating markets. Even

49



5.3. METHODOLOGY

though Roos et al. (2014) also explores possible bidding strategies with their approach,
Talari et al. (2018)and Bjørndal et al. (2018) point out the importance of stochastic mod-
eling in power markets, especially regarding analyses of future scenarios, to yield higher
accuracy of the results and get a better impression of the market participants’ opportuni-
ties. This statement is reinforced by Kraft et al. (2021) who developed sequential market
trading strategies for a RES portfolio. Ottesen et al. (2016) even quantified the value of
stochastic planning and found higher revenue for the flexibility providers when consider-
ing uncertainties in their planning than when basing their decisions on expected values.
Furthermore, Aasgård et al. (2019) highlight the competitive advantage for producers of
considering and managing the uncertainty of subsequent markets in a future power sys-
tem.

Whether using a stochastic or a deterministic model, both Roos et al. (2014) and Otte-
sen et al. (2018) chose similar markets for their frameworks. While Roos et al. (2014)
lets the aggregator participate explicitly in the DAM and the tertiary regulation reserve
market, Ottesen et al. (2018) chose a more general approach. Within their framework, the
aggregator can allocate its flexibility between three markets, as mentioned before. There-
fore, they only distinguish between different types of markets without analyzing specific
market designs. Both Roos et al. (2014) and Ottesen et al. (2018) chose a relatively small
scope for their research and physical modeling of participating flexibility assets.

5.2.3 Contribution
Current literature concerning the integration of DSO side flexibility only knows few au-
thors considering the benefit of their providers from this integration. Among those con-
sidering it, most research concentrates on one market even though the official recommen-
dation from ENTSO-E encourages their integration in all possible markets. Alongside
the research about the single market integrations, the IDM turned out to be the most prof-
itable within the existing electricity markets for the DSO side flexibility as defined for this
paper. Besides the existing markets, we found this flexibility valuable for the CM both
for the system and, if remunerated with the price signal, the providers. The latter applies
especially for a future scenario with a higher share of RES.

This paper contributes to the existing literature by investigating the possible benefit for
DSO side flexibility providers by providing their service simultaneously for two different
purposes. Based on our previous work (Pearson et al. (2022)) we continue investigating
the value of these flexibility services for the CM with a suitable TSO-DSO coordination
scheme. However, now we give the flexibility providers with the DSOs as aggregators the
chance to optimally allocate their products between the CM and the market, which is the
most suitable for the DSO side flexibility as defined in this paper: the IDM. In correlation
with the literature, we model the uncertainties concerning the IDM stochastically while
deciding the allocation at the CM. Unlike current literature, we analyze the effect of this
dual trading option not on a small but a country-wide scale. Furthermore, we set this
analysis into the context of the German power system in 2030.

5.3 Methodology
In this paper, we want to measure the impact multiple trading options have on the revenue
and the behavior of DSO side flexibility providers. In the following, we describe the
decision process about the flexibility allocation between the two trading opportunities
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we focus on: CM and IDM. As this decision is based on price signals, we explain the
calculation methods and origin of the respective signals. The IDM price is not known
in advance and cannot be calculated from other input data. Hence, we then explain our
prediction method for three different possible price developments on the IDM.

5.3.1 DSO side flexibility participation at CM
In our previous work (Pearson et al. (2022)), we set up two TSO-DSO coordination schemes
to exploit the potential of DSO side flexibility for a more efficient re-dispatch. The TSO-M,
centralized framework considered interdependencies between nodes caused by transmis-
sion constraints and resulted in a higher value of load shifting. However, unlike its al-
ternative, the decentralized DSO-M scheme considered the interests of DSO side flexibility
providers with the DSOs as their aggregators. Therefore, we build up on our research and
design the participation of the flexibility providers as a modification and extension of the
DSO-M. Figure 5.3 provides a graphic explanation of the framework used in our previous
paper.
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Figure 5.3: The DSO managed framework from Pearson et al. (2022)

As the Figure shows, the first two steps take place on the TSO level. First, we run an
economic dispatch simulating the DAM to result in the uniform market price and the mar-
ket volume. In the second step, the responsible TSO executes the CM without considering
the DSO side flexibility to generate the nodal cost and volume of re-dispatch per node. In
this model, we assume only one TSO operating in Germany. The results of the CM and
the uniform market price are the signals on which the DSOs as flexibility aggregators base
their cost minimization. During this process, no information about the other DSOs is avail-
able; therefore, the decisions of the DSOs do not influence each other. The adjusted nodal
load profiles as results of this optimization are, in turn, sent back to the TSO to enable a
second CM including the DSO flexibility. In Pearson et al. (2022) we analyzed the changes
in re-dispatch cost and volume and load shifting value as caused by our framework in
various ways.
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Figure 5.5: Two stage stochastic DSO optimization

However, as we are now not only analyzing the impact and opportunities for DSO
flexibility in the CM, we adapt this framework to our expanded focus. Similar to the
DSO-M scheme, we are still basing our DSO individual optimization on price signals, and
we preserve the first two steps of the model. The third step will be modified in order to
optimize considering not only one but two price signals. As we are now interested in the
potential revenue of the DSOs as flexibility aggregators, we eliminate the second CM (Step
4). The modifications after the CM price signal generation are further explained in 5.3.3.

5.3.2 DSO side flexibility participation at IDM
In our model, we use the principle of coordinated bidding. Therefore, we consider the
IDM during the DSOs decision about the flexibility volume used for the CM. However, as
Figure 5.4 shows, no certain information about the IDM is available to the DSOs by the
time they have to decide about the allocation of load shifting potential for CM purposes.
We represent this by including three possible scenarios for the price development on the
IDM, each assigned a specific probability of occurrence. Furthermore, unlike the DAM,
the real IDM does not feature uniform prices and bid acceptance is not guaranteed. For
our calculations, we assume uniform prices based on the historical IDM-Index-Price and
its high and low prices1, which are not available upfront. Thus, a prediction is needed
regarding the future IDM and the development of its respective prices over each day. We
represent the lack of a guarantee for bid acceptance by adding a fourth scenario where the
amount of trading on the IDM is forced to zero.

1The index price used is the average price of all accepted bids for each period of 15 minutes. For our
calculations, we, in turn, average it over each hour. The high and low prices are the highest and lowest
accepted bids during the hour before realization.
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Figure 5.6: Intraday price signal scenarios

Within the related literature, a common approach to predict IDM prices is to perform a
regression analysis (Ottesen et al. (2016); Shinde and Amelin (2019); Pape et al. (2016);
Hagemann (2013)). Regarding the possible influences on the IDM price, Pape et al. (2016)
points out that the DAM price is one of the most important factors for an accurate predic-
tion. Other authors like Shinde and Amelin (2019) additionally highlight the influence
RES like wind and solar energy have on the IDM price. The related investigation by Hage-
mann (2013) showed that especially the forecast errors of wind generation also impact the
price of the IDM.

