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Executive Summary

This rise of Renewable Energy Sources (RES) and Distributed Energy Resources (DER) leads
to a need for differently organising the electricity system. The phaseout of controllable fossil
fuels that are replaced by uncontrollable RES requires more flexibility in the electricity system.
At the same time, DER provide opportunities to deliver such flexibility. However, it is much
different than conventional flexibility. It is often small-scale instead of large-scale; oriented
at the demand side instead of the generation side; and citizen-owned instead of commercially
owned.

On the one hand, DER flexibility is promising as DER are becoming more widespread, they
can provide flexibility at decentral parts of the grid and enable citizen participation. However,
on the other hand, they are hampered by the current way in which electricity markets facil-
itate flexibility trading. The contribution of this thesis to the literature is that it provides a
household-based DER perspective on intraday market design in Europe, by means of an elec-
tricity market characteristics framework. It considers the following research question:

How can Dutch electricity markets better integrate flexibility from household-based
Distributed Energy Resources?

This question is split into four subquestions where: the first subquestion investigates the flex-
ibility characteristics of household-based Distributed Energy Resources (hDER); the second
subquestion characterises electricity markets; the third subquestion identifies barriers in the
Dutch intraday market design that hamper the integration of hDER flexibility; and the fourth
subquestion explores solutions to overcome these barriers. Structured academic and grey lit-
erature searches, in combination with interviews, were analysed to formulate answers to these
subquestions.

Firstly, hDER are defined as “technologies that are located at the individual household level,
and that are able to provide a service to the electricity system”. Electric vehicles, heat pumps
and batteries are the hDER with the highest flexibility potential. The flexibility of these
resources can be characterised by their direction, power capacity, energy capacity, service du-
ration, availability, predictability and flexibility activation cost.

Secondly, the three types of electricity markets (wholesale, balancing and congestion) are
outlined by means of their purpose, operation, value and actors. A market characteristics
framework is constructed that depicts the various market design elements, and is employed
to describe the Dutch auction and continuous trading intraday markets. The intraday market
is interesting since it enables close to real-time trading and trading with small time granularity.

Thirdly, various types of barriers are recognised, and the barriers in the market design are
positioned in the market characteristics framework. Three categories came forward: 1) Scale
barriers: minimum bid size and trading fee are too high for hDER to participate; 2) Market
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mechanism barriers: predominant trading and pricing mechanisms are continuous trading with
pay as bid pricing, which restrict hDER participation; 3) Auction format barriers: auction gate
closure time is too far ahead of delivery, and the frequency of auctions is too low to adapt to
changes in forecasts.

Fourthly, aggregation and market design changes are two types of solutions that can over-
come these market design barriers. Aggregation resolves scale barriers, whereas market design
changes deal with market mechanism and auction format barriers. The proposed market de-
sign changes consider a higher frequency of auctions and a closer to real-time gate closure time.
Accordingly, the combination of aggregation and market design changes can better integrate
flexibility from hDER in the Dutch (intraday) electricity market.
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1 Introduction

The rise of Renewable Energy Sources (RES) and Distributed Energy Resources (DER) leads
to a need for differently organising the electricity system. Specifically, the structure of electric-
ity markets that facilitate flexibility trading needs to change. Therefore, this thesis addresses
knowledge gaps in existing electricity market and DER flexibility research and proposes solu-
tions that improve the integration of flexibility from DER in electricity markets. This chapter
provides background to the developments in RES, DER and electricity markets, identifies re-
search gaps, proposes research questions that overcome these, and provides an outline of this
thesis.

1.1 Background

The shift from fossil fuels to Renewable Energy Sources, which are intermittent, smaller scale
and distributed in nature, leads to a less controllable and more decentral supply of electricity.
This brings about challenges for the current way in which the electricity system is organised
and managed (Saad et al., 2018). On the other hand, new developments such as the rise in
Distributed Energy Resources, which encompass a broad range of resources such as electric
vehicles and heat pumps, provide new opportunities that can play a role in managing the elec-
tricity system (Merino et al., 2021). While these resources put more stress on the electricity
grid, they can be controlled.

These resources could be controlled in such a way that the moment in time when they are
active is changed. Making adjustments in this temporal dimension of supply and demand in
the electricity system is often called flexibility. A specific definition of system flexibility is pro-
vided by Minniti et al. (2018): “From a system perspective, it [flexibility] can be defined as the
capability of the power system to adapt its production or consumption with respect to sudden
changes, expected or not.”(p. 4). Complementary, Minniti et al. (2018) define flexibility at the
individual level as: “the modification of the consumption or injection pattern due to direct or
indirect signals.”(p. 4). Such modification can be mobilised to provide a service to the elec-
tricity system. Minniti et al. (2018) characterise a flexibility service through seven attributes:
direction, capacity, ramp rate, response time, duration, energy content and location. Figure
1.1 shows these attributes by use of a load curve.

Supply and demand in the electricity system require to be equal at each moment in time since
imbalances lead to changes in the system frequency, which can threaten the stability and se-
curity of the system (Memane et al., 2018). The conventional way in which this balance in
the electricity system is maintained, is mainly by adapting the generation output to match
the changes in demand (Martinot, 2016). In practice, this means that fossil fuel based power
plants ramp up or down for a particular duration and capacity.
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Figure 1.1: Flexibility service attributes (the ramp rate attribute is illustrated by the steepness
of the Flexibility Activation curve and the location attribute is not shown). Retrieved from
Minniti et al. (2018).

The phaseout of controllable fossil fuel based power plants, in parallel with the rise in un-
controllable RES, leads to a higher need for flexibility in the electricity system (Eid et al.,
2015). DER are potential providers of flexibility services (Eid et al., 2016). However, DER
flexibility is much different than conventional flexibility. It is often: small-scale instead of large-
scale; oriented at the demand side instead of the generation side; and citizen-owned instead
of commercially owned. Nonetheless, flexibility from DER is promising as their penetration is
increasing rapidly, they can be used for local system balancing, and they can enable citizen
participation (Edmunds et al., 2020).

Electricity markets determine the financial value of flexibility (Tanrisever et al., 2015). This
financial value incentivises actors to provide flexibility services. Various electricity markets are
present (e.g. wholesale, balancing and congestion markets), which each have their own purpose,
operation, value and actors. These are further explained in Chapter 6.

Together with the broader electricity system, the electricity markets are currently organised in
a centralised way. Due to path-dependency of this centralised organisation, previous develop-
ments have reinforced such a central structure. Namely, when certain technologies, practices
and characteristics within a system are used for longer, and actors have developed certain rou-
tines, they tend to oppose changes. This makes it difficult to integrate new technologies and
is called a lock-in (Spinardi, 2015).

When the electricity markets were designed, after the liberalisation of the energy sector, large
centralised actors were the only parties that were active in buying and selling energy and
providing flexibility (Tanrisever et al., 2015). As such, the markets were designed for these
participants (Eid et al., 2016). As a result, path-dependency of centralised organisation has
led to a lock-in of market characteristics (e.g. high minimum bid sizes, high participation fees)
that favour actors that were dominant at an early stage. Decentral, smaller scale and citizen-
owned DER now challenge this centralised organisation of the electricity system and markets.
They can provide flexibility services to the electricity system, but their integration is still flawed.
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1.2 Research gaps

The concepts of path-dependency and lock-in originate from the field of transition studies. In
this field, Boon et al. (2020) describe the relevance of investigating and characterising ‘markets
for transitions’. As a gap in research, Boon et al. (2020) point out that a further investigation
of lock-in effects in market characteristics that are related to the dominant involvement of
early-stage stakeholders is necessary. Therefore, it is important to specifically investigate the
market characteristics of electricity markets and propose a characterisation that overcomes this
bias towards incumbent parties.

Market characteristics describe the design of electricity markets. The relevance of electricity
market design for improving DER integration has been raised in literature already. Poplavskaya
and de Vries (2019) construct an overview of market design characteristics of balancing mar-
kets. They compare the balancing markets of Austria, Germany and the Netherlands and
assess their accessibility for DER. Merino et al. (2021) consider technical characteristics of
DER and analyse market coordination schemes for congestion and balancing markets in Eu-
rope. Schwabeneder et al. (2021) develop a framework that optimises the use of aggregated
residential DER in multiple electricity markets. Although they do not discuss market design
characteristics or alternatives, the authors emphasise the importance of the intraday market
in multi-market optimisation. Newman and MacDougall (2021) consider DER integration in
the intraday market design and propose a new design with discrete settlements for the context
of the United States, where intraday markets are still immature. Lastly, in grey literature
European Commission (2019b) elaborately describe European intraday market design charac-
teristics and required adaptations in order to better deal with RES in the electricity markets.

Furthermore, it is essential to categorise DER also with respect to their scale and grid con-
nection. For example, while a rooftop PV system of 10 kW, connected at the distribution
level, is seen as a DER, the same holds for a 10 MW wind farm connected at the transmission
level (Lind et al., 2019). Schwabeneder et al. (2021) already uses the subcategory of ‘residential
DER’. Still, this can range from electric vehicles at individual households to central heat pumps
in apartment buildings to community batteries. Whereas the household level is essential since
other regulations apply behind the meter and it aligns with the EU’s aim of putting the citizen
at the centre of the energy transition, it is not properly represented in DER literature yet.

Hence, the contribution of this thesis to the literature is that it provides a household-based
DER perspective on intraday market design in Europe (the Netherlands in specific), by
means of an electricity market characteristics framework.

1.3 Research questions

As follows from the practical challenges and research gaps, this thesis aims to provide rec-
ommendations with regard to market integration of household-based DER flexibility through
characterising electricity markets that are in a transition. The following research question
address these knowledge gaps:

How can Dutch electricity markets better integrate flexibility from
household-based Distributed Energy Resources?
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Subsequently, this question can be subdivided into four subquestions:

1. What are household-based Distributed Energy Resources and what flexibility characteris-
tics and potential do they have?

2. What characteristics do electricity markets have and how do these markets utilise flexi-
bility?

3. Which barriers are present in the design of Dutch electricity markets that hamper inte-
gration of flexibility from household-based Distributed Energy Resources?

4. What solutions can overcome the market design barriers?

In order to narrow down the geographical scope of the research, this thesis focuses on the case
of the Netherlands. Still, as a single European electricity market is envisioned, recommenda-
tions are contextualised in this European perspective.

Additionally, it is important to explicitly remark that the focus of this thesis is on the elec-
tricity system, not on the energy system. Whereas the electricity system is part of the broader
energy system, the scope of this study is on the electricity system because: 1) the develop-
ment of electrification causes that an increasing part of the energy system becomes electric; 2)
DER technologies are mostly electric; 3) Renewable Energy Sources mostly generate electricity.

1.4 Thesis outline

This thesis continues as follows. Chapter 2 outlines the adopted research approach and specifies
the data collection, analysis and validation methods per subquestion. Chapter 3 frames the
research through a conceptual lens and introduces the Multi-Level Perspective. Afterwards,
chapter 4 employs this conceptual lens in practice. Then, chapters 5 to 8 investigate and for-
mulate an answer to a distinct subquestion. Subsequently, chapter 9 discusses the findings and
puts these in perspective. Finally, chapter 10 concludes by formulating an answer to the main
research question, describing various practical and theoretical implications, and presenting lim-
itations and corresponding directions for further research.
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2 Research Approach

The general approach that this research adopts is a mixed methods approach. This approach
combines qualitative and quantitative research paradigms and argues that these can comple-
ment each other. In this way, the strengths of both paradigms can be used, while their weak-
nesses can be minimised (Burke Johnson & Onwuegbuzie, 2004). For example, quantitative
data can provide precise and numeric information, while qualitative data can better describe
how phenomena are embedded in local contexts (Burke Johnson & Onwuegbuzie, 2004). A
mixed methods approach is most suitable for this research for two main reasons.

Firstly, a mixed methods approach relates best to the philosophical worldview that this research
embraces. This research supports a combination of a transformative and a pragmatic world-
view. The transformative perspective highlights the importance of investigating marginalised
groups and advancing for change, while the pragmatic perspective focuses on finding solutions
‘that work best’ (Creswell, 2014). In the traditional organisation of the electricity system,
consumers and communities were often excluded from active participation, and the system was
managed in ways that cannot be sustained in the future. By combining a perspective that
promotes change and a perspective that aims to find what works best, this research aims to be
of practical value concerning the transition towards a more inclusive and sustainable electricity
system.

Secondly, a mixed methods approach allows combining an inductive and deductive research
design, which is most appropriate for this research. Namely, an exploratory sequential mixed
methods design is advocated (Creswell, 2014). This design allows for starting with a qualitative
and inductive phase in which a theory about how an electricity market works and what factors
play a role can be developed. Next, a quantitative and deductive phase is used, in which this
developed theory of an electricity market can be tested by varying the influential factors and
examining the differences in outcomes for a range of actors. Finally, an overall conclusion can
be made with regard to the suitability of the developed theory and the outcome of its applica-
tion.

The rest of the chapter presents a detailed overview of the specific research methods per sub-
question. For each subquestion, sections 2.1 - 2.4 stipulate its relevance and connection to
the main research question: How can Dutch electricity markets better integrate flexibility from
household-based Distributed Energy Resources? Methods are proposed with regard to data
collection, analysis and validation. Table 2.1 summarises the research methods to the four
subquestions:
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# Subquestion Data collection Data analysis Validation
1 hDER flexibility Academic literature,

Grey literature
-Comparing definitions,
-Constructing definitions,
-Exploring potential,
-Evaluating literature

-

2 Electricity market
characteristics

Academic literature,
Grey literature,
Website searches

-Manual coding of literature,
-Theme generation

Informal
discussions,
Randomised
literature
screening

3 Barriers Q1 & Q2 outcomes,
Grey literature,
Academic literature

-Juxtaposing hDER flexibility
and electricity market character-
istics,
-Manual coding of literature,
-Populating assessment frame-
work

Interviews

4 Solutions Grey literature,
Academic literature

-Manual coding of literature,
-Position solutions in assessment
framework

Interviews

Table 2.1: Summary of the research methods per subquestion.

2.1 Household-based Distributed Energy Resources flexibility

In order to answer the main research question of how Dutch electricity markets can better
integrate flexibility from household-based DER (hDER), this subquestion first seeks to identify
what hDER are, how they can provide flexibility and what their potential is to do so.

First, a definition and categorisation of DER are formulated by analysing academic and grey
literature in the energy field. Qualitative as well as quantitative data about definitions and
types of distributed energy resources, flexibility characteristics and flexibility potential of the
resources are collected. Qualitative data for example encompasses DER user practices, while
quantitative data for example involves power and energy capacities. The Scopus database is
consulted for academic literature. The following search terms were used within the Article title,
Abstract & Keywords: ‘DER’ AND ‘distributed’ AND ‘energy’ AND ‘resources’. This resulted
in 4,316 publications. Then, the subject area was limited to the Energy field, which resulted
in 2,613 publications. These publications were ranked on the highest number of citations, after
which the 10 most cited publications were screened, and if a definition or categorisation of
DER was present, these were noted. It turned out that most of the publications in this top
10 were published in 2007 or 2008. Therefore, to compare these definitions and categorisations
with current ones, the publication set was limited to only include more recent (2016 - 2021)
publications. This resulted in 2,002 publications. These again were ranked on the number of
citations, and the top 10 were screened and if present, DER definitions or categorisations were
noted. An overview of the two top 10 most cited publications is shown in Tables A.1 and A.2
in Appendix A. Then, grey literature was consulted, considering publications from recognised
organisations such as the IEA, IRENA, and the European Commission. Eventually, other pub-
lications and reports were randomly screened in order to mitigate the risk of definitions that
are present, but that did not come forward in the literature review. Herein no definitions were
found that were substantially new or different from the already obtained ones.

Next, for the second step of defining household-based DER in specific, the data collection
method is similar to the method that is used in the definition and categorisation of DER. A
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Scopus search within the Article title, Abstract & Keywords was performed with search terms:
‘der’ AND ‘distributed’ AND ‘energy’ AND ‘resources’ AND (‘consumer*’ OR ‘resident*’ OR
‘household*’ OR (‘small’ AND ‘scale’) OR (‘end’ AND ‘user’)). This resulted in 758 publica-
tions. The top 10 most cited publications were scanned, and in case a notion of household-based
DER (albeit using a different term) was present, these were noted. The complete list of top 10
most cited publications is available in Table A.3 in Appendix A.

In the third step of investigating which hDER have the highest flexibility potential, literature is
used that came forward in the first and second step, complemented with an unstructured grey
literature search that targets assessments of flexibility potential. By examining these flexibility
potential assessments and comparing elements that influence the potential that is mentioned
in the previously identified literature, the resources with the highest potential are determined.

The fourth step of identifying the flexibility characteristics of these hDER was based on a
Scopus literature search. Search terms ‘der’ AND ‘distributed’ AND ‘energy’ AND ‘resources’
AND ‘flexibility’ AND (‘characteristics’ OR ‘attributes’ OR ‘characterisation’ OR ‘character-
isation’) were used within the Article title, Abstract & Keywords. This search resulted in 39
publications, of which all abstracts were screened, and the relevant papers were scanned. Since
a limited amount of explicit (lists of) DER flexibility characteristics were found, snowballing
and searches in grey literature were used to broaden the search field. The end result of this
subquestion is a definition and categorisation of household-based DER, including an overview
of resources with the highest flexibility potential and their flexibility characteristics.

2.2 Electricity market characteristics

After having characterised hDER, this subquestion aims to identify what an electricity market
is and what specific characteristics it has. Since there is no commonly used definition or list of
characteristics of an electricity market, it is important first to identify this so that a common
starting point is clarified. Only when such common ground is found, it makes sense to propose
alterations that better integrate hDER.

As it was still unclear which factors play an important role, qualitative research is used, as
this type of research is suitable in the search for determining relevant variables (Creswell,
2014). The development of the characterisation is based on a small selected set of literature
arising from a variety of sources. Table 2.2 lists the sources that are used as basis for the
characterisation. This set of sources is chosen to properly represent academic, regulatory, and
practical perspectives on the working of electricity markets. The list is set up through expert
consultation and an unstructured literature search in which first a broad set of sources were
screened, and finally the most valuable ones were selected. It does not add value to do a
broader literature search since saturation of mentioned characteristics occurs relatively soon.
Therefore, only key publications are considered. The academic book written by Kirschen and
Strbac (2018) explains the fundamentals of power system economics and the operation of the
electricity markets. The technical report by Meeus and Schittekatte (2018) describes the elec-
tricity markets (in Europe) based on key European regulations and guidelines. Lastly, the
websites of the two largest power exchanges in the Netherlands (EPEX Spot & Nord Pool) are
evaluated, where they describe the practicalities of market operation and product definitions
(EPEX Spot, 2021a; EPEX Spot, 2021d; Nord Pool, 2020).
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Type Title Authors Year
Web page Basics of the Power Market EPEX Spot 2021
Trading brochure Trading at EPEX Spot EPEX Spot 2021
Market regulations Intraday market regulations Nord Pool 2020
Book Fundamentals of power system economics Kirschen & Strbac 2018
Report The EU electricity network codes Meeus & Schittekatte 2018

Table 2.2: Sources that are used in the identification of market characteristics.

Then, in the reviewing of the collected data, the purpose is to identify central issues (Creswell,
2014), which in this case are characteristics of electricity markets. The selected sources are
manually coded, through an emerging coding style, meaning that codes arise throughout the
coding process instead of being defined beforehand. In practice, this implies that when a source
describes a market characteristic (without the source itself pinpointing it as a ‘characteristic’
/ ‘parameter’ / ‘variable’), the sentences that describe the characteristic are highlighted, and
a code is applied. Subsequently, the codes are brought together, where characteristics with
different names but the same meaning are merged and where characteristics that are related
to each other are grouped in themes. An overview of all codes per source and their eventual
chosen characteristic name is presented in Table B.1 in Appendix B.

Finally, informal discussions with market experts and screening of randomised electricity mar-
ket publications are used to validate the completeness and rightness of the identified charac-
teristics. The end result of this subquestion is an overview of electricity market characteristics,
grouped in several themes.

2.3 Market barriers

By juxtaposing the hDER flexibility and electricity market characteristics that are the out-
comes of subquestions 1 and 2, an assessment framework is created for the analysis of barriers.
Data that discuss market integration barriers of hDER flexibility were collected from academic
and grey literature sources. These data sources were manually coded, and the codes (that
represent market barriers) are positioned in the assessment framework. Lastly, validation took
place by complementing the barriers that are indicated in the framework with insights from
interviews.

The identification of relevant literature that describes market barriers that hamper flexibility
from hDER to be integrated in the electricity markets is in first instance mainly focused on
grey literature. This is because organisations that are directly involved in developing the mar-
ket design (e.g. European Commission and ENTSO-E) have the most knowledge about and
can provide the most detailed insights into the market design. Furthermore, results from pilot
projects or pioneers in bringing hDER flexibility to the electricity market are also often grey
literature (e.g. case study reports or work package reports). Table 2.3 specifies the selected
grey literature sources. The reason for focusing on the Intraday market is discussed in Chapter
6. In order to complement insights from the grey literature sources with academic insights, a
narrowly targeted search is computed in the Scopus database. The following string of search
terms is used within the Article title, Abstract & Keywords: (‘barrier*’ OR ‘limit*’) AND
‘market*’ AND ((‘distributed’ AND ‘energy’ AND ‘resource’) OR ‘der’) AND (‘intraday’ OR
(‘intra’ AND ‘day’) OR ‘intra-day’). This resulted in seven publications, which are stated in
Table 2.4. After reading their abstracts, six of the seven publications were selected to be used
in the analysis.
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Title Authors Year
Options for the design of European Electricity markets in 2030 ENTSO-E 2021
Review of flexibility platforms Frontier Economics and ENTSO-E 2021
Policy/Market Reform Recommendations Report FLEXCoop 2021
Flexibility services for energy cooperatives REScoop.eu and FLEXCoop 2021
Practical deployment of electric vehicle flexibility Jedlix and USEF 2020
The future electricity intraday market design European Commission 2019
Regulatory priorities for enabling demand side flexibility European Commission 2019
Demand side flexibility: perceived barriers and proposed recommenda-
tions

European Smart Grids Task Force 2019

Study on the effective integration of Distributed Energy Resources for
providing flexibility to the electricity system

Sweco et al. 2015

Table 2.3: Overview of the selected grey literature reports.

Title Authors Year Cited
by

Included

Bringing distributed energy storage to market Goebel and Jacobsen 2016 20 Yes
Two stage decision making of technical virtual power
plants in electricity market via Nash-SFE equilibrium

Nezamabadi and Vahidi-
nasab

2015 6 Yes

Joint Optimisation of Active and Reactive Powers in
Active Distribution Network With ”Generation-grid-
load-energy storage” Interaction in Power Market En-
vironment

Xu et al. 2019 4 No, focus
on optimi-
sation

Business cases of aggregated flexibilities in multiple
electricity markets in a European market design

Schwabeneder et al. 2021 2 Yes

Enhancing the economic benefit of fair PV curtailment
with an improved remuneration mechanism

Medved et al. 2015 1 Yes

Increasing DER integration through discrete intraday
settlements

Newman and MacDougall 2021 0 Yes

Market Design for Electric Vehicles Weiller et al. 2020 0 Yes

Table 2.4: Overview of the resulting seven papers after the Scopus search string of (‘barrier*’
OR ‘limit*’) AND ‘market*’ AND ((‘distributed’ AND ‘energy’ AND ‘resource’) OR ‘der’)
AND (‘intraday’ OR (‘intra’ AND ‘day’) OR ‘intra-day’).

Subsequently, the grey and academic literature are assessed through a combination of prede-
termined and emerging coding. Barriers that are related to the market design characteristics
are coded along with the characteristics that are determined in Chapter 6. The descriptions of
these barriers are then used to populate the assessment framework in which market and hDER
characteristics are juxtaposed. Barriers that are related to the market but are not related to
the market characteristics are coded in an emerging style. In this way, these other types of
market barriers can also be demonstrated, and the importance of the market characteristic
barriers can be put in perspective.

Lastly, interviews are used to validate the barriers that are found in the literature. In this
way, the barriers can be complemented with barriers and insights from a practical perspective.
Interviewees are selected in such a way that the electricity market, as well as the hDER per-
spective, are properly represented. A market operator is included to provide in-depth insights
into market design alternatives. A commercial aggregator is included to contribute practical
experiences with bringing the flexibility of hDER to the electricity markets. An energy cooper-
ative and the umbrella association of Dutch energy communities are included to represent the
hDER/citizen perspective. Since the citizens that are active in energy communities already
have a certain level of knowledge and interest in the energy field, they are a suitable candidate
to represent the citizen perspective. Table 2.5 provides an overview of the selected interviewees.

The interviews were performed online via Microsoft Teams. A semi-structured approach was
chosen because it allows for a flexible but at the same time targeted interview. This makes it
possible to dive deeply into a topic and reach a thorough understanding of the answers (Har-
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Person Position Organisation Description
Jorrit Nijholt Head of IT ETPA1 Market operator of an electricity trading plat-

form that aims at improving market accessibil-
ity

Guillaume Vanstraelen International business &
project manager

Jedlix Commercial aggregator that is a pioneer in
bringing flexibility of EVs to the electricity
market

Dominique Doedens Director Escozon First cooperative that on behalf of an energy
community provides balancing services to the
Dutch TSO

René van Vliet Project manager
Flexlokaal

EnergieSamen Umbrella association of Dutch energy com-
munities that is involved in several flexibility
projects

Table 2.5: Overview of the interviewees.

rell & Bradley, 2009). The corresponding informed consent and interview guide are shown
in Appendix C. The interviews were recorded, manually transcribed and manually coded.
Again a combination of predetermined and emerging coding was used: the electricity market
characteristics were used as predetermined codes and were placed at parts of the interview in
which the interviewee described a market characteristic barrier. Emerging codes were applied
for parts of the interview in which barriers came forward that were not related to the market
characteristics. The interview transcripts, including codes, are presented in Appendix D. The
end result of this subquestion is an overview of market integration barriers of hDER flexibility
in terms of electricity market characteristics.

2.4 Market integration solutions

Subsequently, after having identified the barriers for hDER flexibility integration, solutions can
be formulated that can help in overcoming these barriers. Similar to the previous subquestion,
data from grey and academic sources are identified and manually coded to formulate solutions.
Validation of the proposed solutions and their feasibility took place by performing interviews.

The data collection in this subquestion builds further on the data that is used in the previous
subquestion, where the barriers are identified. Regarding grey literature, the same publications
were considered (as shown in Table 2.3). Other academic publications were collected through
a targeted search in the Scopus database. The following search terms were used within the
Article title, Abstract & Keywords: (‘solution*’ OR ‘adaptation*’) AND ‘market*’ AND ((‘dis-
tributed’ AND ‘energy’ AND ‘resource’) OR ‘der’) AND (‘intraday’ OR (‘intra’ AND ‘day’)
OR ‘intra-day’). This resulted in eleven publications, which are shown in Table 2.6. Even-
tually, after reading the abstracts of all publications, seven are selected to be analysed in-depth.

Again a similar analysis approach as in subquestion 3 was performed, which means applying a
combination of predetermined and emerging codes. Solutions that directly relate to the market
characteristics and which propose specific adaptations of such characteristics are coded in a
predetermined way. For other solutions that came forward emerging coding was used. Then,
the solutions are positioned in the assessment framework to verify whether all barriers are
covered.

Finally, interviews were used to validate the solutions and proposed adaptations. The inter-
views of subquestions 3 and 4 were combined, so the same interviewees and methods hold for

1In the interview with Jorrit Nijholt, he did not represent the ETPA perspective but provided input that
comes from his experience in the electricity sector in general.
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Title Authors Year Cited
by

Included

Adaptive Portfolio Optimization for Multiple Electricity Mar-
kets Participation

Pinto et al. 2016 41 Yes

Event-based scheduling of industrial technical virtual power
plant considering wind and market prices stochastic behaviors
- A case study in Iran

Hooshmand,
Nosratabadi &
Gholipour

2018 25 No, focus on
industrial
VPP

Intraday Residential Demand Response Scheme Based on
Peer-to-Peer Energy Trading

Liu, Qi & Wen 2020 24 Yes

Game-based generation scheduling optimisation for power
plants considering long-distance consumption of wind-solar-
thermal hybrid systems

Yuan et al. 2017 9 No, focus
on power
plants

Evaluation of the appropriateness of hospital care in internal
medicine: Reliability of a german adaptation of the >>Ap-
propriateness Evaluation Protocol<<

Schneeweis et al. 2000 6 No, medical
publication

The Strijp-S living-lab: Testing innovative solutions for fault
protection, self-healing, congestion management, and voltage
control

Fonteijn et al. 2018 3 Yes

Battery Storage Participation in Reactive and Proactive
Distribution-Level Flexibility Markets

Badanjak &
Pandzic

2021 1 Yes

Enhancing the economic benefit of fair PV curtailment with
an improved remuneration mechanism

Medved, Prislan &
Gubina

2015 1 Yes

An interactive dispatching strategy for micro energy grids con-
sidering multi-energy flexible conversion based on the three-
level optimisation perspective

Ju et al. 2021 0 Yes

Portfoliooptimierung eines österreichischen
Wasserkrafterzeugers: Optimaler einsatz der kraftwerks-
flexibilitäten am stundenprodukt- und regelenergiemarkt

Wulz 2017 0 No, focus on
hydro power
plant

Desiderata for agent-based power regulation protocols in
smart grids

Mihailescu, Vasir-
ani & Ossowski

2012 0 Yes

Table 2.6: Overview of the resulting eleven papers after the Scopus search string of ((‘solution*’
OR ‘adaptation*’) AND ‘market*’ AND ((‘distributed’ AND ‘energy’ AND ‘resource’) OR
‘der’) AND (‘intraday’ OR (‘intra’ AND ‘day’) OR ‘intra-day’)).

this subquestion. In the manual coding, the identified solutions were used as predetermined
codes. The end result of this subquestion is a set of proposed solutions that would better
integrate hDER flexibility in the electricity markets. Figure 2.1 shows a visualisation of the
end results of the four subquestions and how they relate.

Figure 2.1: Visualisation of the outcomes of the subquestions and how they relate.
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3 Theory

This thesis is about integrating hDER in the electricity system under the influence of a great
number of developments. Such a change implies a radical transformation of the way in which
the current energy system is organised. The organisation of and transition in a system that
provides such a profound societal function can be conceptualised as socio-technical. Namely,
this function is not pursued by technologies alone, but rather by a combination of and inter-
play between technologies, user practices, cultures, policies, infrastructures, business models
and markets (Geels, 2019).

Transitions in such socio-technical systems are studied in the field of sustainability transitions.
This relatively young scholarly discipline builds on ideas and concepts from other disciplines
such as innovation studies, science and technology studies (STS), evolutionary economics, his-
tory and sociology of technology, and constructive technology assessment (Smith et al., 2010;
Markard et al., 2012). At the interface of these disciplines, it has developed an elaborate view
of large-scale socio-technical changes. In order to study these socio-technical changes, several
conceptual frameworks are developed, of which the Multi-Level Perspective (MLP) is one of
the most popular ones. The MLP framework can be used to structure the analysis of complex
systems and structural transformations (Smith et al., 2010).

This chapter explains the dynamics of a system transition from a conceptual perspective. Such
a perspective allows to frame the research on hDER integration and electricity markets, to put
into context the bigger picture, and to explore how micro processes link up with broader devel-
opments. First, the three analytical levels of the MLP framework and their relevant concepts
are explained. Then, the transition dynamics that take place in and between these levels are
depicted. Finally, the importance of the market dimension of the regime is highlighted, as it
plays a major role in transitions and has been studied very little.

3.1 Multi-Level Perspective

One of the core frameworks that captures the socio-technical transition process is the Multi-
Level Perspective (MLP) (Geels, 2005; Markard et al., 2012; Geels, 2019). Its strength lies in its
ability to capture the bigger picture, and structure the analysis of complex systems and struc-
tural transformations (Smith et al., 2010). The MLP framework distinguishes three analytical
levels: the macro level which is referred to as the landscape, the meso level which is referred
to as the regime and the micro level which is referred to as the niche. These are explained below:

The landscape level refers to the broader and external context in which the other levels are
situated (Smith et al., 2010). It encompasses deep-structural gradients, which make some ac-
tions easier than others (Geels & Schot, 2007). The organisational structure of the landscape
is mostly static, however, it has a range of dynamic elements as well (Geels & Schot, 2007).
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Driel and Schot (2005) have identified three kinds of dynamic landscape factors: i) factors that
do not change or which change very slowly, e.g. the climate; ii) factors that change over the
long-term, e.g. urbanisation; and iii) factors that change very rapidly, also called ‘external
shocks’, e.g. earthquakes. This diverse set of factors can be combined in the landscape level
as they all cannot be directly influenced in the short-term (Geels and Schot, 2007; Driel and
Schot, 2005).

The regime level refers to the ‘status quo’, the way in which a system is presently organ-
ised. It exists out of rules and institutions that represent common routines (Geels, 2002).
These rules and institutions and especially their linkages and the extent to which they are
aligned, create the stability of the regime (Geels, 2005). This stability is of a dynamic nature:
changes happen, but only incrementally and in relation to the other elements within the regime.

The regime concept combines ideas from evolutionary economics and insights from the domains
of history and sociology of technology (Markard et al., 2012). It acts as a selection environment
for innovations, and consists of multiple socio-technical dimensions. Smith and Raven (2012)
describe six regime dimensions: industry structure, technology & infrastructure, guiding prin-
ciples, market, policy, and culture & practices. These dimensions are briefly explained in Table
3.1.

Dimension Description
Industry structure Industry networks, platforms, and resource alloca-

tion processes are accustomed to incumbent actors.
Technology &
infrastructure

Physical attributes, infrastructure arrangements,
and standards set technical requirements in line with
dominant technologies.

Guiding principles Socio-cognitive processes and knowledge base steer
developments in familiar (non-radical) directions.

Market Supply and demand, price setting mechanisms, and
dominant market institutions impose incumbent user
practices.

Policy Regulations and policy networks represent status quo
in terms of jobs and voters.

Culture & practices Symbolic representation and cultural values stabilise
routines.

Table 3.1: Overview of the six regime dimensions based on Smith and Raven (2012).

In existing regimes, these dimensions are aligned with each other and reinforce elements within
the system. This leads to innovation in these regimes being incremental and path-dependent
(Geels, 2019). The path-dependency of regime internal innovation is the result of several lock-
in mechanisms, which can be categorised in three groups (Geels, 2019): i) techno-economic
lock-in mechanisms, which include sunk investments and economies of scale; ii) social and cog-
nitive lock-in mechanisms, which consist of routines, social groups and user practices; and iii)
institutional and political lock-in mechanisms, which contain regulations and vested interests.