Based on these findings, we performed a regression analysis considering the following
factors: DAM price, system load, wind and solar generation on the DAM, wind forecast
error. Additionally, we analyzed the impact of the daytime and season (hour and month).
We retrieved historical data for the regression inputs from the four German TSOs (50
Hertz, Amprion, Tennet, and TransnetBW) and from EEX, ENTSO-E, and EPEX for the
years 2019-2021.2

Intraday High Price

Intraday Low Price

Intraday Index Price

Figure 5.7: Intraday price (high, index and low) correlation to the Day Ahead price

In order to consider the uncertainty of the IDM price realization by the time of the
load shifting allocation decision for the CM, we decided to create four different IDM price

2For a graphic representation of the respective data sets see https://energy-charts.info/?l=de&
c=DE
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Figure 5.8: Intraday price scenarios and day-ahead price development

scenarios. Therefore, we use a two-stage stochastic model as illustrated by Figure 5.5.
In one, we predict the IDM index price, two others consider the IDM high and the low
price, while the fourth represents the possibility that the provider’s bid on the IDM is not
accepted (see Figure 5.6). We executed a regression analysis for the first three scenarios
to predict each of these prices. As illustrated by Figure 5.7, the intraday index price has a
strong correlation to the DAM price. In fact, the analysis showed that the DAM price has a
strong correlation and high statistical significance to explain and predict the intraday index
price. That is, a simple linear regression (without a constant for the intercept) would be
as follows to predict the intraday index price:

Φ
ID
index,t = 0.9858 ·ΦDA

t (5.1)

Due to these regression results, the IDM index price is always close to the DAM price, as
Figure 5.8 illustrates.

However, for the intraday high and low prices, Figure 5.7 illustrates that those do not
have such a strong correlation only to the DAM price. In fact, through various regression
analyses, we determine that the intraday high price is sufficiently significant depending
on the DAM price, the daytime (hour of the day (t)), and the wind and solar generation.
The high intraday price as a function of these dependent variables is as follows:

Φ
ID
high,t = 2.293998 · t +1.54556 ·ΦDA

t +0.000402 ·Gensolar,t +0.003225 ·Genwind,t

(5.2)

We provide the detailed results of the regression analyses in a tabular format within the
appendix. Note that we have removed outliers or extreme values.

The intraday low price did not show a significant correlation to any independent vari-
ables and a low R2 in relation to the DAM price. Therefore, performing a regression for
the low price was not a meaningful approach. Instead, the low price scenario was deter-
mined by: i) comparing the average of the low prices and the index price, ii) observing
the variability and standard deviation for the time of the day, and iii) creating a random
function with a uniform distribution that can simulate sudden jumps in the price. That is,
the DAM price serves as the basis to have a trend, so as the low price follows the hourly
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price tendencies to which we add two random functions. The scenario of the low price in
short:

Φ
ID
low,t = 0,6∗Φ

DA
t +RandFunctions (5.3)

Various empirical testing on different randomized parameters were done to ensure the
projected ΦID

low,t has a similar mean and resemblance to the historical data (see Appendix
B).

As the IDM high and low price do not have such a strong correlation to the DAM price
as the index price, their likelihood and variation are harder to predict. Figure 5.8 illus-
trates these variations when calculating the three prices. In addition, it shows the relation
between the IDM high/ low price. Therefore, we assume that the probabilities assigned to
each scenario should represent to some degree the likelihood (based on correlation) of the
respective IDM price with the DAM price, see in Figure 5.6. This is based on a statistical
analysis of the historical data, where we observed normality plots and other measures to
deduct that the ID index price is the one with the largest likelihood.

5.3.3 Optimal decision of the DSOs
Figure 5.9 summarizes the development and the influence of the two price signals on the
optimal decision of the DSOs. Unlike in the DSO-M framework described in our previous
work, the flexibility allocation is decided based on a profit maximization conducted by
the DSOs as aggregators for the DSO side flexibility providers. Due to the timing of the
allocation decision, the signals, as explained above, are of deterministic nature for the CM
and stochastic for the IDM. Therefore, the optimization in step 4 differs from the DSO-M
scheme by not giving an overall optimal result, but only suggesting an optimal strategy
under uncertainty. Nevertheless, this optimal strategy allows us to analyse the potential
revenue incentivizing the DSO side flexibility providers to trade their product.
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Figure 5.9: Program Flow Chart of the Flexibility Allocation within two trading options
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5.3.4 Mathematical Formulation
The nomenclature containing denominations and descriptions of sets, variables and pa-
rameters is available in the appendix.

Model assumptions

IDM volume. For our model, we assume that the load shifting capacities allocated to
the IDM do not exceed its market volume at any time. As such, no upper bounds for this
purpose are necessary in the mathematical formulation of our model. We go more into
detail about this in chapter 5.5.3, section The IDM and CM volumes.

Inter-DSO competition. In a similar way to our previous paper, we assume that there
is no more than one DSO connected to a node of the transmission grid. This assumption
eliminates the need to model competition between the nodal DSOs since such a competi-
tion is not within the project scope.

Sectoral load shifting. Like in our previous work, we assume that each sector in our
model formulations can shift its demand within a certain relative range. We describe our
method regarding sector distribution and relative shifting potential in section 5.4.2.

The model

Objective function. We use an objective function that maximizes the expected profits
gained by load shifting in each node (Eq. 5.4). The total load shifting potential available
to each DSO acting as aggregators of nodal flexibility assets can be used for allocation to
either the CM or the IDM. Load can be reduced in return for the current prices or increased
for the respective negative values. Since negative prices are a possibility for both the CM
and IDM, reducing or increasing the load can lead to both compensation or additional cost.

At the time each actor needs to make a decision, the actual price development of the
IDM is uncertain. We represent this uncertainty as a stochastic 2-stage problem including
a set of scenarios and formulate the objective function in its extensive form.

max
∆CM−

n,t ,∆CM+
n,t ,∆ID−

s,n,t ,∆ID+
s,n,t

∑
n

∑
t

∑
s

[
Φ

CM
n,t (∆CM−

n,t −∆CM+
n,t)+πsΦ

ID
t (∆ID−

s,n,t −∆ID+
s,n,t)

]
(5.4)

Load shifting capacities. We assume identical upwards and downwards load shift-
ing potential for the respective sectors and formulate eq. 5.5-5.12 to provide upper and
lower bounds for the resulting demand. Using this formulation, we also prevent unwanted
simultaneous upwards- and downwards- shifting without the use of binary variables. Fur-
thermore, eq. 5.9-5.12 ensure that shifting capacities by the industrial sector are only
available during working hours.

dn,t ∗ares +∆CMres+
n,t +∆IDres+

s,n,t ≤ mean(dn,t)∗ares ∗ (1+ zres) ,s ∈ S ,n ∈ N , t ∈ T

(5.5)

mean(dn,t)∗ares ∗ (1− zres)≤ dn,t ∗ares −∆CMres−
n,t −∆IDres−

s,n,t ,s ∈ S ,n ∈ N , t ∈ T

(5.6)
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dn,t ∗acts +∆CMcts+
n,t +∆IDcts+

s,n,t ≤ mean(dn,t)∗acts ∗ (1+ zcts) ,s ∈ S ,n ∈ N , t ∈ T

(5.7)

mean(dn,t)∗acts ∗ (1− zcts)≤ dn,t ∗acts −∆CMcts−
n,t −∆IDcts−

s,n,t ,s ∈ S ,n ∈ N , t ∈ T

(5.8)

dn,t ∗aind +∆CMind+
n,t +∆IDind

s,n,t ≤ mean(dn,t)∗aind ∗ (1+ zind)

,s ∈ S ,n ∈ N , t ∈ [9 : 16]
(5.9)

mean(dn,t)∗aind ∗ (1− zind)≤ dn,t ∗aind −∆CMind−
n,t −∆IDind−

s,n,t

,s ∈ S ,n ∈ N , t ∈ [9 : 16]
(5.10)

∆CMind+
n,t ,∆CMind−

n,t = 0 ,n ∈ N , t ∈ [1 : 8]∨ [17 : 24] (5.11)

∆IDind+
s,n,t ,∆IDind−

s,n,t = 0 ,s ∈ S ,n ∈ N , t ∈ [1 : 8]∨ [17 : 24] (5.12)

Total CM and IDM shifting. The aggregated load shifting increasing and decreasing
demand and used for CM or IDM purposes is calculated as the sum of each sector’s shifting
decisions.

∆CM+
n,t = ∆CMres+

n,t +∆CMcts+
n,t +∆CMind+

n,t ,n ∈ N , t ∈ T (5.13)

∆CM−
n,t = ∆CMres−

n,t +∆CMcts−
n,t +∆CMind−

n,t ,n ∈ N , t ∈ T (5.14)

∆ID+
s,n,t = ∆IDres+

s,n,t +∆IDcts+
s,n,t +∆IDind+

s,n,t ,s ∈ S ,n ∈ N , t ∈ T (5.15)

∆ID−
s,n,t = ∆IDres−

s,n,t +∆IDcts−
s,n,t +∆IDind−

s,n,t ,s ∈ S ,n ∈ N , t ∈ T (5.16)

Total load shifting. We calculate the aggregated amount of load increasing and de-
creasing shifting decisions as the sum of the respective CM and IDM oriented values (eq.
5.17 and 5.18). Since the IDM-related decisions are based on the factual scenario realiza-
tion, the total load shifting depends on the scenario.

∆D+
s,n,t = ∆CM+

n,t +∆ID+
s,n,t ,s ∈ S ,n ∈ N , t ∈ T (5.17)

∆D−
s,n,t = ∆CM−

n,t +∆ID−
s,n,t ,s ∈ S ,n ∈ N , t ∈ T (5.18)

Unsuccessful bid scenario. In scenario 4, we simulate the market participants’ bids on
the IDM not being successful. Eq. 5.19 and 5.20 ensure that the IDM-oriented load shifting
is set to zero for this scenario.

∆ID+
s,n,t = 0 ,s = 4,n ∈ N , t ∈ T (5.19)

∆ID−
s,n,t = 0 ,s = 4,n ∈ N , t ∈ T (5.20)

Aggregated demand balance. Over each calculation period of 24 hours, the sum of
upwards-shifting must be equal to the sum of downwards-shifting for all nodes, demand
sectors and scenarios. Eq. 5.21-5.23 ensure that the daily demand for power by each
sector aggregates to the same amount as before the introduction of flexibility. Since the
total demand is the sum of the three sectors, these implicitly include the demand balance
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for each node.

∑
t

[
∆CMres+

n,t −∆CMres−
n,t +∆IDres+

s,n,t −∆IDres−
s,n,t

]
= 0 ,s ∈ S ,n ∈ N (5.21)

∑
t

[
∆CMcts+

n,t −∆CMcts−
n,t +∆IDcts+

s,n,t −∆IDcts−
s,n,t

]
= 0 ,s ∈ S ,n ∈ N (5.22)

∑
t

[
∆CMind+

n,t −∆CMind−
n,t +∆IDind+

s,n,t −∆IDind−
s,n,t

]
= 0 ,s ∈ S ,n ∈ N (5.23)

New load profiles. The load shifting decisions influence the load profiles in each node.
Eq. 5.24 defines the new, CM-relevant load profile which is sent back to the TSO for re-
calculation of the CM. Eq. 5.25 calculates the final load profiles depending on the actual
scenario.

LCM
n,t = dn,t +∆CM+

n,t −∆CM−
n,t ,n ∈ N , t ∈ T (5.24)

Ls,n,t = dn,t +∆D+
s,n,t −∆D−

s,n,t ,s ∈ S ,n ∈ N , t ∈ T (5.25)

Model implementation

We wrote the code for the model and for processing its results in the programming lan-
guage Julia in version 1.5.4. We implemented the linear program using the Julia for
Mathematical Programming (JuMP) package in version 0.20.1 and solved it using the
academic license of the Gurobi solver in version 9.0.3.

5.4 Case Study
The implementation of the power system model is calibrated with an open-access refer-
ence data set about the German power system of 2015 as collected and edited by Kunz
et al. (2017b). In our previous work Pearson et al. (2022) we showed, on behalf of this
data, that the model yields a sufficient accuracy to return a realistic impression of the
system. However, in the present paper, we are interested in the revenue opportunities for
DSO side flexibility providers within a future scenario with a higher share of RES than in
the actual system.

5.4.1 German power system in 2030
We decided to set up our case study in 2030 using the open-access data set provided
by vom Scheidt et al. (2020). This data set pictures the German power system in 2030,
featuring 65 % of the brute electricity consumption covered by RES. As vom Scheidt
et al. (2020) base their projection on data about the current transmission grid topography
as provided by Matke et al. (2016) and on the development plan of the federal network
agency of Germany (BNetzA (2019)), they provide a realistic vision of the German power
system in eight years. The authors also hold onto the network development plan to elab-
orate their data about generation and demand in a high spatial and temporal resolution.
Further insight into their methods and assumptions is provided in their documentation 3.

The data set has been so far applied to studies such as vom Scheidt et al. (2021) and
vom Scheidt et al. (2022). They analyse the integration of hydrogen into the German

3available on https://bwdatadiss.kit.edu/dataset/254headingFileList
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MC [e /MW] Installed capacity [GW]
0 190

30 0.681
40 1.337
50 6.411
60 2.146
70 33.829
80 7.414
90 2.854

100 9.543
110 2.434
120 0.242
130 1.693
140 0.853
150 0.498
160 0
170 0
180 0
220 0.036

Total 259.975

Table 5.1: Installed capacity and marginal costs for 2030 based on vom Scheidt et al.
(2020)

power system and its effects on the hydrogen supply chain. We, therefore, use a tested
scenario data set for our case study and can apply our model to these data.