The niche level refers to spaces where radical innovations can develop. These spaces are pro-
tected from the rules and institutions that are present in the regime, which enables learning
and growing of the niche without having to deal with the incumbent way of market selection
(Geels, 2005). These protected spaces allow for a large variety of innovations as there is no
dominant design yet (Geels, 2002).
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Niches have a similar organisational structure as the regimes, however, they are smaller, less
stable and institutions are still in the making (Geels & Schot, 2007). Eventually, niches can
grow into becoming a regime. However, in case of radically different niches, they first have to
be shielded from incumbent selection pressures. This shielding can take place in two manners:
passive or active. Passive shielding takes place in spaces where due to contingencies less selec-
tion pressures are present (e.g. in a geographical area where no infrastructure is in place yet)
(Smith & Raven, 2012). Active shielding can be constructed through Strategic Niche Man-
agement (SNM) (Kemp et al., 1998), which deliberately takes away certain regular selection
mechanisms such as cost and performance differences (Smith & Raven, 2012).

3.2 Transition dynamics

When a transition evolves, the interplay between these three levels is crucial. Although each
transition is different, and developments that occur internally in each level play an important
role too, the multi-level dynamics of a transition can be generalised in three phases (Geels,
2019). Firstly, novelties arise and grow in the niches and start to get more and more aligned
with each other (Geels, 2005). Secondly, these niches together with developments in the land-
scape can put pressure on the regime (Geels, 2019). Thirdly, this pressure can destabilise the
regime and create a ‘window of opportunity’ for the niches to break through and disrupt the
system (Geels, 2019). An overview of the dynamics between the three levels is illustrated in
Figure 3.1.

Figure 3.1: Transition dynamics in the Multi-Level Perspective (Geels, 2005).
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Within these transition dynamics, empowerment of niches is an important process which can
take two forms (Smith & Raven, 2012): fit and conform, and stretch and transform. On one
hand, fit and conform empowers niches by adjusting the niches in such a way that they better
fit within the present selection environment (Smith & Raven, 2012). In this way, they become
more competitive and can diffuse under the incumbent regime. On the other hand, stretch and
transform empowers niches by changing the selection environment instead (Smith & Raven,
2012). By restructuring the regime pressures in ways that are in favour of the niche, it can can
prevail.

3.3 Markets in transitions

Whereas the market regime dimension can act as a barrier that prevents niches from breaking
through, the study of the diverse characteristics of this market dimension has received only
little attention in literature. In the sustainability transitions field, the conceptualisation of ‘the
market’ is often focused on market formation / creation / expansion / diffusion. This relates to
the market concept as consumers’ cognitive frames perspective, which Diaz Ruiz (2012) defines
as: all existing or potential demand. Accordingly, in the sustainability transitions field, ‘the
market’ is often seen as a concept that embodies possible selling opportunities for an innovation.

This demand focused conceptualisation of the market in sustainability transitions can be ex-
emplified by regarding three of its core frameworks. In the Multi-Level Perspective (MLP), the
market is considered as a regime dimension that considers supply and demand and the uptake
in user practices (Smith & Raven, 2012) (this framework has the least narrow definition of the
market concept). In the Technological Innovation Systems (TIS) framework, the market is part
of the market formation function (Markard, 2020). This function is literally about ‘forming a
market’, which is about establishing a customer base for a certain innovation. Lastly, in the
Strategic Niche Management (SNM) framework, the market concept is present in the market
selection process, from which niches can be protected (Köhler et al., 2019). This market selec-
tion considers the process of selecting innovations that will or will not diffuse in ‘the market’
and create a potential demand.

This focus of the conceptualisation of markets as a customer base fails to consider market
aspects such as price setting mechanisms, transaction practices, and participation constraints,
which can be significant transition barriers. If the market would be conceptualised as an ex-
change platform, with its own rules, institutions and practices, these aspects could be included
and a more comprehensive view on market transition barriers and lock-ins can be constructed.
Therefore, this thesis aims to contribute to the establishment of an enhanced definition of the
concept of markets in transitions.
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4 Dutch Electricity System

As the previous chapter has described the conceptual perspective of system transitions, it is
now possible to employ this perspective in practice. Accordingly, this chapter applies the MLP
framework to the Dutch electricity system in order to systematically assess its current setup
and emerging developments. Each level is discussed in a distinct section. Finally, the critical
position of the electricity markets in the system is emphasised.

4.1 Landscape developments

In the Dutch electricity system six landscape developments are relevant for the energy transi-
tion: digitalisation, decarbonisation, internationalisation, electrification, decentralisation, and
democratisation. These developments partly follow from each other and are strongly intercon-
nected. Therefore, it is important to recognise that the two global mega-trends of digitalisation
and decarbonisation have partly induced or at least steered the four other developments (Jud-
son, Soutar, et al., 2020). For that reason they are described at the start. Then, the four other
developments of internationalisation, electrification, decentralisation and democratisation are
outlined.

Digitalisation

Firstly, digitalisation concerns the increasing use of digital and data-based technologies (Jud-
son, Soutar, et al., 2020). By use of i.a. information and communication technology (ICT),
the capacities of data collection, data processing and automation can be enhanced (Judson,
Soutar, et al., 2020). For the electricity system these capacities are especially relevant, since
its supply, demand and operation all have integrated digital technologies (IEA, 2017). Several
explicit examples of the application of digital technologies in the electricity system are: the
monitoring of electricity flows, prediction of generation and consumption, and automation of
electricity (sub)stations.

As advances in digital and data-based technologies enable digitalisation, this is mostly a tech-
nological development. However, it still has large implications for the way in which society is
organised. For example, because a higher quantity and higher level of detail of information is
available, decision making processes are increasingly based on enormous amounts of data. This
can make decision making processes more abstract and less contextualised. In addition, digi-
talisation brings along other challenges such as cybersecurity and privacy issues, large energy
consumption of data centers and digital technologies, e-waste, and potentially increases energy
injustice (Judson, Soutar, et al., 2020).
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Decarbonisation

In contrast to the more technological development of digitalisation, the second global mega-
trend of decarbonisation is more associated with the political and societal domains. Globally,
the political decision has been made to combat climate change and accordingly reduce green-
house gas emissions, which was triggered by the growing societal view on the urgency of this
challenge. In the Paris Agreement, almost all countries in the world formally acknowledged
the need to cut down greenhouse gas emissions (Stephenson et al., 2021). These countries
have developed decarbonisation strategies, in which emission reduction measures and goals are
stated per sector.

An important element in the decarbonisation of the electricity system is diversification of energy
sources (Akrofi, 2021). This diversity in sources stems from a technical as well as a political
nature. Namely, from the technical point of view, if one source is not able to deliver energy (e.g.
no sun is available), then another source can compensate and take over. At the same time, from
the political point of view, having more diverse and non-carbon based energy sources is also
attractive, as sun and wind are available in basically every country (although magnitudes can
differ substantially), while for a significant part of current (mainly fossil-fuel) energy imports a
dependence on other countries is present. For certain energy products some countries are even
dependent on one single supplier (Chalvatzis & Ioannidis, 2017). For those countries domestic
energy supply enables a higher degree of independence and associated geopolitical benefits.

Internationalisation

The increasing collaboration between countries, referred to as internationalisation, has also
evolved in line with global decarbonisation ambitions and approaches. Multiple international
organisations are set up that coordinate goal setting and implementation of such ambitions.
Within the industry structure of the European electricity system this can be perceived by the
establishment of organisations such as the European Union Agency for the Cooperation of
Energy Regulators (ACER). ACER ensures that the national regulatory authorities of all EU
member states work together in implementing EU energy policies (ACER, 2021).

The effect of such collaboration is made very tangible through an infrastructural and a market
element: the electricity networks of a large part of Europe are connected to each other through
an increasing amount of cross-border interconnections (Schmid & Knopf, 2015), and the Eu-
ropean electricity markets are coupled while there is a long-term view of the European Union
on a single European internal electricity market (Bauknecht et al., 2020).

Electrification

Another development that is very much related to decarbonisation is electrification. Electrifi-
cation is acknowledged to be one of the key pathways to decarbonise a wide range of appliances
and sectors (Bogdanov et al., 2021; Steinberg et al., 2017). Examples are: electric vehicles in
transport, heat pumps for heating and cooling of buildings and electric boilers for industry.
The benefit of electricity is that electric appliances often are efficient and that decarbonisation
of electricity generation is possible by using RES (Van Nuffel et al., 2018).
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The electrification of these various sectors increases the importance of electricity and the sys-
tem around it. Total electricity demand in Europe is expected to increase with 1.8 % per year
by 2030 (Deloitte et al., 2021). Digitalisation increases electricity demand further as digital
infrastructure (e.g. datacenters) consume large volumes of electricity (Morley et al., 2018). As
all these digital technologies are dependent on electricity, attention should be paid to potential
electricity dependency risks.

Decentralisation

Many electric technologies drive another trend, namely decentralisation. Supply technologies
such as PV can be connected at more decentral parts of the electricity network (e.g. at house-
hold level), instead of only centrally. This reduces the necessity for centralised transmission
and distribution networks. At the same time, demand technologies such as heat pumps and
EVs increase the load that is connected at the household level. This puts more stress on the
lowest level of the distribution network. In combination with improvements in connection of
and communication between such technologies and the broader system that digitalisation en-
ables, this moves the electricity system in a more decentral direction.

Next to this technical decentralisation, also social and political decentralisation are taking place
(Judson, Fitch-Roy, et al., 2020). Energy communities are an example of this, as these are
involved in locally organising and shaping energy decisions. This allows for a shift towards
more decentral decision-making and ownership in the energy domain.

Democratisation

While decentralisation contributes to a better starting point for citizens with regard to en-
ergy participation, it does not automatically lead to the final development of democratisation
(Judson, Fitch-Roy, et al., 2020). The increase of decentral, often electric and digitally steered
technologies such as PV panels or heat pumps, make it possible for citizens to own energy
assets that are able to deliver a service to the electricity system. This allows them to produce
electricity, earn or save money, and contribute to decarbonisation.

Although owning such assets improves the abilities of citizens to participate in the energy sys-
tem, it is just a first step towards democratisation. Other important aspects of democratisation
for example are the institutionalisation of democratic principles such as a fair cost and benefit
distribution (Becker & Naumann, 2017) and involvement in decision-making (Roby & Dibb,
2019). If such aspects could be advanced, citizen empowerment could help in supporting wider
changes in the energy system (Roby & Dibb, 2019). Table 4.1 summarises the key elements of
the six landscape developments.
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Digitalisation Decarbonisation Internationalisation
-Increasing use of digital and data-
based technologies

-Carbon emissions need to decrease
radically due to climate change

-Increasing global & European collab-
oration

-Enhances capacities of: data collec-
tion, data processing and automation

-Diversification of energy sources
makes countries less dependent

-Exemplified by European electricity
grid and market coupling

-Brings along other challenges such as
cybersecurity and privacy issues
Electrification Decentralisation Democratisation
-Electrification seen as key pathway
to decarbonisation in several sectors
/ appliances

-More generating and consuming as-
sets are being connected at local parts
of the electricity network

-Citizens can own these more decen-
tral energy assets and reap benefits
from this

-Increasing importance of (and depen-
dence on) electricity network

-Decision-making power is also partly
shifting to local actors

-Fair cost-benefit allocation and cit-
izen involvement can support wider
changes

Table 4.1: Summary of all key elements per landscape development.

4.2 Regime dimensions

The regime of the Dutch electricity system is situated within the context of those broader
landscape developments. This section describes the seven regime dimensions of the Dutch elec-
tricity system: the guiding principles, industry structure, technology, policy, infrastructure,
culture & practices, and market dimensions. The current way of working of these dimensions,
their internal developments, and their relation to each other are illustrated.

Unlike Chapter 4, which introduces six regime dimensions based on Smith and Raven (2012), in
the electricity system it is more suitable to split technology and infrastructure as two separate
dimensions. Namely, a different way of operating of the electricity infrastructure is required
because of developments in consuming and generating technologies (e.g. PV, EV) that put
more stress on the grid. Thus, due to the tension between the technologies and the grid infras-
tructure in the electricity system, these parts of the system can better be considered separately.

Guiding principles

The current key guiding principles that are embedded in the Dutch electricity system are its
dependence on the use of fossil fuels and its centralised form of organisation.

Figure 4.1 shows that the Dutch electricity production for a long time has been (and still is)
mainly based on fossil fuels (∼80 %) (CBS, 2015). This use of fossil fuels also relates with
the centralised organisation, as the fossil fuel based power plants that generate electricity are
central in nature. Figure 4.2 illustrates the degree of centralisation of the Dutch electricity
system. It shows that in the beginning of setting up the electricity system, almost only cen-
tralised production was available. However, from approximately 1990 onwards more and more
decentral generation was built, which relates with improvements in PV and wind turbine tech-
nologies. Still, in 2013 more than 60 % of Dutch electricity production was centrally generated
(CBS, 2015).

Next to centralised generation, the Dutch electricity system also incentivises centralised con-
sumption. Namely, while household consumers pay more per kWh if they consume more (when
taxes are included), large commercial and industrial consumers pay less per kWh if they con-
sume more (CBS, 2015).
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Figure 4.1: Origin of sources of Dutch elec-
tricity production (CBS, 2015).

Figure 4.2: Degree of centralisation of Dutch
electricity production (CBS, 2015).

These principles that are embedded in the system can be considered as a paradigm. The key
paradigm that presently guides the organisation of the electricity system is referred to as the
Centralised Fossil Paradigm. It relates to the large-scale generators (operated by large-
scale actors) that operate based on fossil fuels. However, other paradigms are emerging. As
Figure 4.3 shows, these are categorised along two dimensions: degree of centralisation and
degree of decarbonisation.

Figure 4.3: Electricity system paradigms along two dimensions: degree of centralisation and
degree of decarbonisation.

The Decentralised Fossil Paradigm is barely observed in reality (only micro-CHPs or emer-
gency power units are associated with this paradigm). The reason for this is that decentral
generation of electricity through burning fossil fuels is not an efficient way of energy system
organisation. Namely, this would require substantial decentral fossil fuel distribution infras-
tructure. Furthermore, as this paradigm still concerns fossil fuels, it does not resonate with
decarbonisation ambitions and further development of this paradigm is irrelevant.

A different way of organising the electricity system is proposed by the Centralised Renew-
able Paradigm. This paradigm has one main technology at its basis: offshore wind turbines.
These turbines are often placed in centralised parks that consist of huge amounts of wind tur-
bines next to each other and are operated by large-scale actors.
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The most radical new way of organising the electricity system is proposed by the Decen-
tralised Renewable Paradigm. This paradigm is based around Distributed Energy Sources,
which are smaller scale and decentral in nature. This allows smaller scale actors such as citizens
to take a more active role in the electricity system, while driving the transition towards RES.

An important remark with regard to the paradigms is that one paradigm does not have to
exclude the others. Different paradigms can coexist in one system. Such a mix of principles is
even necessary to be able to transform from the current system organisation towards a new way
of organising the system. Currently, a mix of these paradigms is already present, in which the
Centralised Fossil Paradigm is losing momentum and the Decentralised Renewable Paradigm
and the Centralised Renewable Paradigm are gaining momentum. Section 2.3 elaborates more
on the emerging paradigms and how they interact with the current regime.

Industry structure

The principle of centralised organisation is also demonstrated in the industry structure dimen-
sion, which has an incumbent orientation on large-scale actors. This dimension is about the
structure and networks that the electricity industry actors are interwoven in.

The structure of the electricity industry has changed a lot over the past two decades due to
liberalisation and unbundling policies (the Policy dimension elaborates more on these policies).
The current structuring of the electricity system in most European countries encompasses var-
ious roles. In a report for the European Commission, Sweco et al. (2015) have defined these
roles in-depth. Table 4.2 describes these roles and the corresponding activities, while Figure
4.4 shows the relations between them. While new roles such as prosumers, energy service com-
panies and aggregators are emerging. the exact activities that they can perform are still being
defined and they are currently only a minor part of the ‘status quo’ of the industry structure.
Therefore, they are not taken into account at this moment.

Role Activities
Transmission System Operator
(TSO)

-Operates the high-voltage transmission grid,
-Responsible for the electricity system balance between supply and demand,
-Organises physical and financial settlements between other parties,
-Ensures long-term system adequacy by planning generation and transmission ca-
pacity

Distribution System Operator
(DSO)

-Operates and plans the low- and medium-voltage distribution grid,
-Responsible for local grid stability and quality,
(-Traditionally, grid operation is carried out in a passive manner, referring to grid
enforcement when inadequate capacity or congestion is present)

Central Generator -Generates electricity,
-Provides balancing services (through ramping up and down)

Supplier -Provides consumers with electricity
-Buys energy (via BRP) from wholesale markets or directly from generators, and
sells this energy through retail markets,
-Must be related to a balance responsible party

Balance Responsible Party
(BRP)

-Manages and is responsible for resolving imbalances in its portfolio of generation
and consumption

Balancing Service Provider
(BSP)

-Offers balancing services to the TSO through the balancing markets

Consumer -Consumes electricity,
(-In the traditional electricity market organisation seen as a passive and inelastic
consumer)

Table 4.2: Electricity system roles, based on Sweco et al. (2015)
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Figure 4.4: Electricity system roles and relations.