The transmission grid described by vom Scheidt et al. (2020) consists of 663 lines
connecting 485 nodes and transmitting 543.9 TWh per year. It only considers wind and
solar energy as RES with an annual generation of 247.4 TWh and 86.7 TWh. Regarding
conventional generation, 718 units with a total annual capacity of 70,175 MW are in-
cluded in the data set. However, it does not consider nuclear power as Germany plans to
fade out of nuclear by the end of 2022. The generators, conventional and renewable, are
not classified by technology, but the authors of the data set created 23 cost classes based
on their marginal cost. Table 5.1 shows the total amount of installed capacity per cost
class. The 24th cost class displayed in the table was created because the network develop-
ment plan does not provide a power system free of bottlenecks but intentionally implies
them to incentivize technological innovations that can compensate for the shortages in the
grid (BNetzA (2019), pp.42-43). The 24th cost class creates an additional generation of
1,000 MW at each node with marginally higher marginal costs than the most expensive
conventional power plants (221 e /MWh) to simulate the existence of those innovations.
This hypothetical generation also ensures a feasible grid solution to the model and keeps
the volume of lost load reasonable.

As the data of vom Scheidt et al. (2020) are formatted differently to our basis data set
provided by Kunz et al. (2017b), we needed to adapt the given data with further assump-
tions to apply them to our model. These adaptions, mainly concerning the transmission
lines, are documented in our previous work (Pearson et al. (2022)).

5.4.2 DSO simulation
Our research, both in our previous work and in the paper at hand, considers both TSOs and
DSOs and attempts to find future frameworks and trading options providing benefits on a
local scale while preserving and aiding in the stability of the electricity system. However,
the data set used for our case study only includes information on the TS level and lacks
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data about the DS. Indeed, there are more than 880 DSOs currently operating in Germany
(BNetzA (2016)), and there is no uniform data set about the DS available. Hence, we need
to make assumptions about the allocation and distribution of load shifting possibilities
and about how to simulate the DSOs throughout Germany. In this context, we follow the
approach from our previous work (Pearson et al. (2022)).

Firstly, we assume one DSO per node that is not constrained by limits to the DS-level
transmission network. Going in-depth in this regard would provide little benefit to our
global-scale case study and go beyond our research scope. Each DSO in our model aggre-
gates the interest of all connected owners of flexibility-providing assets.

Secondly, we divide the electricity demand assigned to each DSO into three sectors,
assuming an identical distribution of demand for all nodes. In 2020, almost the entire
electricity demand of Germany was distributed into 3 sectors: 45% large scale industry,
27% Commerce, Trade and Services (CTS) and 26% residential (BDEW (2021)). Matthes
et al. (2007) estimate that this distribution is not likely to change significantly until 2030.
Hence, and to not overestimate the influence of the industry, we decided to opt for demand
shares of 40% for the large scale industry, 30% for CTS, and 30% for the residential sector.

Thirdly, as stated by Gils (2014), especially the large-scale, highly energy-consuming
industry sector features considerable mechanisms to provide load shifting. We therefore
include higher load shifting capacities for this sector. We implement an hourly shifting
potential of 5% of the respective load averaged over each period of 24 hours for the res-
idential and the CTS sectors. We assign the industrial sector a higher shifting potential
of 10%, which we assume to be only available during working hours (from 08:00 until
16:00, represented by hours 9 to 16 of each optimization period in our model). With this
assumption, our model provides sufficient accuracy while reducing the risk of overesti-
mating the influence of the industrial sector.

5.5 Results

5.5.1 Key Indicators
To analyze our results and to assess the performance of our model, especially when com-
pared to our previous paper (Pearson et al. (2022)), we have identified a number of suitable
key indicators. One of the main factors for the future implementation of flexible loads is
their extensive use: A high reward for a certain amount of load shifting only provides
incentive for investment if it is available more than a few times per year. This is reflected
in our results by the volume of load shifting, split by its purpose - either the use for CM
or IDM purposes - and its total sum over the year. We use the same relative, and, since
the data set is identical, also the same absolute values of load shifting potential as in our
previous paper. However, since there are more options to utilize the potential than in our
previous work, we expect this value to be higher both for the majority of our scenarios and
for the expected value as the weighed sum of each scenario. Another main factor is the
amount of profit generated by the use of load flexibility options, reflected by the yearly
sum of revenue generated by using this potential. We also split this value by markets,
depending on whether the revenue is generated by facilitating CM or by trading on the
IDM, and calculate their sum over the whole year. The third, and possibly most important,
key indicator we investigate is the average value of load shifting, which we calculate as
the total revenue divided by the total volume of load shifting, in turn for each market and
for the global system This indicator is the fundamental value to assess the future potential
of our modeling framework and to answer our research questions.
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Expected Value Scenario 1 Scenario 2 Scenario 3 Scenario 4
ID Price NA Index High Low NA
Volume used for CM (TWh) 2.82 2.82 2.82 2.82 2.82
Volume used for IDM (TWh) 6.95 4.83 10.63 10.61 0
Total Load Shifting (TWh) 9.77 7.65 13.45 13.45 2.82
Revenue by CM (Mio. e ) 169.4 169.4 169.4 169.4 169.4
Revenue on IDM (Mio. e ) 346.3 121.7 404.3 953.3 0
Total Revenue (Mio. e ) 515.7 291.1 573.7 1 121.7 169.4
Av. Value of LS for CM (e /MWh) 60.03 60.03 60.03 60.03 60.03
Av. Value of LS for IDM (e /MWh) 49.82 25.21 38.03 89.77 /
Av. Total Value of LS (e /MWh) 52.77 38.06 42.65 83.52 60.03

Table 5.2: Global, annual Key Indicators (expected values and per scenario)

We emphasize, that the expected value as the weighted sum of all scenarios is sub-
stantial for interpreting the results of our 2-stage stochastic model: For each calculation
period of 24 hours, each scenario has a probability of occurrence. As such, the values for
each scenario are useful for the interpretation of our results, but it is highly unlikely for
the same scenario to happen over the entire year.

5.5.2 The value of load flexibility for multiple purposes
After the identification of the key indicators we present the results to our calculations
before discussing key aspects of our modeling framework. Table 5.2 summarizes the key
indicators, should a certain scenario be realized for the entire year and the expected values
given the chosen probabilities for each scenario. We emphasize once more that the factual
realization of only one scenario over the whole year is in practice highly unlikely.

For the analysis of our results, we initially take a look at the volumes of load shifting.
We find that for every scenario and either market, the decisions for increasing and decreas-
ing the original load profiles are equal to each other over each calculation period. This is
a consequence of the combination between the implementation of the unsuccessful-bid-
scenario (Eq. 5.19 and 5.20) and the requirement for an aggregated demand balance (Eq.
5.21-5.23). The sum of all nodal load shifting decisions must equal zero over each period
of 24 hours. Therefore, implementing a scenario where no IDM-oriented trading is possi-
ble implies that this balance must also prove true for each trading market. A distinction
between upwards- or downwards- oriented trading volumes for each market is therefore
not necessary.4 We furthermore find that the highest volumes of load shifting for IDM pur-
poses occur in the scenarios featuring the more extreme IDM price developments. Those
volumes reach very similar levels of a little more than 10.6 TWh over the course of the
whole year for scenarios 2 and 3 featuring the predicted high and low IDM prices, respec-
tively. These values are more than twice the value of our scenario 1 at 4.83 TWh. Scenario
1 features the more average IDM-Index-Price which is closely correlated with the uniform
price of the DAM. Fig. 5.10 provides the load shifting profiles of each scenario over an
exemplary period of 2 weeks (hours 2184-2496). We plot the original load profiles and
the ones after each stage of the stochastic model in Fig. 5.11. Especially the large influ-
ence of the industrial sector (it makes up more than half the shifting potential during the
hours 9 to 16, adding 4 percentage points to the 3 % of average load available during the
rest of the day) becomes immediately apparent when comparing the two plots. This is
especially true for the high- and low- price scenarios: Upon reaching the 9th time step of

4We discuss the consequences of removing the unsuccessful-bid-scenario from the model in our critical
reflection, section Allowing Arbitrage.
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CM Shifting Industry CM Shifting Residential CM Shifting CTS IDM Shifting Industry IDM Shifting Residential IDM Shifting CTS 

IDM Index Price Scenario IDM High Price Scenario

IDM Low Price Scenario Bid not accepted Scenario

Figure 5.10: Volume of load shifting split by market and sector for each IDM price sce-
nario

one day, lower prices on the IDM are immediately used for increased consumption. This
is then balanced out during later time steps, when profit can be generated due to higher
momentary IDM prices.