Actors that take up these roles operate within an industry structure context that is set by
government authorities and regulatory bodies. While government ministries set targets and
define longer-term policies, the most important function that directly controls and shapes this
structure lies with the regulator. The regulator monitors the electricity markets and defines
maximum tariffs for grid connection and transport (CBS, 2015). In the Netherlands, this reg-
ulator is the ACM (Netherlands Authority of Consumer and Market). This is an independent
regulatory body within the Dutch government (ACM, n.d.).

The Dutch regulator has a lot of contact with other European regulators through ACER, which
is the Agency for the Cooperation of Energy Regulators (ACER, 2021). Comparable associa-
tions are established for TSOs and DSOs: ENTSO-E, the European Network of Transmission
System Operators for Electricity (ENTSO-E, 2021a), and E.DSO, the European Distribution
System Operators (E.DSO, 2021). Through these collaboration efforts, knowledge can be
shared and international integration can be facilitated.

Technology

Next, the technology dimension concerns the technologies that are used in the Dutch electricity
system. Technologies can be categorised into generation and consumption, which both include
a very diverse set of technologies.

Dutch electricity generation is mostly based on power plants that use natural gas as the en-
ergy source (EBN, 2020). The source of a power plant determines the exact technologies that
are required inside the plant. In the case of gas power plants, technologies are used that are
equipped to rotate a turbine by burning gas. This turbine then drives a generator that gener-
ates the electricity. As Figure 4.5 shows, the share of natural gas in 2019 has remained similar
to its share in 2000. The figure also shows that in the past two decades the increase in RES
is mainly linked with the decline in coal. This means that a shift in generating technologies
is taking place. On the other hand, the technologies that consume electricity are very diverse
and can be grouped into industrial, commercial and residential applications. The range and
number of technologies that consume electricity is increasing due to the landscape development
of electrification.
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Figure 4.5: Share of energy sources for electricity production in the Netherlands (EBN, 2020).

The incumbent power plants that generate electricity are large-scale and centralised, which is
reflected by the large scale and limited number of the incumbent actors (Mourik et al., 2020).
This is a good example of the socio-technical nature of the electricity system.

The RES generation technologies that replace these fossil-fuel based power plants have a higher
variability and uncertainty of generation, which leads to a higher need for flexibility. Future
outlooks mention that storage technologies can offer such operational flexibility, however, effi-
ciency improvements and cost reductions in storage technologies are still required (de Sisternes
et al., 2016). Another way to provide flexibility is through demand response, which already
happens through large industrial and commercial consumers (Gottwalt et al., 2017).

Policy

The desire and decision to shift towards RES generation technologies is partly determined in
the policy dimension. This dimension considers the political directions and instruments that
shape the working of the electricity system.

The last two decades the electricity policies in the Netherlands and throughout the whole Euro-
pean Union have profoundly changed the structure of the electricity industry. Namely, policies
enforced that the processes of liberalisation and unbundling (remove vertical integration of
generation, transmission, distribution and supply) were set in motion (Pepermans, 2019). This
had a large impact on the structure of and actors in the system: actors in the generation and
supply parts of the system became prone to more competition, while the actors in the trans-
mission and distribution parts remained regulated due to their natural monopolistic structure.

For the coming decades, Dutch energy policy determines several technology related directions:
coal fired power plants are phasing out, national gas production is decreasing and a large share
(>50%) of planned renewable capacity for 2030 is proposed to be offshore wind (Dutch Govern-
ment, 2019). It is important to note that especially the decision to phase out domestic natural
gas production makes the Netherlands more dependent on other countries for its energy supply
in the short- to mid-term. Figure 4.6 shows the decreasing Dutch self-sufficiency with regard to
energy production. This exemplifies the political consequences of deciding technical preferences.
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Figure 4.6: Yearly share of self-sufficient energy production in the Netherlands through pro-
duction of natural gas and renewable energy (EBN, 2020).

The broader current ambitions of the Dutch energy policies are focused on intensifying de-
carbonisation ambitions and stress active participation of citizens (Dutch Government, 2019).
Instruments are in place that stimulate those ambitions. Examples of these instruments are:
the net metering scheme for households with PV panels, the SDE+ subsidy for renewable en-
ergy producers, and a minimum carbon price for electricity production (Dutch Government,
2019).

Infrastructure

The infrastructure dimension concerns various factors that support and facilitate the working
of the electricity system. The transmission and distribution systems, in combination with dig-
ital infrastructures are an important part this.

In western countries, large parts of the physical grid infrastructure of the transmission and dis-
tribution networks are reaching the end of their technical and economic lifetime (Kok, 2013).
This indicates that soon new investments are required to replace or adapt these networks.

At the same time, the stress on distribution infrastructure is getting heavier due to higher
peak loads and connection of decentral generation (Deloitte et al., 2021), while transmission
infrastructure is getting more and more interconnected with other countries (Schmid & Knopf,
2015). Currently, the Dutch transmission grid is connected to the grids of Belgium, Germany,
the United Kingdom, Norway and Denmark (Dutch Government, 2020). Via these intercon-
nections, the Dutch grid can exchange electricity with other countries. The Netherlands is a
net-importer of electricity (CBS, 2015).

Next to the physical infrastructures, digital ICT infrastructure has become very important for
the operation of the electricity system. Apart from its role in power plant operation, network
protection and electricity billing, also newer infrastructures such as smart meter infrastructures
are getting off the ground (Van Aubel & Poll, 2019).
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Market

An important mechanism that keeps the infrastructure running, namely the balancing of sup-
ply and demand, takes place in the market dimension. This dimension concerns the setup and
rules of the different electricity markets.

In a liberalised system, ‘the market’ is responsible for matching supply and demand. In the
wholesale markets, this means that the BRPs have to submit an e-programme with their ex-
pected generation and consumption, whereas the TSO facilitates the operation of these markets
and intervenes when in real-time BRPs deviate from their programme.

Since RES generation is more difficult to predict due to its dependency on variable and un-
certain weather conditions, BRPs have a harder time forecasting the generation part of their
portfolio. This makes shorter term markets such as the intraday market more important, as
there prediction errors can be mitigated closer to real-time (USEF, 2018b).

Furthermore, because of the coupling of the European electricity markets, the liquidity of these
markets has increased (Meeus & Schittekatte, 2018). This makes it easier to access flexibility
from other countries and makes it attractive to invest in assets that can provide flexibility.

Culture & practices

The final part of the electricity system regime is the culture dimension. This dimension consid-
ers practices and norms in the electricity domain. A differentiation between consumer energy
culture and national energy culture is used in describing the culture dimension.

An important factor in the consumer energy culture is that consumers have very high availabil-
ity expectations of the electricity system. These expectations stem from the fact that electricity
has become an integral part of daily life. As Global Environment Fund and Global Smart En-
ergy (2008) put it: “Electricity went from a novelty to a convenience to an advantage to an
absolute necessity.” (p. 12). However, in spite of electricity’s transformation into a necessity,
it is a low involvement product. Electricity is relatively inelastic as routines play a large role
in its usage (Kubli et al., 2018). Lastly, a cultural shift in awareness, social movements and
protests is taking place with regard to the impact of climate change and thus the importance
of reducing emissions and increasing renewable electricity generation (Judson, Soutar, et al.,
2020).

In addition to consumer energy cultures, Stephenson et al. (2021) have defined the concept of
national energy cultures. Stephenson et al. (2021) explain that this concept interprets a culture
as a nationally-specific set of artefacts, norms and policies. In Dutch energy culture, it should
be noted that natural gas historically has been (and still is) an important domestic source of
energy and financial national income (Salet, 2021). As such, it has become institutionalised
in its national energy culture. Another more general aspect of Dutch political culture is its
‘poldermodel’ negotiation method, which is based around horizontal negotiations that aim to
create commitment and forge cooperation (Salet, 2021). Table 4.3 shows a summary of all key
elements per regime dimension.
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Guiding principles
-Fossil fuels have been the basis of Dutch electricity production for a long time
-The Dutch electricity system is mainly set out for centralised generation and consumption
-The current guiding principles are positioned as being a ‘Centralised Fossil Paradigm’
-The ‘Centralised Renewable Paradigm’ and ‘Decentralised Renewable Paradigm’ are emerging
Industry structure
-Last two decades electricity system and markets went through liberalisation and unbundling
-Conventional roles are: TSO, DSO, central generator, supplier, BRP, BSP and consumer
-New roles of aggregator, energy service company and prosumer are emerging
-Independent regulator monitors markets and sets transport tariffs
Technology
-Current Dutch electricity generation is mostly based on gas
-Decline in coal usage is substituted by the increase in RES usage
-The large-scale of conventional power plants relates with the large-scale of the incumbent actors
-Efficiency improvements and cost reductions in storage technologies are still required
-Variability and uncertainty of RES need to be resolved through flexibility
Policy
-Current Dutch energy policies intensify decarbonisation ambitions & stress active participation of citizens
-Technology related directions are: phaseout of coal power plants, decrease national gas production, and more than
50 % of renewable capacity planned to be offshore wind
-Instruments to stimulate renewable generation are in place: net metering scheme, SDE+ subsidy, ETS price
Infrastructure
-Technical electricity grid infrastructure in western countries is reaching end of technical and economic lifetime
-Electricity infrastructure locally has to deal with higher peak loads, while globally gets more interconnected
-Digital and decentral ICT control infrastructure becomes more feasible and important
Market
-‘The market’ is responsible for matching supply and demand, which relates to BRPs being the responsible actors
-European market coupling increases market liquidity
-Short term markets are getting more important as there prediction errors can be mitigated by trading flexibility
Culture & practices
-Consumers have very high availability expectations of the electricity system
-Electricity is a low involvement product
-A cultural shift in awareness, social movements and protest action is taking place
-Historically gas has been (and still is) an important domestic source of energy and financial income for the state
-Dutch political culture is based around horizontal negotiations that aim to create commitment and forge cooperation

Table 4.3: Summary of all key elements per regime dimension.

4.3 Niche paradigms

The niche level is situated within the context of challenges that are prevailing in the regime.
Several niches that are situated within the Dutch electricity system are already in the phase of
aligning, and the guiding principles of the current system organisation are being influenced by
the new and radically different guiding principles. When looking at the current system organi-
sation and at the niches, they can be discussed along the four paradigms of guiding principles.
The extent to which these niches are aligned and their interaction with the current system
organisation are pointed out below. Since the Decentralised Fossil Paradigm is barely observed
in reality and does not contribute towards decarbonisation ambitions, it is not discussed.

Within the Centralised Fossil Paradigm three niches that relate to this paradigm are worth-
while to be mentioned. These niches do not change the centralised organisation of the system,
but do offer options for decreasing the intensity of fossil fuels in the system.

Three niches are interesting to discuss. The first one is Carbon Capture and Storage (CCS).
By capturing carbon emissions at the power plants and storing them, carbon is prevented from
entering the atmosphere (Elias et al., 2018). In this way, emissions can be reduced while con-
tinuing with fossil fuels. Secondly, power plants can shift to using biomass as source instead
of coal. As long as the biomass is harvested in a sustainable way, in principle these power
plants achieve net-zero emission (Teixeira et al., 2018). It should be noted that there is only a
limited capacity available for sustainable production of biomass, so widespread implementation
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of this option is not possible. Thirdly, nuclear fission reactors provide an option for zero carbon
electricity generation. These do produce hazardous nuclear waste, which has to be disposed in
special nuclear disposals and lasts for hundreds of years. Although nuclear reactors are part
of the regime in other countries (e.g. France), in the Netherlands only one reactor is currently
present (IAEA, 2019).

In contrast, the Centralised Renewable Paradigm proposes a new way to organise the elec-
tricity system which is still centralised, but then based on RES. The electricity that the offshore
wind turbines generate is often combined in a transformer station, after which one or a couple
of large cables transport the electricity onshore (Zuo et al., 2020). As such, this paradigm
can be considered as being even more centrally organised than the current system organisation
(Bauknecht et al., 2020). Namely, the wind parks are often connected to the transmission grid
and the location of generation is further away from the location of consumption.

Since the main technology (offshore wind), associated guiding principles (centralised and re-
newable), and required infrastructure (large transmission cables) of the Centralised Renewable
Paradigm have been introduced, its relations with other regime dimensions can be discussed.
The large-scale and centralised nature of offshore wind parks come with large-scale actors that
build and operate these parks. This fits well within the current industry structure. Its scale re-
lates also to the large magnitudes of electricity that these actors bring to the market, which can
be compared to the magnitudes of incumbent power plants. However, as generation through
wind is more variable and uncertain, the BRPs that these wind park actors are related to
get a more difficult job to balance their portfolio, and short-term markets are expected to get
more important. In policy, the Dutch government has already stated that >50 % of planned
renewable capacity for 2030 will be offshore wind (Dutch Government, 2019), which provides a
certain degree of risk reduction when investing or preparing in the direction of this paradigm.
Lastly, the Dutch culture of ‘the fight against water’ that has emerged through the building of
dams and dykes has created significant expertise in building in water. This expertise can be
used in the building of offshore wind parks in the North Sea.

Finally, the Decentralised Renewable Paradigm proposes the most radically different way
of electricity system organisation. This paradigm is based around three niches and especially
their alignment: Distributed Energy Resources, decentral ICT and energy management sys-
tems, and active citizen participation. The first niche is the uptake of decentral generating
and consuming assets: Distributed Energy Resources. This niche is the basis for the other
niches, as the smaller scale and decentral nature of these technologies allows consumers to
buy them and connect to the system at the local level. Secondly, digital and decentral ICT
and energy management systems facilitate the operation and control of these decentral assets
(van Summeren et al., 2020). This makes it possible to arrange the connection of these assets
to the current system. Thirdly, citizens are more and more actively participating in the energy
system. By buying DER, organising themselves in communities, and increased awareness of
the importance of RES, they are becoming drivers of the energy transition (van Summeren
et al., 2020).

Since the guiding principles (decentralised and renewable) of the Decentralised Renewable
Paradigm are exactly the opposite of the incumbent regime, its niches (DER, decentral ICT
control, & active citizen participation) cause a certain friction with the dimensions of this
regime. The decentralised nature of these niches leads to a higher quantity and diversity of
actors in the electricity industry structure. Especially in the market domain, this requires a
different organisation and communication between actors than the current system was created
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for (Winkler & Altmann, 2012). Furthermore, distribution infrastructure was initially designed
for a certain capacity level and a one-way flow of electricity, while the decentral assets increas-
ingly need higher capacity levels and operate a bidirectional flow of electricity. Lastly, while
Dutch energy policy emphasises the importance of citizen participation, it still lacks support
for more complex and innovative concepts such as community-based Virtual Power Plants,
which combine the three niches that are described above (Mourik et al., 2020). Figure 4.72

summarises the niches that associate with each paradigm.

Figure 4.7: Niches that associate with each electricity system paradigm.

4.4 Electricity system transition

Despite the uncertainties about the exact unfolding of the paradigms, an increasing installa-
tion of DER technologies is expected, which forces electricity markets to evolve (Merino et al.,
2021). This thesis specifically investigates how the market dimension of the regime can better
integrate these DER technologies that are part of the Decentral Renewable Paradigm. The
market dimension is important since it is currently a large barrier for achieving an electricity
system that is based on renewables (Djørup et al., 2018). As the market design plays a central
role in defining the market functioning, this dimension is of particular importance to improve
the large-scale integration of RES in the electricity system (Hu et al., 2018).

2The position of nuclear power plants remains up to discussion as they identify with a centralised form of
organisation, but are neither fossil, nor renewable. Still, they can deliver carbon free electricity, which makes
them relevant to consider. As the organisation and operation of nuclear power plants is more similar to biomass
power plants than to offshore wind parks, it is positioned under the Centralised Fossil Paradigm.
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5 Flexibility of household-based Dis-
tributed Energy Resources

Besides comprehending the Dutch electricity system and developments therein, household-
based DER and its characteristics need to be clarified to recognise what they can bring to
the electricity system and market in specific. By investigating the first subquestion ‘What are
household-based Distributed Energy Resources and what flexibility characteristics and potential
do they have?’ household-based DER with the highest flexibility potential can be characterised.

This chapter starts with defining what DER are, how they can be categorised, and then con-
tinues with constructing a definition of household-based DER. Next, the resources with the
highest flexibility potential are distinguished and the most important flexibility characteristics
of such resources are identified. Finally, a brief answer to the subquestion is provided.

5.1 Distributed Energy Resources definition

The concept of Distributed Energy Resources (DER) is widely used in academic as well as
grey literature. However, there is not one common definition or categorisation present. Since
the DER concept is central to this thesis, it is essential to exactly define what is referred to
when writing about DER. As such, a brief analysis of DER definitions and categorisations is
computed, of which Table 5.1 provides an overview.

Table 5.1: DER definitions and categorisations.

Authors Year Definition Categorisation Cited
Hatziargyriou et
al.

2007 “[...] distributed generation (DG) at medium
and low voltages (MV and LV) [...] [have] the
opportunity to locally utilize the waste heat
from conversion of primary fuel to electricity
by reciprocating engine generators (gensets),
gas turbines, microturbines (MTs), or fuel cells
(FCs) using small-scale combined heat and
power (CHP) equipment. Consequently, there
has been significant progress toward develop-
ing small (kW-scale) CHP applications. These
systems, together with solar photovoltaic (PV)
modules, small wind turbines (WTs), other
small renewables (such as biogas digestors), heat
and electricity storage, and controllable loads
are expected to play a significant role in future
electricity supply. These technologies are herein
collectively called distributed energy resources
(DERs)”

x 2058

Continued on next page
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Table 5.1 – continued from previous page
Authors Year Definition Categorisation Cited

Katiraei et al. 2008 “DER units include both distributed generation
(DG) and distributed storage (DS) units with
different capacities and characteristics. [...].
Both DG and DS units are usually connected
at either medium- or low voltage levels [...]”

-Distributed Generation
-Distributed Storage

1275

Kroposki et al. 2008 “Distributed Energy Resources (DER), includ-
ing distributed generation (DG) and distributed
storage (DS), are sources of energy located near
local loads and can provide a variety of benefits
including improved reliability if they are prop-
erly operated in the electrical distribution sys-
tem.”

-Distributed Generation
-Distributed Storage

527

Jiayi, Chuanwen
& Rong

2008 “The distributed energy resources (DER) com-
prise several technologies, such as diesel engines,
micro turbines, fuel cells, photovoltaic, small
wind turbines, etc. The coordinated operation
and control of DER together with controllable
loads and storage devices, such as flywheels, en-
ergy capacitors and batteries are central to the
concept of MicroGrid (MG).”

x 486

Ruiz, Cobelo &
Oyarzabal

2009 x -Generation
-Storage
-Demand

456

Basak et al. 2012 “The DER technology was in transition from
laboratoryset up to market place in and around
the year 2000. The fundamental characteristic
of DER is that they are active devices installed
at the distribution system level instead of at the
transmission level. The DERs include genera-
tion resources such as photovoltaic system, wind
energy system, fuel cells, CHP based microtur-
bine including storage technologies such as bat-
teries, flywheels, ultra capacitors and super con-
ducting magnetic energy storages.”

-Generation
-Storage

303

Zhang et al. 2018 x -Generation
-Storage
-Demand

277

Eid et al. 2016 x -Electrical consumption
-Bi-directional
-Generation

203

Nazari-Heris,
Abapour &
Mohammadi-
Ivatloo

2017 “Distributed generation (DG) and distributed
storage (DS) are defined as two major references
of DERs.”

-Distributed Generation
-Distributed Storage

138

Zhou, Wu &
Long

2018 “DERs include distributed generators, energy
storage systems and flexible demands, and are
usually connected to individual houses, build-
ings, microgrids or distribution networks”

-Distributed Generation
-Energy Storage
-Flexible Demand

126

Sweco et al. 2015 “Distributed energy resources (DER) consist of
small- to medium- scale resources that are con-
nected mainly to the lower voltage levels (dis-
tribution grids) of the system or near the end
users”

-Distributed Generation
-Energy Storage
-Demand Response

Unknown

IRENA 2019 “Distributed energy resources consist of vari-
ous resource types and technologies that may
be located at low- to medium-voltage networks,
including distributed generation plants such as
rooftop solar PV, and other enabling technolo-
gies such as behind-the-meter batteries, EVs,
residential heat pumps and demand response,
among others.”

-Distributed Generation
-Behind-the-meter bat-
tery
-Smart charging electric
vehicles
-Demand response
-Power-to-heat

Unknown

IEA 2020 “Distributed energy resources (DER) refers to
a broad category on resources including: dis-
tributed generation, distributed battery storage,
demand response and electric vehicles.”

-Distributed Generation
-Distributed Battery
Storage
-Demand Response
-Electric Vehicles

Unknown
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Two main features of DER can be distinguished in the definitions in Table 5.1: their location
in the network, and the service that they provide to the system. Firstly, the essential feature
of DER is that they are located at the distribution network level. In the definitions this is
stated in two ways: DER are connected to / located at ‘the distribution network’ or ‘the low-
to medium- voltage network’ (Hatziargyriou et al., 2007; Katiraei et al., 2008; Kroposki et al.,
2008; Basak et al., 2012; Zhou et al., 2018; Sweco et al., 2015; IRENA, 2019a). In the Nether-
lands, the low- to medium- voltage networks are referred to as the distribution network. As
such, choosing one of the two is acceptable and means the same. The term distribution network
is chosen as it is more concise. In addition, the term ‘located’ is chosen instead of ‘connected
to’, since the explicit connection of a distributed energy resource can also be in a household
(Zhou et al., 2018; Sweco et al., 2015). ‘Located at the distribution network level’ does include
this level of connection, while the more literal ‘connected to the distribution network’ could be
interpreted as excluding this level of connection.

The second feature concerns the services that the DER can provide to the system. The three
main services that can be identified are: generating electricity, storing energy, and applying
demand response. This narrows down the definition of DER to only include real ‘resources’.
Otherwise regular appliances such as TVs and lighting are still included, while they are inflex-
ible and cannot be used as a resource.

Subsequently, the following definition of DER is proposed: Distributed energy resources
are technologies that are located at the distribution network level, and that are
able to provide a service to the electricity system.

The electricity direction that a DER can offer in response to a requested service to the system
is often the basis of their categorisation. Some DER can only supply electricity, some can only
shift or adapt their demand, and some can do both. Table 5.2 places the categorisations of
the various sources underneath each other and organises them in similar categories. Since the
term ‘Demand Response’ refers more specific to the way in which the service is provided, it
is preferred over the terms ‘consumption’ or ‘demand’. Namely, when a demand resource is
activated, it responds by shifting its moment of electricity demand. This leads to a proposed
categorisation of: Generation, Storage, and Demand Response.

In the positioning of all categories in Table 5.2 for two sources two categories are combined
into one. The electric vehicle (EV) category comes back in the categorisation of IEA (2020)
and IRENA (2019a). Considering that the categorisation in this thesis is based on the service
that a resource can provide, and that the operating part of the EV is based on a battery that
first consumes energy but then stores it to use the energy at a later moment in time, an EV
is similar to a regular battery. Therefore, it fits best in the storage category. An important
nuance is that a first step in using EV flexibility would most likely be changing its moment
of consumption (i.e. applying demand response). Still, in the future these EV batteries could
be enabled to supply energy back to the grid. Furthermore, IRENA (2019a) specifies power-
to-heat as a unique category. However, by investigating the indicated resources its positioning
can be explained. “Thermal boilers, heat pumps, thermal storage, etc. used to provide heat
for residential purposes” (IRENA, 2019a, p. 34). These resources relate to the storage as well
as the demand response category. Namely, while thermal boilers, heat pumps and thermal
storage consume electricity (which can be shifted in time), they store the energy in a different
form: heat. Most of these resources cannot transform the heat back into electricity again, in
contrast to electro-chemical batteries that store energy in a chemical form, but can transform it
back to electricity. Therefore, power-to-heat is positioned under the demand response category.
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Source Category 1 Category 2 Category 3
Hatziargyriou et al., 2007 x x x
Katiraei et al., 2008 Distributed Generation Distributed Storage x
Kroposki et al., 2008 Distributed Generation Distributed Storage x
Jiayi, Chuanwen & Rong,
2008

x x x

Ruiz, Cobelo & Oyarzabal,
2009

Generation Storage Demand

Basak et al., 2012 Generation Storage x
Zhang et al., 2018 Generation Storage Demand
Eid et al., 2016 Generation Bi-directional Electrical consumption
Nazari-Heris, Abapour &
Mohammadi-Ivatloo, 2017

Distributed Generation Distributed Storage x

Zhou, Wu & Long, 2018 Distributed Generation Energy Storage Flexible Demand
Sweco et al., 2015 Distributed Generation Energy Storage Demand Response
IRENA, 2019 Distributed Generation Behind-the-meter battery

Smart charging electric vehicles
Demand Response
Power-to-heat

IEA, 2020 Distributed Generation Distributed Battery Storage
Electric Vehicles

Demand Response

Proposed Categorisation Generation Storage Demand Response

Table 5.2: Categorisation of DER

Two final remarks with regard to the DER definition and categories provide insight into the
development of the DER field. Firstly, the older publications mostly focus on distributed gen-
eration and storage in the DER categorisation and example technologies that they provide.
Consumption and demand response are only briefly mentioned or not at all. In contrast, all
more recent publications (after 2012, and except for Nazari-Heris et al. (2017)) mention de-
mand or consumption as a serious part of DER. This resonates with the increasing attention
that is being paid to the demand side of the energy system. Secondly, both the older as well
as the newer publications that were found in the Scopus search often focus on DER as part of
either a microgrid or a virtual power plant (VPP). The reason for this is that such concepts
can help in coordination and control of these resources (Hatziargyriou et al., 2007).

5.2 Household-based Distributed Energy Resources definition

Instead of basing the categorisation of DER on the services that they can provide, another
categorisation can be made based on the origin of these services. As this thesis focuses on
DER that are owned by citizens and located at the household level, DER with a residential
or household-based origin are paramount. However, in literature there is not one common
name that refers to exactly such scope. Therefore, a brief evaluation of generally used terms
in literature that refer to DER with a residential/household-based purpose is computed. Table
5.3 shows the DER specifications, scope of these specifications and considered appliances.

Authors Year DER specifica-
tion

Scope of specification Cited

Pedrasa, Spooner & MacGill 2010 Residential DER DER in residential buildings 646
Zhang et al. 2018 Small-scale DER DER in residential and commercial premises

(dwellings, offices, factories, etc.)
277

Zhang et al. 2013 Microgrid DER DER as residential / building appliances 230
Driesen & Katiraei 2008 Small-scale DER x 224

Table 5.3: Specifications of household / small scale / residential DER
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Within the top 10 of most cited articles, four publications made a notion of a DER definition
that was more specifically oriented at a residential/household-based origin. The term ‘residen-
tial’ came back in all four publications. Driesen and Katiraei (2008) mention residential DER
alongside DER with a commercial and industrial origin. When doing a more specific literature
search on this categorisation (residential, commercial, and industrial) other publications were
discovered that use this origin-based categorisation too (Jeddi et al., 2019; Kianmehr et al.,
2019; Barzkar and Hosseini, 2018; Sweco et al., 2015).

However, this thesis aims to investigate DER from an even more specific and smaller-scale
level. Residential can for example still refer to wind turbines or CHPs, in case these come from
an origin of energy provision to a residential neighbourhood. Therefore, this thesis proposes
the new concept of household-based DER, which represents a subcategory of residential DER.
Household-based DER (abbreviation: hDER) are technologies that are located at
the individual household level, and that are able to provide a service to the elec-
tricity system.

The reasoning behind creating a specific definition for such DER is that the household-scale is
furthest away from the current (large-scale oriented) system organisation. This thesis wants to
investigate how DER in such individual households could provide flexibility to the electricity
system. This connects with increasing active participation of individual citizens in the energy
domain. Furthermore, it aims to help in finding opportunities for DER which are expected to
become more deployed at the household level (e.g. EVs and heat pumps), so that they can also
be used for the purpose of providing system flexibility. By using such flexibility opportunities,
expensive investments in infrastructure and use of natural resources could be prevented.

5.3 Flexibility potential

The potential of a household-based Distributed Energy Resource to provide flexibility to the
electricity system is dependent on several factors. To begin with, its key flexibility character-
istics determine the operating constraints of the resource and indicate the costs of deploying
flexibility. Furthermore, on a system level the expected deployment of each hDER is important
to consider, as high deployment makes the cumulative amount of flexibility that one specific
type of hDER can provide higher. This in turn, makes it more worthwhile to make changes in
the market design for such resource.

In literature no consensus has been achieved yet with regard to a ranking of hDER with the
highest flexibility potential. Actually, some sources even contradict each other. Sweco et al.
(2015) for example describe a very marginal role for EV flexibility, whereas in the assessment of
TKI Urban Energy (2021) EVs are ranked as the resource with the highest flexibility potential.
It should be noted that there is a six year difference between these two publications. As the
developments in hDER resources can differ in speed and direction, their expected potential may
develop differently as well. Moreover, a systematic assessment is lacking: in some publications
several resources are disregarded, while in other publications only very general categories (e.g.
Demand Response as a whole) instead of specific resources are assessed.

Eventually, three hDER are identified that are most promising in terms of their short to medium
term flexibility potential: electric vehicles, heat pumps, and batteries. These are com-
monly used DER (Eid et al., 2016); these are the three technologies which are most likely to
affect residential electricity demand in the short to medium term (Klingler, 2018); EV and heat
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pumps have the highest potential according to the assessment of TKI Urban Energy (2021);
and when looking in practice, EVs and home batteries are used in the first pilots of DER
flexibility (Equigy, n.d.) already. In TKI Urban Energy (2021) electric boilers are also assessed
as a high potential flexibility resource, however, because electric boilers and heat pumps have
very similar characteristics, only one of them is regarded.

It is important to note that the flexibility potential of hDER depends on external circum-
stances. The deployment of ICT infrastructure has a large impact on all resources, while
developments in e.g. EV charging infrastructure have a high influence on the potential of one
specific resource to provide (or not to provide) flexibility. Also, the potential of a resource
can differ per electricity market (Sweco et al., 2015). Furthermore, the selection of these three
resources means that smart appliances such as lighting loads, dish washers, washing machines,
refrigerators, freezers, etc. and generating technologies such as PV and micro-CHP are out of
scope. This does not mean that these cannot provide flexibility, but that they are found to be
less likely to be used as a flexibility resource in the short to medium term.

5.4 Flexibility characteristics

The suitability of a resource to provide flexibility depends on several aspects. A substantial
amount of literature has described the parameters that characterise these flexibility resources.
This section elaborates on which hDER flexibility characteristics are present and which ones
are most important.

Several publications are identified that provide sets of key flexibility characteristics. Zehir
et al. (2018) focus on DER flexibility resources and describe six identifiers that characterise
DER flexibility. However, their characterisation is not very systematic. The six identifiers in
some cases overlap (‘Standby consumption’ is described within the identifier of ‘Active/reactive
power supply/demand capability’, but is also an identifier in itself), some identifiers consider
several characteristics while others consider only one very specific characteristic, and the sixth
identifier ‘Comparative strengths and weaknesses’ is basically one identifier under which a big
chunk of characteristics can be added. In contrast, Biegel et al. (2013) provide a list with 15
techno-economic characteristics, Sweco et al. (2015) provide nine characteristics and describe
twelve flexibility resources in terms of these characteristics, and IEA (2019) even specifically
focus on characterising flexibility resources in buildings.

Eventually, the study of Degefa et al. (2021) was encountered. Degefa et al. (2021) have defined
flexibility and identified its characteristics by means of an extensive literature review. 28 char-
acteristics are defined, which are classified in two categories (technical and economical) and
five types (quantitative, qualitative, controllability, CAPEX, and OPEX), as shown in Table
5.4. This study provides the most extensive and coherent list of flexibility characteristics, and
is therefore taken as basis for the characterisation of hDER flexibility.

With regard to the flexibility characterisation of Degefa et al. (2021) also some criticisms ap-
ply. As the technical and economic categories indicate, the focus of this characterisation is on
techno-economic aspects. This means that for example social and cultural aspects are excluded.
Still, some socio-cultural characteristics are incorporated in one or more techno-economic char-
acteristics, e.g. the user practices with regard to EV driving will be considered by a lower
flexibility time, responsiveness, predictability and credibility. Furthermore, in this characteri-
sation also some overlap is present between characteristics. Whereas it makes sense to quantify
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Technical Economic
Quantitative Qualitative Controllability CAPEX OPEX
-Direction -Location -Explicit response -Cost of enabling technology -Flexibility activation cost
-Power Capacity -Predictability -Implicit response -Cost of flexibility element -Cycling cost
-Ramping Capacity -Credibility -Penalty for non-delivery
-Energy Capacity -Ownership
-Ramp Duration
-Service Duration
-Reaction Duration
-Rebound Effect
-Recovery Duration
-Ramp Frequency
-Flexibility Time
-Minimum up/down
time
-Responsiveness
-Efficiency
-Energy Loss
-Calendar Lifetime
-Usage Number

Table 5.4: Classification of 28 flexibility characteristics as identified by Degefa et al. (2021).

availability of a resource by means of its responsiveness and flexibility time, also including the
qualitative characteristics of predictability and credibility leads to an overlap between these
quantitative and qualitative characteristics. Therefore, the most important characteristics are
selected. These are presented and defined in Table 5.5, whereas the full list of all 28 flexibility
characteristics, and if applicable their reason for omission is shown in Table A.4 in Appendix A.

Flexibility
Characteristic

Unit Definition

Direction +/- Whether the flexibility resource can provide net increase in power output (+; increase
in generation injection or decrease in power consumption) or net decrease in power
output (-, decrease in generation injection or increase in power consumption). Some
resources can provide flexibility in both directions.

Power Capacity MW Physical capability to deliver changes in power output, e.g. the amount of flexibility.
For a flexibility resource the power capacity can be different for different directions. A
resource can also have a minimum power output (for both directions).

Energy capacity MWh The capability of flexibility resource to store or deliver energy, i.e. the maximum energy
contents associated with a resource, or limits on the time integral of the power output.

Service Duration s How long the flexibility can be provided, e.g. before the energy associated with the
flexible resource is spent, or the time span related to overload rating of a component.

Availability3 % Probability that a flexibility resource is able to respond to an activation signal (or price
signal). (The term is also used to refer to price elasticity of demand, as a qualitative
characteristic, and it is related to qualitative characteristics such as predictability and
credibility.)

Predictability n/a The possible forecasting accuracy of flexibility resources which are normally tied to
demand and generation forecasts. This can be related to the accuracy of the flexibility
service, a quantitative characteristic defined as the acceptable difference between the
required and the delivered response.