IDM Index Price Scenario IDM High Price Scenario

IDM Low Price Scenario Bid not accepted Scenario

Original load Load after CM Load after IDM

Figure 5.11: Changing load profiles after each market clearing for each IDM price sce-
nario over the same week

The second set of parameters for the analysis of our results is the revenue generated
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IDM Index Price Scenario IDM High Price Scenario

IDM Low Price Scenario Bid not accepted Scenario

IDM Revenue IDM Revenue

Figure 5.12: System-wide daily DSO side flexibility providers revenue distinguished by
market for each IDM price scenario

by the respective shifting decisions over the whole year. We calculate the revenue for
each market as the sum of the hourly cash flows. They are then aggregated to obtain the
global value. Because the CM-related load shifting decisions are equal in all scenarios,
this is also true for the revenue generated by the CM, reaching a final value 169.4 Mio.
e . Regarding the revenue generated on the IDM, scenario 3 (featuring the low price
development) outperforms the others by far, reaching profits generated only on this market
of 953.3 Mio. e . This does not come as a surprise, since the low IDM price development
features frequent negative prices. At negative prices, a node is able to increase its profits
through increased consumption. This never occurs for any other scenario. Consequently,
scenario 1 and 2 feature lower values of 121.7 Mio. e and 404.3 Mio. e , while it
is not possible to generate profits from the IDM in scenario 4. We plot the total, daily
revenue per scenario over the whole year in Figure 5.12, which also shows the division of
the total revenue into its source markets. Especially for the revenue, the expected value is
more essential for the assessment of our results. In total, the expected value of the revenue
generated over the whole year (i.e., the weighted sum of all possible outcomes) aggregates
to 515.7 Mio. e . We depict the development of the global expected daily profits in Fig.
5.13. The figure is especially useful to prove how important the participation in the IDM
is for the overall revenue: The expected revenue generated by participation on the IDM
contributes more than two thirds to the optimal, global and annual profits from applying
our framework.

The final key indicator for the assessment of our results is the average value of load
shifting, calculated as the revenue divided by the volume of load shifting. Like the other
key indicators, it can be calculated for either market and for the whole system altogether.
Even though we use a different approach to calculating this value in the paper at hand,
we have also calculated it in our first paper (Pearson et al. (2022)), concluding that CM
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Figure 5.13: System-wide, daily expected DSO side flexibility providers revenue distin-
guished by market

alone is not sufficiently profitable for the more-than-marginal utilization of load shift-
ing. We therefore consider this parameter the most essential result of our calculations.
The volumes of load shifting used for CM purposes are the same throughout all scenarios.
Consequently, the optimal value of load shifting for the CM is the same throughout all sce-
narios and for the expected values, reaching 60.03e per MWh of shifted load. Caused by
the scenario-specific volumes traded on the IDM and the varying amounts of revenue gen-
erated thereby, the average value of load shifting for the IDM varies strongly by scenario,
ranging from 25.21 e per MWh in scenario 1 to 89.77 e per MWh in scenario 3. Note
that this indicator does not exist for scenario 4 since it does not feature IDM trading. The
expected global value of load shifting and traded on the IDM throughout the year reaches
a value of 49.82 MWh.

Finally, we calculate the average value of load shifting. It ranges from 38.06 e per
MWh for scenario 1 to 83.52 e for scenario 4, with an expected value at the given prob-
abilities of occurrence of 52.77 e per MWh of shifted load.

5.5.3 Discussion and critical reflection
In the following section, we discuss our results further. In order to do so, we examine the
differences in the origin of the profits of different nodes before performing a sensitivity
analysis regarding the effects of a higher chance for the unsuccessful-bid-scenario. We
then critically reflect the limitations to our model and its results and point out possible
areas of further research.

Nodes with little necessary re-dispatch.

Unlike the pricing mechanism applied in Germany for the DAM and unlike the pricing
mechanism we simulate for the IDM, congestion and its related cost are not a global, but
a nodal issue. Not every transmission line has to deal with capacity issues. Consequently,
not every node is assigned a re-dispatch cost and volume at all times. Indeed, this was
one of the main issues we found when attempting to use load flexibility only for CM
purposes: When the use of load flexibility is optimized locally using the average cost of
re-dispatch as the sole deciding parameter, only the nodes featuring re-dispatch efforts
have an incentive to use their potential at all. As such, giving nodes that are unaffected
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IDM Revenue IDM Revenue

Node 12 Node 290

Figure 5.14: Daily expected revenue for the most and the least profiting nodes (no. 12 at
83.4 e /MWh and no. 290 at 34.9 e /MWh p.a.)

Figure 5.15: Distribution of the IDM, DA and CM prices over the year

by the CM at least some of the time an option to utilize their own potential for benefit was
one of our goals for this research.

In order to show the difference between the profit generation in nodes with high and
low amounts of necessary re-dispatch, we have identified the nodes 12 and 290 as the
nodes with the highest and lowest expected ratio of revenue to load shifting over the
course of the whole year.5 Fig. 5.14 shows the composition of their daily expected rev-
enue. We find that the nodal, hourly values for the cost of re-dispatch have a substantial
influence on the optimal distribution between profits from each of the two markets. This
can be explained with Fig. 5.15 depicting the distribution of the different price signals:
While all nodes share the same, global prices on the IDM, the cost for re-dispatch varies
greatly in a bigger range than any of the IDM price signal developments. Consequently, es-
pecially nodes with a large spread in CM cost benefit primarily from using their flexibility
for this purpose, whereas the IDM is responsible for the majority of revenue in others.

Sensitivity analysis.