Flexibility
activation cost

€ The activation cost for each MWh of flexibility provided. (There could also be an
activation-independent cost of access to flexibility.)

Table 5.5: Most important flexibility characteristics. Adapted from Degefa et al. (2021).

3The term that Degefa et al. (2021) use instead of availability is ‘responsiveness’. However, the focus of this
characteristic in this thesis is on the moments that flexibility is available. It is assumed that when a resource
has agreed to providing flexibility at a certain moment, that it then will deliver this flexibility. Therefore, the
term availability is more suitable.
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Ideally, for all hDER that are present all 28 characteristics would be investigated. However,
because this would very time-consuming and does not add much value to the scope and purpose
of this thesis, only the most important flexibility characteristics of the hDER with the highest
flexibility potential are assessed. Accordingly, Table 5.6 presents the flexibility characteristics
of EVs, heat pumps and household batteries.

Flexibility
Characteristic

Unit EV Heat pump Battery Source

Direction +/- Unidirectional, bidi-
rectional could be-
come possible in the
future

Unidirectional Bidirectional Eid et al. (2016)

Power Capacity kW up to 22 (with regular
charging)

2 - 20 2.6 - 5.2 IRENA (2019b),
Marini et al. (2019),
Pimm et al. (2018)

Energy Capacity kWh 20 - 110 n.a. 5 - 22 EV Database
(2021), Pimm et al.
(2018)

Service Duration s up to 6 h (medium) 15 min (short) up to 10 h (long) Eid et al. (2016)
Availability % 50 - 90 40 - 100 ∼100 Eid et al. (2016)
Predictability n/a High High Perfect Eid et al. (2016)
Flexibility
activation cost

€ Battery degradation
costs

0 - Use only
shifted in time

Battery degrada-
tion costs

-

Table 5.6: Flexibility characteristics of EVs, heat pumps and household batteries.

5.5 Answer to subquestion

This chapter has explored what household-based DER are, which hDER have a high flexibility
potential and what hDER flexibility characteristics are present. Household-based DER (ab-
breviation: hDER) are defined as: technologies that are located at the individual household
level, and that are able to provide a service to the electricity system. The hDER with the
highest flexibility are electric vehicles, heat pumps and batteries. The flexibility of such hDER
can best be characterised by the characterisation of Degefa et al. (2021). The 7 (out of 28)
most important characteristics are: direction, power capacity, energy capacity, service dura-
tion, availability, predictability and flexibility activation cost.
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6 Electricity markets

Clarifying the flexibility potential and characteristics of hDER is a first step in investigating
how flexibility use of these resources can be improved. Subsequently, the capability of electricity
markets to use this flexibility needs to be understood. By investigating the second subquestion
‘What characteristics do electricity markets have and how do these markets utilise flexibility?’
electricity markets are characterised and the way in which they use flexibility is described.

This chapter first defines the electricity market concept. Then, the various types of electricity
markets and the way in which they embody flexibility are described. Next, developments in
the various markets are described and the characteristics of electricity markets are identified.
Lastly, a brief answer to the subquestion is provided.

6.1 Electricity market concept

The market concept can refer to a diverse range of phenomena (Fernández-Huerga, 2013). Diaz
Ruiz (2012) for example describes six perspectives on markets, originating from various fields
(e.g. sociology of markets, marketing, neoclassical economics). This thesis adopts a definition
of the market concept that arises from the field of economics. The definition is mainly centered
around the market as an exchange platform where the trading of a product can take place. By
adopting such practical definition, the market’s characteristics can be explicitly defined and
matched with the flexibility characteristics of hDER later on in this thesis. The definition is
as follows: “A market is a place where parties can gather to facilitate the exchange
of goods and services. The parties involved are usually buyers and sellers. The
market may be physical like a retail outlet, where people meet face-to-face, or
virtual like an online market, where there is no direct physical contact between
buyers and sellers.” (Kenton, 2021, para. 1).

Electricity markets in specific differ from other (commodity) markets because of the physical
attributes that are inherent to the system that the product of electricity is delivered through
(Kirschen & Strbac, 2018). The two fundamental differences are within the temporal and the
spatial dimensions:

• Time: Since supply and demand of electricity need to be in balance continuously, and it
is not yet economical to store large amounts of electricity (yet), the value of electricity
differs over very short time periods (Meeus & Schittekatte, 2018).

• Location: Since electricity network components have certain limits to ensure safe oper-
ation, and the flow of electricity cannot be steered easily, the value of electricity differs
over space (Meeus & Schittekatte, 2018).

These differences are the reason that there are various electricity markets. Each market has a
different role in ensuring safe operation of the system and cost-efficient delivery of the product.
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Three types of electricity markets can be distinguished: wholesale markets, balancing markets,
and congestion markets. The next section describes these markets by use of four elements.
These are based on Aspers (2011), who presents: 1) “what the market is about”, which this
thesis refers to as ‘Purpose’; 2) “how things are done in the market”, which this thesis refers
to as ‘Operation’; and 3) “the value of the offer”, which this thesis refers to as ‘Value’ (Aspers,
2011, p. 9). A fourth element that considers: 4) the actors that participate in the market,
which this thesis refers to as ’Actors’ is added, as different market parties that have different
core practices participate in the various markets.

Before describing the electricity markets through this structure, it is important to clarify the
difference between the concepts of ‘electricity markets’, ‘energy markets’, ‘flexibility markets’,
and ‘capacity markets’ since some of these concepts are used interchangeably. Energy mar-
kets generally refer to wholesale markets and capacity markets refer to a specific part of the
balancing markets where payments occur for reserving capacity, independent of its activation
(sometimes an additional payment takes place when the resource is activated). As the following
quotes indicate, the term flexibility markets is most often used to refer to congestion markets:
“In Europe, flexibility markets are recognised as a tool to make better use of the existing distri-
bution grids and thereby also reduce the need for grid investments.” (Schittekatte and Meeus,
2020, p. 1). “[...] the flexibility market for congestion is day-ahead but is run before the Nord
Pool day-ahead energy market” (Valarezo et al., 2021, p. 8). Lastly, the concept of electricity
markets refers to the collective set of markets.

6.2 Electricity markets outline

Now the different electricity market concepts are specified, the four elements of purpose, oper-
ation, value and actors are used to provide an outline of the different electricity markets. First,
the wholesale markets are described, then the balancing markets, and finally the congestion
markets. An important consideration is that these markets are very much interrelated: trades
that occur in one market influence trading behaviour and needs in other markets. Note that
products can also be traded outside of the markets, through bilateral over-the-counter (OTC)
trading (Meeus & Schittekatte, 2018). However, such trading is out of scope of this thesis.

6.2.1 Wholesale markets

Wholesale markets exist in various forms. The key differences between these markets are their
chronology and their time granularity. The wholesale markets that are discussed below are:
Forward and Futures markets, the Day-ahead market (DAM), and the Intraday market (IDM)4.

1. Purpose
Wholesale markets are about managing price risks for the trading of energy (energy = electric-
ity for a certain period of time). The reason that the sequence of markets is designed the way
it is, is that market participants (which are BRPs) can hedge short term price risks (Kirschen
& Strbac, 2018). Since the precise price of electricity can fluctuate and is difficult to predict
far-ahead, market participants (buyers as wells as sellers) are willing to set up price-volume

4A very recent development in the Netherlands and Belgium is the introduction of the ‘Aftermarket’. This
market is about adjustment of physical positions after the time of delivery (ex-post), so that imbalance costs
can be reduced (EPEX Spot, 2021c). Since limited information about this market is available, its expected
development is uncertain, and its design is very similar to the IDM, it is considered out of scope of this thesis.
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contracts ahead of delivery, in order to have more price certainty and reduce risks (Meeus &
Schittekatte, 2018). Such products can be traded in forward and futures markets. In economics,
forward markets refer more generally to a market where products can be traded in advance of
delivery (Kirschen & Strbac, 2018). In electricity markets this means that electricity can be
traded in advance of delivery. In contrast, futures markets more specifically refer to a mar-
ket where the trading of standardised contracts can take place that are not always backed by
physical delivery (it is a secondary market where speculators also can participate) (Kirschen
& Strbac, 2018). In electricity markets this means that electricity contracts can be traded.
As the forward and futures markets are more about ensuring base supply and often involve
large volumes, they are less of interest for this thesis. Therefore, they are not further discussed.

The next markets in the sequence are the DAM and the IDM. Their add-on to the hedging of
price risks comes from their shorter time granularity and closer to real-time place in the market
sequence. As market parties can better predict their supply and demand closer to real-time,
they might need to buy or sell electricity, in order to maintain a match of supply and demand
in their portfolio and prevent imbalance penalties. The adjustments that market parties make
to their portfolio positions, is what is implicated by the notion of flexibility in wholesale markets.

2. Operation
The adjustments of portfolio positions take place on trading platforms that are operated by
power exchanges. The DAM is the first short-term wholesale market in the sequence. Hourly
products are traded in a blind auction, for all hours of the next day. The market closes at
12.00 the day before delivery, and then uses the bids to establish a demand and supply curve
for each hour (EPEX Spot, 2021a). For each hour the auction then is cleared by applying
a marginal pricing method, meaning that the point at which the supply and demand curve
intersect determines the volume and price that is traded.

Next, the IDM operates closer to real time and with a shorter time granularity. Quarter hourly
products are traded and trading can take place up to 5 minutes before delivery (EPEX Spot,
2021a). Traditionally, this trading takes place continuously. This means that no auction is
held at which all bids for a certain quarter hour are cleared in one go, but that continuously
bids can be placed and as soon as a sell and a buy bid match, they are activated and cleared.
However, in the Netherlands recently an auction has been added to the IDM, complementing
the continuous trading (EPEX Spot, 2021d). This auction operates in a similar way as the
DAM auctions, although then with quarter hourly products and a market closing and clearing
at 15.00 the day before delivery. Figure 6.1 presents a timeline of the operation of the intraday
auction and continuous trading mechanisms.

3. Value
The price that is paid for energy thus differs per time period and is determined through either
a marginal pricing or a pay-as-bid approach. These prices on one hand reflect the cost of
generating the energy (for the seller) and on the other hand the desire of consuming it (for the
buyer). This can be interpreted as the value of the offers in the market.

Furthermore, an extra value component is present that reflects the willingness of market actors
to hedge price risks. In case of the forward and futures markets which operate far ahead of
delivery, this risk lies in the uncertainty of the exact price of energy at a specific time interval.
Similarly, in the DAM and IDM the risk lies in the uncertainty of the imbalance costs that are
incurred when a portfolio is not in balance.
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Figure 6.1: Operation of the intraday market design.

4. Actors
The actors that are active in the wholesale markets are all Balance Responsible Parties (BRPs).
They are responsible for maintaining a balance in their portfolio of generating and consuming
assets, for each 15 minute period. Each day, they have to send in an overview of its supply
and demand positions (the e-programme) for all 15 minute periods of the next day to the TSO
(TenneT, 2020). Afterwards, the realised generation and consumption of their assets is mea-
sured. In case deviations with respect to their e-programme have happened, they need to pay
(or get paid) for the imbalance that they caused (or relieved) in the system (TenneT, 2020).
Therefore, they have an incentive to balance their positions in the wholesale markets.

6.2.2 Balancing markets

Various balancing markets are present as well, which are distinguished from each other mostly
in terms of the required response and activation time. The balancing services that are traded
in these markets are sometimes referred to as “ancillary services for frequency control” (Meeus
and Schittekatte, 2018, p. 50). Ancillary services for non-frequency control also exist (e.g.
voltage support), however, these are out of scope of this thesis. Below, the markets for Fre-
quency Containment Reserve (FCR), automatic Frequency Restoration Reserve (aFRR), and
manual Frequency Restoration Reserve (mFRR) are discussed5.

1. Purpose
The balancing markets are about maintaining the electricity system in balance, which means
that they aim to keep the frequency as close as possible to 50 Hz (in Europe). The three
balancing services of FCR, aFRR, and mFRR operate in a sequence, as shown in Figure 6.2.
Firstly, FCR stops a frequency deviation from getting larger. It is activated when the frequency
deviation crosses a certain level. Then, aFRR activation brings back the frequency to 50 Hz
again. Finally, if necessary, mFRR is activated to replace the aFRR capacity so that the system
is prepared to deal with another deviation.

5Replacement Reserve (RR) is a fourth type of reserve product. However, since not all systems have RR in
place (Meeus & Schittekatte, 2018), including the Netherlands, it is considered out of scope of this thesis.
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Figure 6.2: Sequence of balancing market processes for frequency restoration. Retrieved from
ENTSO-E (2018)

2. Operation
In the procurement of services that maintain the system in balance, an important distinction is
made between the procurement of capacity and energy. Procuring capacity involves the reser-
vation of a certain capacity of a resource that can deliver a balancing service, and pays for the
reservation in spite of whether it is or is not activated. Procuring energy involves the activation
of a balancing service and only pays when the service is activated. The markets for each of
the balancing services can consider only capacity, only energy, or both. Since the balancing
markets are not all harmonised throughout Europe (yet) (Meeus & Schittekatte, 2018), the
next paragraphs focus on the Dutch balancing markets.

Firstly, FCR procurement only consists of capacity payments. No extra payment for energy
takes place in case the FCR is activated. The market for FCR is a common market in which the
Dutch TSO buys FCR capacity together with the Austrian, Belgian, French, German, Swiss,
Slovenian, and Danish TSOs (ENTSO-E, 2021b). ENTSO-E determines the necessary volume
of FCR capacity that each TSO has to procure, based on European regulations that describe
the calculation mechanism (TenneT, 2021). This calculation determines the demand for FCR.
Several other rules apply, such as an obligation for the Dutch TSO to buy at least 30 % of its
FCR capacity from resources that are located in the Netherlands. The market is organised in
daily auctions of four hour blocks, with a minimum bid size of 1 MW, and symmetric prod-
ucts (bids must contain similar amounts of upward and downward FCR) (ENTSO-E, 2021b).
Generally, the price is set through cross-border marginal pricing, after which all activated bids
are cleared at the same marginal price.

Next, automatic and manual FRR procurement are organised through a combination of capac-
ity and energy auctions. All FRR is procured from resources that are located in the Nether-
lands. For aFRR first a capacity auction is held, which takes place daily on the day before
delivery, and where the pricing follows a pay-as-bid approach (TenneT, 2019). ENTSO-E de-
termines the minimum required capacity procurement volume for the Dutch TSO (TenneT,
2021). Later on that day (still on the day before delivery) an energy auction takes place, where
the parties that were selected in the capacity auction are obliged to send in bids, but where
also non-contracted parties are allowed to send in bids (TenneT, 2019). For this energy auction
the pricing is determined following a marginal pricing approach. The intention behind carrying
out a capacity auction on forehand is to ensure that there are sufficient energy bids available.
Both capacity and energy bids have to be asymmetric (separate bids are done for upward and
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downward balancing), and the minimum bid size for capacity is 5 MW and for energy is 1 MW
(TenneT, 2019).

In parallel, mFRR is procured, which consists of two types: mFRRsa (manual Frequency
Restoration Reserve scheduled activated) and mFRRda (manual Frequency Restoration Re-
serve direct activated), which are both procured in a different way. mFRRsa is procured
through an energy only auction, in which all service providers can place bids, and in which the
price is determined according to a marginal pricing approach. No capacity contracting takes
place and no minimum volume applies (TenneT, 2021). mFRRda is separately contracted
through a process that is relatively similar to aFRR (with a capacity and a following energy
auction). Only one important distinction is that in mFRRda no free (non-contracted) bids are
allowed in the energy auction (TenneT, 2019). The capacity auction of mFRRda takes place
jointly with the aFRR capacity auction (and thus is also remunerated pay-as-bid). The energy
auction follows a marginal pricing approach. ENTSO-E determines the TSO’s minimum pro-
curement volume of mFRRda (TenneT, 2021).

All FRR energy auctions comprise an imbalance settlement period (ISP) of 15 minutes. For
each ISP, the bid that is activated with the highest energy price of all these FRR energy auc-
tions generally determines the overall energy price for all these auctions, which is often referred
to as the imbalance price (TenneT, 2020). As such, each ISP there is one energy price that is
similar for all types of FRR.

3. Value
This one energy price in principle determines the value of the offers in the energy auctions. By
placing all offers (bids) on a merit order list, and activating the resources in order of cheapest
bids, the last bid that has to be activated to meet the necessary amount of flexibility determines
the price of balancing services in that respective ISP. The price of FCR capacity is determined
through a similar marginal pricing approach. In contrast, prices for capacity auctions of aFRR
and mFRRda are set according to the pay-as-bid principle, meaning that each party receives
a different price. The prices that the market parties receive could be interpreted as the value
of their offers.

In reality, however, the price that is paid for balancing services does not cover the real value
of balancing. Namely, if balancing would not take place, blackouts would occur. Prevent-
ing such blackouts and their related costs brings along opportunity costs. The Value of Lost
Load (VoLL) indicator tries to express the socio-economic costs of such a blackout (Schröder
& Kuckshinrichs, 2015). This would be a more suitable indicator to illustrate the system value
of offering balancing services.

4. Actors
Two types of market parties are active in the balancing markets. The buyer in the market is
the TSO, which is the actor that has end responsibility for maintaining the electricity system
in balance. The Balancing Service Providers (BSPs) are the actors that sell flexibility services.
BSPs are parties that have a certain upward and/or downward reserve capacity margins (Meeus
& Schittekatte, 2018). In the balancing markets they can retrieve value for these margins and
contribute to keeping the system in balance.