While very promising, our results are based on a number or assumptions. One of the
assumptions is the probability related to scenario four, which simulates the DSO’s bids
to the IDM not getting accepted. This forces the respective load shifting to zero for the
calculation period of 24 hours. We have initially assigned this scenario a 10% chance of

5We have excluded node 14: It does feature an even higher value, but this is caused by extreme amounts
of lost load contributing to its re-dispatch cost.
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Expected Value Scenario 1 Scenario 2 Scenario 3 Scenario 4
ID Price NA Index High Low NA
Volume used for CM (TWh) 2.94 2.94 2.94 2.94 2.94
Volume used for IDM (TWh) 6.90 4.80 10.57 10.51 0
Total Load Shifting (TWh) 8.55 7.74 13.51 13.45 2.94
Revenue by CM (Mio. e ) 171.8 171.8 171.8 171.8 171.8
Revenue on IDM (Mio. e ) 270.3 121.0 401.8 943.5 0
Total Revenue (Mio. e ) 442.1 292.8 573.6 1 115.3 171.8
Av. Value of LS for CM (e /MWh) 58.44 58.44 58.44 58.44 58.44
Av. Value of LS for IDM (e /MWh) 48.17 25.21 38.01 89.79 /
Av. Total Value of LS (e /MWh) 51.71 37.83 42.45 82.94 58.44

Table 5.3: Global Key Indicators for the sensitivity analysis (25 % chance for scenario 4)

occurrence.
This value may be too low to reflect reality. As such, we chose to perform a sensitivity

analysis with the same data and assumptions, but while increasing the probability for this
scenario to 25%6 we decrease the chance of the others by 5 percentage points each. We
are aiming to see what changes in behavior and in expected outcome are caused by a
significantly higher chance of being unable to participate in the IDM. We are expecting a
decrease in expected total revenue and in volume of load shifting traded on the IDM but
an increase in load shifting used for CM purposes.

At 442.1 Mio. e of expected revenue over the course of the entire year, our first
expectation holds true, translating to a decrease of 73.6 Mio. e (14.3 % of the original
value). Our second expectation is also fulfilled: The volumes used for CM and IDM in-
crease by 117.6 GWh (4.2 %) and decrease by 1.34 TWh (19.3 %), respectively. Overall,
the changes lead to an average expected value of load shifting of 51.71 e per MWh,
which is only 1.06 e per MWh lower than in the original results. It must be noted, how-
ever, that a considerably higher share of load shifting potential remains unused. All key
indicators for our sensitivity analysis can be found in table 5.3.

Allowing arbitrage.

As we previously mentioned, the existence of a scenario with no possible load shifting
used for IDM purposes limits trading between the two different markets to a great extent:
Eq 5.19 and 5.20 set the value for the IDM-related volumes to zero while the constraints
for shift balancing (eq. 5.21-5.23) still need to be satisfied. Hence, at the end of the day,
the same volume of energy that was previously bought from or sold to the CM must be
compensated. Without this scenario, it would be possible to buy larger volumes of gener-
ation on one market and sell it on the other, as it will always be possible to compensate for
any imbalance after the CM-related shifting decision has been made. We examine this by
running our calculations one additional time with a few modifications: We use only the
first three scenarios (assigning them exemplary probabilities of 50%, 25%, and 25% re-
spectively) and remove eq. 5.19 and 5.20 from the model. We expect to see considerable
changes to the result, including disparities between the upwards- and downwards-shifting
measures on the CM and a more or less substantial increase in expected revenue. This

6While we have changed variables and constraints to implement the stochastic differentiation of the
model and the IDM as an additional trading option, we point out that increasing this value to 100% while
removing the other scenarios would in fact lead to identical load shifting decisions as we have calculated
for the DSO-M case in our previous paper. This is due to the fact that our assumptions regarding general
shifting potential and the values passed on from the TSO-operated CM to the DSOs remained the same.
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will be caused by the possibility to benefit from a form of arbitrage, with the exact benefit
being uncertain and depending on the actual price development on the IDM.

Our expectations for the results of these calculations - which we perform only for
discussion purposes - do not only hold true, but are exceeded considerably. At an aggre-
gated expected revenue of over 2.2 billion e , the profits when allowing trading between
markets are more than 4 times as high as when this mechanism is prevented. Meanwhile,
the expected overall volume of load shifting increases to almost 22 TWh over the course
of the year, representing an increase of over 100%. The joint changes in shifting vol-
ume and revenue lead to an average value of load shifting of over 101 e per MWh of
shifted load. For these calculations, scenario 2 featuring the high IDM-price-development
becomes by far the most profitable of all scenarios: Without the necessity of balancing the
trade on each market over 24 hours, the price signal for the CM of zero that is caused by
the absence of necessary re-dispatch becomes a free source of additional generation. This
additional generation can then be used for any purpose, including the immediate selling
at high IDM prices. This mechanism provides a chance for excessive profits associated
with very little risk and is a prime example how unregulated arbitrage can be dangerous
for a market’s stability. The complete results of this calculation are available in Table 5.7
in the appendix.

Prediction of the IDM price.

Our prediction of the IDM prices and our approach to using this prediction are both based
on a number of assumptions and highly simplified. They differ substantially from the
actual operating principle of the IDM: In reality, the IDM does not feature a uniform price.
Instead, the IDM is cleared pay-as-bid, meaning each actor is rewarded or charged accord-
ing to its individual bid. As such, there is never a guarantee to successfully buy or sell at
any price, regardless of its value. We attempt to simulate this by including a scenario for
unsuccessful bidding on the IDM. Our approach is suitable for our purposes and in order
to answer our research question. However, modeling this market in a more realistic way
will require a much more complicated simulation of the bidding process. Furthermore,
if market regulations are changed and the IDM is opened to DS-level providers of load
flexibility, this will much likely lead to changes in the price development itself. If a large
number of new actors, featuring large amounts of aggregated load shifting potential, join
this market, this may more or less frequently lead to an imbalance between supply and
demand. This risk is increased if many of those actors follow a similar strategy to gain
the highest possible advantage from the market. Another possible consequence of high
levels of supply may be generally lower and less volatile prices - which would reduce the
opportunity to generate financial gains when using a framework such as the one we have
developed.

The IDM and CM volumes.

One type of parameter we do not feature in our calculations are the volumes of both the
global IDM and the re-dispatch necessary in a certain node. We initially made the assump-
tion that the IDM volume will be sufficient for the amounts of load shifting according to
our calculations. According to EPEX SPOT, the empiric values for the year 2021 very
rarely go below 4 000 MW and 2 000 MW during the day and night, respectively, while
they are usually considerably higher. For comparison, we have plotted the hourly, global
volume of load shifting used for IDM purposes in the low price scenario in Figure 5.16.
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Figure 5.16: Load shifting volume on the IDM over the year for the IDM low price
scenario

We find that even for one of the scenarios featuring the highest amounts of load shifting
assigned to the IDM, the empiric market volumes from 2021 are already sufficient during
the majority of time steps. Since Newman and MacDougall (2021) expect a continuing
growth of these volumes for the future, the assumption can be safely made that they will
be sufficient in 2030 at all times. Nevertheless, their implementation would add to the
dependability of the results of this optimization. The volumes of re-dispatch are another
challenge: Our model assumes constant remuneration for load shifting used for CM pur-
poses regardless of total volumes. This is somewhat imprecise: In case a node’s need for
additional or reduced generation is fully satisfied, further load shifting should not pose
a threat to the stability of the transmission lines anymore. However, remunerating any
excess supply of load shifting and adding these costs onto the grid charges would make
the power system less efficient.

In summary, including specific volumes for necessary re-dispatch and for the IDM
would be an opportunity for further research.