50



6.2.3 Congestion markets

Congestion markets are the least developed type of electricity market. Recently they are get-
ting more attention because more congestion is present in the distribution and transmission
networks, which is a consequence of the increase in DER.

1. Purpose
The congestion market is about preventing or solving congestion in the distribution or transmis-
sion network. The conventional approach to solving congestion was to apply grid reinforcements
and put in place cables or lines with a higher capacity. However, due to the increasing stress
on the network in combination with new opportunities (such as hDER) to relieve this stress,
congestion markets have potential to be an alternative cost-effective congestion alleviation ap-
proach. This could prevent expensive investments in grid reinforcements (Valarezo et al., 2021).

2. Operation
Since congestion markets are still in an early stage of development, the way in which these
markets operate is subject to change in the near future. Currently, in the Netherlands there is
one congestion management platform, named GOPACS. It operates through a connection with
the ETPA intraday platform (ETPA, 2021a), in which locational information can be added to
the regular IDM bids. When a TSO or DSO expects a congestion situation it sends a message
to the market. Market actors that have assets in the affected location can then place a bid
on the platform. In order to ensure that the national balance of the electricity system is not
disturbed, the bid is matched with a bid outside of the congestion area. The TSO / DSO then
pays for the spread between the prices of both bids (GOPACS, 2021).

3. Value
By covering the price of this spread the DSO / TSO can overcome a market inefficiency, namely
that the market does not take into account the physical limits of the electricity network. These
physical limits are where the real value of the offers in the congestion market comes from.
In case congestion would occur, network components are operated above their rated capacity,
which decreases their lifespan and in severe circumstances could result in blackouts. By pre-
venting congestion, the costs of blackouts can be prevented, and the network components can
be used for a longer time. These opportunity costs reflect the real value of the offers in the
congestion market.

4. Actors
As already indicated above, the TSO and DSOs are the buyers in the congestion market. They
have the objective to prevent or solve congestion in the networks that they operate. Since the
GOPACS market is coupled to the intraday market, BRPs are the actors that offer bids. By
adding locational information to their bid, their bids can not only be activated in the wholesale,
but also in the congestion market. Because congestion is location specific, only limited competi-
tion is possible in this market. Table 6.1 summarises the results that this section has presented.
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Type of
market

Market Purpose Operation Value Actors

Wholesale
markets

Forward /
Futures

Managing price
risks of energy
trading

n.a. n.a. -BRPs are
buyers and
sellers

Day-ahead Adjusting
supply and
demand of
energy trading
portfolios

-Hourly products, 1 auction at
12.00 day before delivery with
marginal pricing

-Cost of generating
and willingness to
consume electricity

Intraday -Up to quarterly products
-Continuous trading up to 5
minutes before delivery
-Auction at 15.00 day before
delivery

Balancing
markets

FCR Stop frequency
deviation from
getting larger

-Capacity only
-Procured in a partly cross-
border auction with marginal
pricing

-Imbalance price
determines price
-Real value in
preventing
blackouts (VoLL
could be measure
of this)

-TSO is buyer
-BSPs offer
bids

aFRR Bring back fre-
quency to 50
Hz

-Day before delivery first a ca-
pacity auction with pay-as-bid
pricing takes place
-Later that day an energy auc-
tion for contracted & non-
contracted bids takes place
with marginal pricing

mFRRsa Replace aFRR
capacity to
prepare for
new deviations

-Energy only auction with
marginal pricing

mFRRda -Day before delivery first a ca-
pacity auction with pay-as-bid
pricing takes place
-Later that day an energy auc-
tion for contracted bids only
takes place with marginal pric-
ing

Congestion
markets

GOPACS
example

Preventing
congestion in
transmission
or distribution
network

-Connection with ETPA intra-
day platform
-Locational information added
to bids
-Bid inside and outside con-
gested area are matched
-TSO/DSO pay price spread

-Price spread de-
termines price
-Real value in
opportunity costs
of longer lifespan
of system compo-
nents & preventing
blackouts

-BRPs offer
bids
-TSO/DSO
are buyer

Table 6.1: Overview of the purpose, operation, value and actors of all electricity markets.

6.3 Electricity market developments

While the different electricity markets are described, developments in and between these mar-
kets are not yet touched upon. Two important developments are currently in progress: The
coupling of all European electricity markets, and the shift of electricity trading closer to real-
time. These are discussed below.

Firstly, the electricity markets in Europe are getting more and more interconnected. Since 1988
the European Commission has been considering the development of a European Single Market
for electricity (Pollitt, 2019). The goal of this integration of the European electricity markets
is to make the market more efficient, by promoting competition, increasing liquidity, and mak-
ing it easier to share resources across Europe (ENTSO-E, 2021d; ENTSO-E, 2021e). One of
the key instruments to work towards such Single Electricity Market is the capacity allocation
mechanism, that determines how to allocate cross-border transmission rights (Meeus, 2020).
Cross-border capacity constraints should not be violated, and the capacity should be allocated
through an efficient market mechanism. This has been set up and achieved for the DAM
through the Single Day-Ahead Coupling (SDAC) starting in 2014 (ENTSO-E, 2021d), and
for the IDM through the Single Intraday Coupling (SIDC) with a go-live in 2018 (ENTSO-E,
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2021e). The single markets for balancing purposes are still under development. Several Euro-
pean initiatives have been launched, of which the FCR cooperation project where ten TSOs
from seven countries together procure their FCR capacity is an example (ACER & CEER,
2020). Still, these initiatives need to be aligned further and adapted in accordance with reg-
ulations. Since congestion markets are location specific, European integration of congestion
markets is less relevant. The focus herein is less on integrating markets and more on aligning
regional procurement methodologies (ACER & CEER, 2020).

The second development is in the temporal dimension of the markets and considers the shift
of the centre of gravity of electricity trading towards real-time. Especially trading in intraday
markets is strongly increasing (Meeus & Schittekatte, 2018). This is a result of the increasing
amount of RES in the energy mix, which can be predicted most accurately closer to real-time.
IDMs are then the last wholesale market in which BRPs can adjust their portfolio positions.
Figures 6.3 and 6.4 show the traded traded volumes on the DAM and IDM of EPEX Spot,
which is the largest power exchange in central Europe (Meeus, 2020). Whereas the DAM vol-
ume is relatively stable, a clear upward trend of traded volume in the IDM is present.

Figure 6.3: Traded volumes on the DAM of
EPEX Spot (EPEX Spot, 2021d).

Figure 6.4: Traded volumes on the IDM of
EPEX Spot (EPEX Spot, 2021d).

This gravity shift in electricity trading closer to real-time is expected to continue and expand,
as a consequence of the increasing amount of RES and decreasing amount of incumbent flex-
ibility providing resources (which are mainly fossil-fuel based generators). Namely, this leads
to a more difficult to predict supply of electricity, in combination with a need for demand-side
instead of supply-side flexibility resources to enter the markets. The demand for flexibility is
expected to be highest in the wholesale markets, as shown in Figure 6.5 (TenneT, 2018). Since
within the wholesale markets the market that operates closest to real-time is the IDM, this
market is especially relevant to consider.
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Figure 6.5: Indication for the expected growth in flexibility demand. Retrieved from TenneT
(2018).

6.4 Electricity market characteristics

Now the operation of and developments in the markets are clarified, the next step is to de-
velop a characterisation of electricity markets. By identifying electricity markets in terms
of their characteristics, an overview of all various elements of the market design can be devel-
oped, which is useful to pinpoint barriers and solutions within this design later on in this thesis.

The list of electricity market characteristics can be used as a framework to structure the analysis
of 1) matching the capability of an electricity market to accommodate inclusion of a technology,
or 2) compare electricity markets with each other (two different markets within one country
e.g. DAM and IDM, as well as one market between two countries e.g. Dutch and German
IDM). Eventually, 23 electricity market characteristics are identified, of which 16 are within
the scope of this thesis. Table 6.2 presents these 16 characteristics. The complete list of all
identified electricity market characteristics, including their explanation, an overview of which
source names which characteristic, and where relevant the reason for omission of a charac-
teristic is available in Table B.2 in Appendix B. The selection of Table 6.2 is based on the
characteristics that are most valuable to consider in matching hDER with the Dutch intraday
market (the next paragraph elaborates on this scope setting). Characteristics such as schedul-
ing area (the Netherlands), product type (energy), and market operator type (merchant) are
then irrelevant to consider.

Ideally, all of the characteristics would be investigated for all of the Dutch electricity markets.
However, because of time limitations this thesis focuses on the Dutch intraday market only.
The Dutch intraday market is chosen because this market has the highest expected flexibility
demand (as explained in section 6.3), and this market has not yet been assessed by a framework
based on characteristics. Interestingly, Poplavskaya and de Vries (2019) have constructed an
assessment framework based on market design variables (=characteristics) and applied this to
the German, Austrian and Dutch balancing markets. However, their framework is not suited
to be generalised to different markets, e.g. due to the way in which capacity and energy prod-
ucts are integrated in the framework. In balancing markets these products are very much
interrelated, whereas in wholesale or congestion markets they are not. Thus, the novelty of
the developed framework in this thesis, is its applicability to various markets and the focus of
assessment on the Dutch intraday market.
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Category Characteristic Definition Example
Product
specifications

Delivery period Time unit over which the product has to be
delivered / available to deliver

15 min

Bid types Types of bids that can be offered in the
market

Simple bid / block bid

Minimum bid price Minimum price of each bid -3000 €/MWh
Maximum bid price Maximum price of each bid 3000 €/MWh
Price increment Step size of the price of each bid 0.1 €/MWh
Minimum bid size Minimum volume of each bid 0.1 MW
Maximum bid size Maximum volume of each bid 600 MW

Market
operation

Gate opening time Time after which orders can be placed in
the market

45 days in advance

Gate closure time Time after which orders cannot be placed
anymore

12.00 day before delivery

Trading mechanism Mechanism that determines in what way
the market is cleared and bids are matched

Auction / continuous trading

Pricing mechanism Mechanism that determines in what way
the price of the product is established

Marginal pricing / pay-as-bid

Frequency of
auctions

How many auctions are cleared in one go Once a day, 24 auctions are
cleared

Results publication
time

Time after gate closure that the results of
the clearing mechanism are published

15 min

Financial
arrangements

Trading fee Fees that are involved with trading in the
market

10,800 €/year fixed fee and
0.08 €/MWh variable fee

Settlement
mechanism

Mechanism through which the payment be-
tween the buyer and seller of a product is
settled

Directly from buyer to seller
/ via the market operator as
intermediary

Physical
context

Capacity allocation
mechanism

Mechanism that allocates the cross-border
capacity

Implicit: automatically in-
cluded in market bids /
explicit: separate market for
capacity

Table 6.2: List of 16 electricity market characteristics that are within the scope of this thesis.

The Dutch IDM of market operator EPEX Spot is chosen to serve as example because it is
the largest power exchange in Europe (Meeus, 2020). Within the intraday time frame in the
Netherlands EPEX Spot operates a continuous trading market and since 2020 also an auction
market (EPEX Spot, 2021e). Both the continuous trading and the auction markets of EPEX
Spot are assessed. Table 6.3 specifies all considered characteristics for these two markets.
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Category Characteristic EPEX Intraday
Auction

EPEX Intraday
Continuous Trading

Source

Product
specifications

Delivery period 15 m 1 h / 30 m / 15 m EPEX Spot, 2021d

Bid types - Single and Block orders EPEX Spot, 2020
Minimum bid price -3000 €/MWh -9999 €/MWh EPEX Spot, 2021d
Maximum bid price 3000 €/MWh 9999 €/MWh EPEX Spot, 2021d
Price increment 0.1 €/MWh 0.01 €/MWh EPEX Spot, 2021d
Minimum bid size 0.1 MW 0.1 MW EPEX Spot, 2021d
Maximum bid size - - -

Market
operation

Gate opening time 45 days before delivery 15.00 day before delivery EPEX Spot, 2021d;
EPEX Spot, 2021e

Gate closure time 15.00 day before delivery NL internal: 5 min before
delivery
Cross-border: 60 min be-
fore delivery

EPEX Spot, 2021d

Trading mechanism Auction Continuous EPEX Spot, 2021d
Pricing mechanism Marginal Pricing Pay-as-bid -
Frequency of
auctions

1 auction in which all de-
livery periods for the fol-
lowing day are cleared

n.a. (continuous) EPEX Spot, 2021d

Results publication
time

15.40 day before delivery n.a. (continuous) EPEX Spot, 2021d

Financial
arrangements

Trading fee Annual 12,500 € fixed
fee & 0.035 €/MWh
variable fee

Annual 12,500 € fixed fee
& 0.035 €/MWh variable
fee

ECC, 2021

Settlement
mechanism

ECC as central counter-
party for settlement and
delivery

ECC as central counter-
party for settlement and
delivery

EPEX Spot, 2021d

Physical
context

Capacity allocation
mechanism

Not possible to trade
cross-border yet

Only for cross-border
trades: implicit allocation
through XBID mechanism,
first-come first-serve basis

ENTSO-E, 2021e

Table 6.3: Characteristics of the Dutch intraday auction and continuous trading markets,
operated by EPEX Spot.

6.5 Answer to subquestion

This chapter has studied what characteristics electricity markets have and how they utilise
flexibility. Three types of electricity markets are differentiated, which each use flexibility in a
different manner. Wholesale markets are about managing price risks of energy trading; balanc-
ing markets are about maintaining the electricity system in balance; and congestion markets
are about preventing or solving congestion in the distribution or transmission network. An
electricity market characteristics framework of 23 characteristics is constructed that spells out
all market design elements. The full characterisation is shown in Table B.2 in Appendix B,
whereas Table 6.2 presents the 16 characteristics that are within the scope of this thesis.
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7 Market barriers

Now the electricity market characteristics as well as the hDER characteristics are clarified,
market barriers with respect to hDER flexibility integration can be determined by juxtaposing
the two sets of characteristics. This enables examination of the third subquestion ‘Which bar-
riers are present in the design of Dutch electricity markets that hamper integration of flexibility
from household-based Distributed Energy Resources?’.

This chapter first expands about the diverse terminologies and scopes that are adopted in
hDER and electricity market literature. Then, the various types of market barriers are pre-
sented. Subsequently, the market design barriers of the Dutch intraday market in specific are
identified. Finally, these market design barriers are grouped and a brief answer to the subques-
tion is provided.

7.1 Diverse terminologies and scopes

The main scope of the analysis is on barriers in the market design characteristics, with respect
to flexibility of household-based DER, with a specific focus on the intraday market. However,
since this scope is so specific it is important to elaborate on the variety of used terminologies
and scopes in literature.

Firstly, in collecting and analysing the data sources, it is important to keep in mind that the
term household-based DER is newly constructed in this thesis, and thus is not yet used in
literature. Therefore, various other terminologies were used in retrieving information. The
overarching term of ‘Distributed Energy Resources’ is the broadest term, which includes de-
mand response, storage and generation, but still on various levels (e.g. residential, commercial,
and industrial). The household level can be seen as a subcategory within the category of ‘res-
idential flexibility’. Other terminologies that lead to relevant information were terms such as
‘demand response’ or ‘demand side flexibility’. These terms only cover the demand response
type of flexibility, and also can be subdivided in several levels. Since the scopes of some of these
terminologies overlap and each source adopts a specific scope, in the analysis of the literature
information is filtered that is relevant for hDER. This means that statements that describe
for example barriers for residential flexibility or demand response are only included when they
hold a similar interpretation for hDER.

Furthermore, electricity market literature also makes use of various terminologies and scopes.
Whereas electricity market literature uses various terminologies for the same characteristic (e.g.
market closing time / market clearing time / gate closure time), they refer to only one mar-
ket characteristic. Almost no overlap between terminologies is present. However, the adopted
scope differs widely. Some papers only write about one market (e.g. day-ahead / intraday) in
specific, whereas others study electricity markets in general. Since the focus on the intraday
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market is embraced, barriers that are discussed with regard to electricity markets in general
are also incorporated in case they hold a similar interpretation for the intraday market.

7.2 Market barrier types

During the literature assessment, several types of market barriers were encountered that do
not fit in the market characteristics framework as developed in Chapter 6. The reason for this
is that the scope of the developed characterisation is specifically on the design of the market
exchange (as a result of the adopted definition of a market as an exchange platform). Table 7.1
briefly presents the wider range of market barriers that are observed. They can be categorised
in five types:

• Design barriers: Barriers related to the design of the exchange platform and the traded
products.

• Prequalification barriers: Barriers related to the prequalification requirements and pro-
cess that assess whether a resource is allowed to access the market.

• Value barriers: Barriers related to the value of the product that is traded in the market,
and how this value is embedded in its wider context.

• Role structure barriers: Barriers related to the current industry structure and corre-
sponding roles and relations that are defined in regulations.

• Operation barriers: Barriers related to the required equipment and process of operating
in the market.

Note that this market barrier structure is not exhaustive, neither in the categorisation of the
types of market barriers, nor in the example barriers that are stated for each type of market
barrier. It serves to put in perspective the market design barriers that are the focus of this
thesis, and provides a starting point to build further upon.