Other uses for load flexibility.

The list of purposes we are using load flexibility - containing only the simplification of the
CM and the trade on the IDM - is by no means exhaustive. There are many more possible
uses for load shifting potential. Their application for balancing or other types of AS, for
peer-to-peer trading, for detailed simulation of energy storage or other forms of DERs
may prove worthwhile and are possibly equally or even more promising than the potential
we have found in this paper. All these may improve the possible benefits to future power
systems and the profits for the owners of flexibility providing assets even further. As such,
there is considerable remaining further research to be done regarding other applications
of load flexibility.

5.6 Conclusion
In this paper, which we wrote as the second part of our master’s thesis, we have continued
our previous research regarding the application of load flexibility to simplify re-dispatch
efforts after the closure of the DAM. After we had proven that their application is possible
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for this purpose, albeit at average values of load shifting that are comparably low, we
have decided to search for other markets where load flexibility can be applied and found
the IDM as an especially suitable option: It features generally volatile prices, no need
for near-instantaneous availability and a market volume that should be sufficient enough
that a reasonable amount of load shifting potential could be used without exceeding its
market volume. However, the IDM does not feature uniform prices, and both simulating
its operation and estimating different price developments are not easy tasks. In order to
assess the potential value flexible loads might have when having the option to be used for
both purposes, we have developed a method to predict three different scenarios for the
IDM price development. We have added a fourth scenario to simulate unsuccessful bids
and assigned each of those suitable probabilities of occurrence. Since the realized price
development is not known in advance, we have then used these four scenarios to model
a two-stage stochastic linear program, calculating the possible value of load shifting that
can be achieved by using our framework.

We have found the results of our calculations to be very promising. Reaching a total
volume of shifted load of 9.77 TWh over the course of the year, the expected total revenue
generated over the entire electricity system amounts to 515.7 Mio. e . Of this amount
169.4 and 346.3 Mio. e account for the CM and IDM, respectively. At an expected global
average value of load shifting of 52.77 e per MWh of shifted load, we reach more than
twice the value from the decentralized (DSO-M) scenario in our previous paper (25.78
e /MWh). We reached this value when using the shifting potential exclusively for CM
purposes.

We conclude that the research we conducted for this paper was not only successful,
but exceeded our expectations. Using load flexibility for the two purposes we consider
and a similar methodology as the one we propose, the owners of flexibility providing
assets may gain compensation sufficient enough to incentivize investment in this area.

However, we note that regulatory frameworks for comparable application do not yet
exist in the power system used in Germany. In order to allow for the profitable usage of
load flexibility, extensive changes need to be made to the operating principles of power
markets. An exchange of information must be implemented between different actors to
communicate information relevant to its optimal use. Furthermore, we emphasize that the
framework we developed is a fundamental working principle. There is extensive need for
further research for the actual implementation of DS-side flexibility assets and other forms
of DERs, and the two scopes of application we assess in this paper are far from being the
only possibilities.

As such, we suggest further research in a number of areas, including but not limited
to:

• A more detailed exchange of information between markets and their involved ac-
tors, including a mechanism to include the market volumes into the calculations.
As we pointed out in our first paper, especially the CM-related decisions could be
improved considerably by including specific information about congested transmis-
sion lines into the calculations;

• A detailed model of the DS, including the possibility for multiple DSOs in one node
or DSOs spanning more than one node. Like the TS, the DS can suffer from con-
gestion, so the unlimited provision of flexibility may be associated with further
challenges; and

• Other markets, where the application of load flexibility could prove beneficial.
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5.7 Appendices

Appendix A

Nomenclature

Sets

N Set of nodes: n

S Set of scenarios: s

T Set of time slices in hours: t

Variables

∆CMres+
n,t Hourly, sectoral increase of demand in the

residential sector used for CM purposes in
MWel

∆CMres−
n,t Hourly, sectoral decrease of demand in the

residential sector used for CM purposes in
MWel

∆CMcts+
n,t Hourly, sectoral increase of demand in the cts

sector used for CM purposes in MWel

∆CMcts−
n,t Hourly, sectoral decrease of demand in the cts

sector used for CM purposes in MWel

∆CMind+
n,t Hourly, sectoral increase of demand in the in-

dustrial sector used for CM purposes in MWel

∆CMind−
n,t Hourly, sectoral decrease of demand in the in-

dustrial sector used for CM purposes in MWel

∆IDres+
s,n,t Hourly, sectoral increase of demand in the res-

idential sector used for IDM purposes in sce-
nario s in MWel

∆IDres−
s,n,t Hourly, sectoral decrease of demand in the res-

idential sector used for IDM purposes in sce-
nario s in MWel

∆IDcts+
s,n,t Hourly, sectoral increase of demand in the cts

sector used for IDM purposes in scenario s in
MWel

∆IDcts−
s,n,t Hourly, sectoral decrease of demand in the cts

sector used for IDM purposes in scenario s in
MWel

∆IDind+
s,n,t Hourly, sectoral increase of demand in the in-

dustrial sector used for IDM purposes in sce-
nario s in MWel

∆IDind−
s,n,t Hourly, sectoral decrease of demand in the in-

dustrial sector used for IDM purposes in sce-
nario s in MWel

∆CM+n,t Aggregated hourly increase of demand used for
CM purposes in MWel

∆CM−n,t Aggregated hourly decrease of demand used
for CM purposes in MWel

∆ID+s,n,t Aggregated hourly increase of demand used
for ID purposes in scenario s in MWel

∆ID−s,n,t Aggregated hourly decrease of demand used
for ID purposes in scenario s in MWel

∆D+s,n,t Aggregated hourly increase of demand in sce-
nario s in MWel

∆D−s,n,t Aggregated hourly decrease of demand in sce-
nario s in MWel

LCM
n,t CM-relevant load profile in MWel

Ls,n,t Aggregated load in scenario s in MWel

Parameters

ΦRD
n,t Ratio of nodal re-dispatch cost to volume

ΦID
t Global expected IDM price

dn,t Nodal load forecast in MWel

πs Probability of occurence of scenario s

acts Load share of cts sector

ares Load share of residential sector

aind Load share of industrial sector

zcts Relative load shifting potential of the cts sector

zres Relative load shifting potential of the residen-
tial sector

zind Relative load shifting potential of the industrial
sector

17
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Appendix B - Results of the regression analysis

Regression statistics
Multiple R 0.895373067
R2 0.80169293
Adjusted R2 0.801498309
Standard Error 120.0889257
Observations 8199

Table 5.4: Regression statistics for the Intraday High Price

df SS MS F Significance F
Regression 4 4.78E+08 119444110.6 8282.44998 0
Residual 8195 118182963.9 14421.35007
Total 8199 595959406.4

Table 5.5: ANOVA Intraday High Price

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 0 NV NV NV NV NV NV NV
Hour 2.293997797 0.174713658 13.13004273 5.47362E-39 1.951514737 2.636480858 1.951514737 2.636480858
Day-ahead Price [e /MWh] 1.545560142 0.016966583 91.09436532 0 1.512301338 1.578818947 1.512301338 1.578818947
Solar generation (MW) 0.000402263 0.000150819 2.667195885 0.00766374 0.00010662 0.000697906 0.00010662 0.000697906
Wind generation (MW) 0.003225331 0.000115098 28.02258301 4.3477E-165 0.002999711 0.003450951 0.002999711 0.003450951

Table 5.6: Influence factors Intraday High Price

Figure 5.17: Comparison IDM low price formula to historical data
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Appendix C

Figure 5.18: Final load for each scenario over two weeks per season

Appendix D

Expected Value Scenario 1 Scenario 2 Scenario 3
ID Price NA Index High Low
Upshifting volume used for CM (TWh) 19.44 19.44 19.44 19.44
Downshifting volume used for CM (TWh) 2.06 2.06 2.06 2.06
Upshifting volume used for IDM (TWh) 2.45 2.24 2.59 2.73
Downshifting volume used for IDM (TWh) 19.84 19.63 19.97 20.11
Total Load Shifting (TWh) 21.89 21.69 22.03 22.17
Revenue by CM (Mio. e ) 445.6 445.6 445.6 445.6
Revenue on IDM (Mio. e ) 1770.3 1211.8 4108.7 548.8
Total Revenue (Mio. e ) 2215.8 1657.4 4554.2 994.4
Av. Total Value of LS (e /MWh) 101.21 76.42 206.72 44.85

Table 5.7: Global, annual Key Indicators for the analysis of the behaviour without the risk
of unaccepted bids on the IDM

Model
We provide the code written for our model and for the analysis of its results (written
in the Julia programming language in version 1.5.4) under the MIT license on GitHub:
https://github.com/simonpea/cm_idm_flexibility
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Chapter 6
Concluding remarks

Within this master thesis, we researched the integration of distributed energy resources as
a flexibility option for the congestion management into an increasingly renewable power
system. Therefore, we used and expanded a techno-economic optimization model as
provided by Xiong et al. (2021).

In the first part of the thesis, we assessed the present and future value of this flexibility
resource for the efficiency of the re-dispatch process. By reviewing the related literature,
we found the degree of efficiency when using DERs to depend on the type of coordination
set up between two of the main actors: the TSO and the DSOs. Therefore, we developed
one centralized and one decentralized TSO-DSO coordination framework to allow for an
efficient exploitation of the DER flexibility potential for the CM. We found that both of the
coordinated frameworks were able to improve the volume and the cost of the re-dispatch
for the applied 2015 and 2030 scenarios. Even though the relative decrease in re-dispatch
cost changes from 2015 to 2030 from 13.65 % to 3.26 % for the centralized and from
5.68 % to 1.63 % for the decentralized framework, the absolute savings increase by 217
Million e and 115 Million e as the total re-dispatch becomes more expensive the more
RES are participating.

As can be deduced from the mentioned cost of re-dispatch in either scenario, the
centralized framework outperforms the decentralized one. However, as the decentralized
case preserves the interest of all participants, the DSO-M framework is more realistic to
implement. Considering the outcome under the aspect of the actual implementation of the
frameworks, we also found that the values of load shifting as a result of our optimizations
are insufficient to incentivize investment in this resource. However, the value of load
shifting flexibility almost triples from 2015 to 2030. Therefore, we conclude that DS-
side flexibility assets gain relevance with an increasing share of RES in the global power
generation. Nevertheless, the frameworks developed in the first paper of the thesis and
focussing only on the CM are unlikely to provide enough incentive to engage the flexibility
providers even for our future scenario.

Based on these findings, in the second part of this thesis, we investigated possible
methods to increase potential benefits for the providers of DS-side load flexibility in the
future. Following the recommendations of ENTSO-E, we searched for other possible
applications of flexibility to offer the providers more than one trading option. We consid-
ered peer-to-peer trading, balancing markets, more realistic modeling of energy storage
located on the DS-level or other DERs, and more. We found the IDM to be the most attrac-
tive second market for more than one reason: The volatile prices of this market already
provide considerable incentive. Furthermore, the IDM is expected to increase in volume
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and importance under the influence of decarbonization for more than one reason. It is
especially suitable for DERs and load flexibility since, unlike balancing markets, it does
not require fast or even close-to-instantaneous reaction times.

To simulate the DSO side flexibility providers’ participation on two subsequent mar-
kets, we developed our deterministic decentralized case model from the first paper to a
two-stage stochastic model using the principle of coordinated bidding. The providers ag-
gregated by the DSOs decided upon their strategy to allocate their flexibility on the two
markets considering the uncertain information about the IDM. The results of this opening
towards another market showed higher remuneration opportunities: The expected value
of load shifting increased from 25.78 e /MWh in the future DSO-M case from paper 1 to
52.77 e /MWh when applying our stochastic model. Furthermore, the access to two mar-
kets increased the expected volume of shifted load over the year by ca. 60 % compared to
the DSO-M case in the first paper. This increase is primarily caused by eliminating one of
the essential weaknesses of the DSO-M case from paper 1: Adding another trading option
provides even the nodes without a need for re-dispatch with an area of application for their
flexibility. Hence, by including the IDM, we can improve the efficient use of flexibility
potential considerably.

However, the methods we use in this thesis are subject to some assumptions that pose
limitations: We are assuming exactly one DSO in each node that aggregates the interest of
all the flexibility potential within its area. Furthermore, in order to maximize the potential
benefits by using load flexibility, we are not yet including any marginal or fixed cost for
the use of flexibility potential. In addition, assuming the same sectoral distribution - and
identical sectoral shifting potentials across Germany - is a significant simplification. We
could continue this list. The main challenge, however, is that the resulting values for
the benefits from using the flexibility potential are highly dependent on the assumptions
concerning the IDM price.

Nevertheless, we have successfully provided insights into the potential DSO-side flex-
ibility has to secure and improve the power system of the future. It can aid in decar-
bonization by reducing the necessary curtailment of RES by increasing the demand during
times of their highest availability. And it can provide substantial financial benefits to its
providers when more than one market is open for its application. With our research, we
have contributed to a better understanding of possible effective integration mechanisms
for the system operators and for the DSO side flexibility providers. Based on our work,
future research can - and, considering the novelty of the issue - should follow various
different paths to gain further comprehension of this relevant topic. Possible directions
are:

• Releasing the assumption of only one DSO per node and re-evaluate our results with
intra- and maybe also inter-nodal competition and trading of flexibility;

• Including operational cost to the provision of DSO side flexibility and research the
benefit this resource has for the re-dispatch and the improvements offered by a
multi-market access;

• Accounting for the physical medium- and low-voltage grid constraints to investi-
gate if the physical network structure can cope the participation of the DSO side
flexibility without endangering its system security;

• Setting the subject matter into a larger context and investigate how a nodal pric-
ing system instead of the current zonal pricing could improve the integration and
remuneration of flexibility resources connected to the DS;
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• Shifting the focus from existing energy markets toward the development of new
market places especially designed and suited for DSO side flexibility and investigat-
ing the changes necessary for power systems for their implementation;

• Conducting further investigation in market entrance barriers relevant for DSO side
flexibility and in regulatory mechanisms to overcome those obstacles to actually
grant the providers access to the interesting markets.
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