In spite of the market design barriers being the main focus of this thesis, during the inter-
views, it became clear that the lack of standardisation of hard- and software turns out to be
a very high impact barrier for market integration of hDER. In the market barrier typology,
this is considered in the market operation barrier type. This lack of standardisation has two
consequences: 1) it makes it difficult to exchange data, while data exchange requirements of
the markets are high; and 2) it leads to high entry and transaction costs for households, which
has a negative impact on the business case for providing flexibility (Frontier Economics and
ENTSO-E, 2021; Interview Escozon; Interview EnergieSamen).

These costs of hDER flexibility activation are in theory very low, especially when considering
demand response: costs are negligible as energy consumption is only shifted in time. How-
ever, to be able to steer hDER or even to have access to detailed data, first high upfront
costs for ICT technologies and infrastructure need to be made. In the interviews with Escozon
and EnergieSamen, the interviewees shared their experiences with the steering of heat pumps.
Therein, they mention that currently a yearly fee of around 30 euros has to be paid to the
equipment manufacturer of the heat pump, in order to get access to detailed data and to be
able to steer it. This has a high negative impact on the business case of bringing heat pump
flexibility to the electricity market.
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Market barrier
types

Example barriers Sources

Design barriers Are covered in Figure 7.1 n.a.

Lack of standardisation of market rules and energy
products across Europe (out of scope of assessment
framework due to focus on the Netherlands)

ENTSO-E, 2021; FLEXCoop, 2021

Lack of coordination between electricity markets (out
of scope of assessment framework due to focus on in-
traday market)

European Smart Grid Task Force, 2019

. . .
Prequalification
barriers

Non user-friendly prequalification regulations and pro-
cesses

ENTSO-E, 2021; European Commis-
sion, 2019a; Frontier Economics &
ENTSO-E, 2021

Extensive training and license requirements EPEX Spot, 2021b
. . .

Value barriers Lack of flexibility value pass through to citizens, result-
ing in lack of financial incentive

European Smart Grid Task Force,
2019; Sweco et al., 2015; FLEXCoop,
2021; Medved et al., 2015

Lack of value stacking possibilities, decreasing total
flexibility value

European Smart Grid Task Force, 2019

Lack of customer awareness of flexibility value due to
complexity of offers

European Smart Grid Task Force, 2019

. . .
Role structure
barriers

Lack of coherent aggregator framework Jedlix & USEF, 2021; European Com-
mission, 2019a; European Smart Grid
Task Force, 2019

Ambiguity around BRP relationship when considering
multiple BRPs at one connection

European Smart Grid Task Force, 2019

. . .
Operation
barriers

Unclarity with regard to defining baseline methodology Jedlix & USEF, 2021; European Smart
Grid Task Force, 2019; Weiller et al.,
2020

Challenges with regard to data access and sharing European Smart Grid Task Force,
2019; Schwabeneder et al., 2021;
Weiller et al., 2020

Lack of standardisation of hardware and software,
due to fragmented manufacturer landscape & non-
standardisation of market design and prequalification
across Europe

Jedlix & USEF, 2021; European Smart
Grid Task Force, 2019; ENTSO-E,
2021; FLEXCoop, 2021; REScoop.eu
& FLEXCoop, 2021; Frontier Eco-
nomics & ENTSO-E, 2021

. . .

Table 7.1: Overview of the various types of market barriers for hDER flexibility integration.

7.3 Dutch intraday market design barriers

In order to identify the market design barriers of the Dutch intraday market with regard to
hDER flexibility integration, not only the market characteristics framework that is developed
in Chapter 6 is employed, but also the hDER flexibility characterisation that is described in
Chapter 5 is used. By bringing together and juxtaposing these two characterisations, an as-
sessment framework can be constructed that helps in providing a structured overview of the
market design barriers that are present with respect to hDER.

The assessment framework can be used in various levels of detail: for example one specific
technology (e.g. heat pump) can be matched with one specific market (e.g. the Dutch intraday
continuous trading market of EPEX Spot). However, also a more universal approach can be
taken. Then, the set of hDER technologies that have the highest flexibility potential (electric
vehicle + heat pump + battery) can be matched with the Dutch intraday markets that are
operated by EPEX Spot (continuous trading + auction). The latter approach is used, as it
allows to develop more comprehensive recommendations that consider the whole design of the
intraday market.
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Worthwhile to mention is that the scope of this thesis on the Dutch intraday market excludes
some market design barriers: barriers that relate to differences between countries, and barriers
that consider other electricity markets or connections between electricity markets in the time
sequence. Still, the market characteristics framework could be used to identify these barri-
ers. Instead of matching technologies with markets, the framework is also suited to compare
markets with each other. Thus, the market design barriers that are present between countries
would be delineated by filling in the framework for two or more countries, and investigating
where characteristics do not align (e.g. different delivery periods). Also, the market design
barriers that exist between electricity markets in the time sequence (e.g. day-ahead and intra-
day market), would be outlined by filling in the framework for the two markets and comparing
where characteristics clash with each other (e.g. gate closure time of one market could impact
the gate opening time of another market).

Figure 7.1 shows the assessment framework in which the market design barriers are accentu-
ated. A red color represents a market design barrier that has a high impact on hampering
hDER flexibility integration, an orange color represents a medium impact, and a yellow color
represents a low impact. In order to present a clearer and more concise overview, market char-
acteristics (rows in the table) that are not considered as a barrier are removed. Below, each of
the market design barriers and their impact level are discussed in detail.

Figure 7.1: Overview of market design barriers for hDER flexibility in the Dutch intraday
market.

Delivery period

The delivery period represents a trade-off between on one hand better representation of the
physical system and of the value of flexibility, and on the other hand the computational time
needed to clear the market (Meeus & Schittekatte, 2018). Namely, smaller delivery periods
make it more complex to perform market clearing computations, as more options are possible
(Meeus & Schittekatte, 2018). Currently, the Dutch intraday markets have a delivery period
of down to 15 minutes.

In general, literature states that the smaller the delivery period, the easier it is for hDER
flexibility to be integrated (ENTSO-E, 2021c). However, current providers of household flexi-
bility mention that the current delivery period of 15 minutes is satisfactory. For lower delivery
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periods the business case of providing flexibility gets even smaller (Interview Escozon), and
the amount of data should not be blown up (Interview Jedlix). Furthermore, smart meters
and technical settlement systems are not (yet) able to deal with smaller time steps. Since the
current delivery period expresses a manageable service duration time that all of the considered
hDER are able to deliver, the delivery period characteristic is assessed as a low impact barrier:
smaller could make it more comfortable for hDER, but the current delivery period already
allows for its integration.

Minimum bid size

The minimum bid size serves as a lower volume limit that each bid has to comply with. Cur-
rently, in the Dutch intraday markets the minimum bid size is 0.1 MW, which is the smallest
bid size of all types of electricity markets in the Netherlands. It should be noted that for some
markets aggregation is allowed, which can help to overcome reaching this minimum bid size
(Meeus & Schittekatte, 2018).

Since the power capacity of a single hDER is much lower than 0.1 MW, this minimum bid
size is too high for hDER to operate on the market (ENTSO-E, 2021c; Sweco et al., 2015;
REScoop.eu and FLEXCoop, 2021; Schwabeneder et al., 2021). Therefore, the minimum bid
size characteristic is assessed as a high impact barrier: the minimum bid size is higher than
hDER can provide and hampers them from participating in the market.

Gate closure time

The gate closure time represents a trade-off between on one hand giving market participants
the opportunity to adjust their portfolios as close as possible to real time, while on the other
hand providing enough time to the TSO to perform all processes that are required (e.g. system
stability checking) to ensure operational security (Meeus & Schittekatte, 2018). Currently,
intraday continuous trading can take place up to 5 minutes before delivery, but the intraday
auction closes at 15.00 the day before delivery.

For hDER it holds that the further in advance the market closes, the more difficult it is to
predict whether the hDER can provide flexibility, and with what amount (FLEXCoop, 2021;
Interview Jedlix). For the auction this means that at this gate closure time it is difficult for
hDER to predict the available flexibility. Hence, the gate closure time characteristic is assessed
as a medium impact barrier: whereas intraday continuous trading allows for trading up to
5 minutes, the gate closure time of the intraday auction is too far in advance of delivery to
accurately predict the hDER flexibility.

Trading mechanism

The two trading mechanisms (auction / continuous trading) each have its benefits and disad-
vantages. Auctions allow for the pooling of liquidity in the market, which leads to a higher
market efficiency, for the possibility to include cross-border transmission capacity, and for the
possibility to determine prices through marginal pricing (Meeus & Schittekatte, 2018). In con-
trast, the main benefit of continuous trading is that it allows for the continuous adaptation
of portfolios, which makes it possible to better anticipate to changes in forecasts (Meeus &
Schittekatte, 2018). Currently, both trading mechanisms are present in the Netherlands, with
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each their own market. Nonetheless, since the Dutch intraday auction is only operational since
2020 its traded volumes are still limited (EPEX Spot, 2021e).

Continuous trading carries along several significant barriers for hDER flexibility. Namely, sub-
stantial resources are required to participate in continuous trading, as one has to determine
the right moment and price of each bid (Sweco et al., 2015); the speed of trading is impor-
tant (European Commission, 2019b); and one is competing with large parties that have have
24/7 trading departments and are much better in optimisation (ENTSO-E, 2021c). In case
each household would need resources to overcome these barriers, the flexibility activation cost
would increase drastically. At the same time, auctions do not have these barriers. As a result,
the trading mechanism characteristic is assessed as a medium impact barrier: an auction mar-
ket fits much better to hDER and is in place, but continuous trading, which possesses large
barriers for hDER flexibility integration, is still the main IDM.

Pricing mechanism

The pricing mechanism that can be adopted is dependent on the trading mechanism: in case of
continuous trading, automatically pay-as-bid pricing is embraced, whereas in case of auctions
pay-as-bid or marginal pricing (pay-as-cleared) are possible. In the current Dutch intraday
auction, prices are set through marginal pricing. Pay-as-bid introduces a certain ‘gaming’ el-
ement in placing bids, as the bidding strategy of market participants is likely to involve the
forecasting of prices (Meeus & Schittekatte, 2018). To the contrary, marginal pricing in a
competitive market incentivises to place bids according to the marginal cost of providing this
flexibility (Meeus & Schittekatte, 2018).

From the system perspective of total cost minimisation, one wants that flexibility bids are
based on marginal cost. In general, the flexibility activation costs of hDER are relatively low.
In case hDER would place bids according to their marginal costs, they would receive only
little profits in a pay-as-bid mechanism (also because they have limited resources to develop an
optimal bidding strategy), which has a negative effect on the profitability of hDER flexibility
provision (ENTSO-E, 2021c; Sweco et al., 2015). Therefore, the pricing mechanism charac-
teristic is assessed as a medium impact barrier: while pay-as-bid pricing does allow for hDER
flexibility integration, marginal pricing provides a higher price, making the business case for
hDER flexibility more worthwhile (and making the market more efficient in terms of total costs).

Frequency of auctions

The frequency of auctions indicates how many auctions are cleared in one moment and what
the time interval between these auction clearings is. A high auction frequency comes close to
continuous trading and its related benefit of allowing for quick responses to changes in fore-
casts. However, they can lead to competition on speed rather than on price, which is wasteful
from a total societal cost perspective (European Commission, 2019b). A minimum frequency
of auctions is determined by the desired concentration of liquidity in one moment (European
Commission, 2019b). Currently, for the Dutch intraday auction there is only one auction clear-
ing at 15.00 the day before delivery. At this moment, the auctions for all delivery periods of
the next day are cleared in one go.

Since the energy capacity of hDER is relatively small, they are not able to provide flexibility
for several delivery periods after each other. If only one auction a day takes place, it is difficult
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to determine for which delivery periods to offer flexibility, which is a barrier for hDER flexi-
bility integration as the amount of times that a resource can be activated is decreased, which
negatively impacts their business case (Sweco et al., 2015). Hence, the frequency of auctions
characteristic is assessed as a medium impact barrier: while the low frequency of auctions allow
hDER flexibility to participate in the intraday market, it restricts its potential.

Trading fee

The trading fee is a source of income for the market operator. Often, a fixed membership fee is
present, in combination with a variable fee that depends on the traded volume. For the EPEX
Spot intraday market a yearly fixed fee is set at 12,500 € and a variable fee of 0.035 €/MWh
is present (ECC, 2021).

In comparison with the volume that hDER are able to trade on a yearly basis, and the prof-
its that they can retrieve from this, especially the high fixed fee is a significant barrier to
participate in the market (Sweco et al., 2015; Interview Escozon). As such, the trading fee
characteristic is assessed as a high impact barrier: the trading fee is much higher than hDER
can recapture through flexibility trading.

7.4 Barrier groups

The various market design barriers that are described above are grouped based on their origin
and relations. This helps in making the roots of and connections between the barriers explicit
and later on in matching solutions to them. The delivery period characteristic is not consid-
ered, as it is only a low impact barrier, and in practice no current desire for changes with
regard to this characteristic are present (Interview Escozon; Interview Jedlix). The market
design barriers can be divided in three groups: scale barriers, market mechanism barriers, and
auction format barriers.

1. Scale barriers: Minimum bid size & Trading fee
The minimum bid size and trading fee characteristics are a barrier for hDER integration
since the scale of the resources is much smaller than the current market is designed for.
This results in hDER not being able to reach the minimum bid size and having to pay a
disproportionate (especially fixed part of the) trading fee.

2. Market mechanism barriers: Trading mechanism & Pricing mechanism
The trading and pricing mechanisms are related to each other as in continuous trading
prices can only be determined through a pay-as-bid mechanism. The current predominant
trading and pricing mechanism (continuous trading with pay-as-bid pricing) leads to
difficult integration of hDER as bid prices are difficult to determine and often lower than
in case of auctions with marginal pricing.

3. Auction format barriers: Gate closure time & Frequency of auctions
In an auction format with multiple frequencies the last auction determines the ultimate
gate closure time. The current format of the the intraday auction with a frequency of
one clearing for all 96 delivery periods of the next day is a barrier for hDER integration
as it closes considerably far ahead of delivery.
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7.5 Answer to subquestion

This chapter has described which barriers are present in the design of Dutch electricity mar-
kets that hamper integration of flexibility from hDER. Several types of market barriers are
identified: design barriers, prequalification barriers, value barriers, role structure barriers, and
operation barriers. The market design barriers of the Dutch intraday market are the focus of
this thesis, and to provide a structured overview of these barriers, the electricity market and
hDER flexibility characterisations are used. The market design characteristics that hamper
integration of hDER flexibility (in varying impact levels) in the Dutch intraday market are:
1) scale barriers: minimum bid size & trading fee; 2) market mechanism barriers: trading
mechanism & pricing mechanism; 3) auction format barriers: gate closure time & frequency of
auctions.

64



8 Market integration solutions

Acknowledging and pinpointing barriers is an important first step in discovering opportunities
for better market integration of hDER flexibility. The next step in improving integration is
identification of solutions that can overcome these barriers, which the fourth subquestion ‘What
solutions can overcome the market design barriers?’ investigates.

This chapter first discusses which solutions are appropriate for the three barrier groups of
scale, market mechanism and auction format. Then, it elaborates on the two key solutions of
aggregation and market design changes and concludes with a brief answer to the subquestion.

8.1 Scale solutions

The two market characteristics that especially hinder hDER integration due to the small scale
of the resources whilst large scale orientation of the market are the minimum bid size and
trading fee. Two main types of solutions can overcome this mismatch: either decreasing the
scale of the incumbent market, or increasing the scale of the new resources (or a combination
of these two). Below various perspectives on these options are described.

Firstly, reaching the minimum bid size is required to be able to place bids in the market.
It is important to consider whether there is a wish to have small scale resources individu-
ally participate in the market in the first place. The system perspective on this is relatively
straightforward: it is easier to keep things as they are. Not only the market design itself would
need to be changed, also structural changes would be required in the settlement systems of the
TSO (Interview Jorrit Nijholt - ETPA). Namely this settlement system can currently only deal
with trade information in specific formats. For example, it can only deal with integer values of
traded kWh (Interview Jorrit Nijholt - ETPA). When considering the current delivery time of
15 minutes and minimum bid size of 0.1 MW, the minimum energy that can be traded comes
down to 25 kWh which is much larger than a household can accommodate. In case the mini-
mum bid size would be halved to 0.05 MW, for the same delivery period that would result in a
minimum energy of 12.5 kWh (which is still much larger than a household can accommodate).
However, the system of the TSO could not even deal with this trade, as it is not an integer value.
Thus, a minimum bid size (in combination with the delivery time) should at least ensure that
the technical system can handle the trade data or the technical system itself should be replaced.

The household perspective on individually participating in the market suggests that there is no
wish for households to do so. Most households do not want to do a lot of manual active par-
ticipation themselves (Interview Escozon; Interview EnergieSamen). “Electricity is a ‘stupid’
product, as long as it is present, most people won’t care how it works” (Interview Escozon).
Whereas people might be interested and open to offer flexibility of their hDER, a certain level
of automation is important (Interview Escozon; Interview EnergieSamen). “Citizens need to be
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disencumbered, they have other interests than energy trading, suppliers or aggregators could
jump into this potential that is currently unused” (Interview Jorrit Nijholt - ETPA).

Hence, no direct need to lower the minimum bid size is present, but aggregating the flexibility
of hDER in order to reach the minimum bid size (‘increasing the scale of the resources’) is the
preferred solution. Sweco et al. (2015) state that a minimum bid size of 0.1 MW provides good
possibilities for aggregators to participate in the market.

Secondly, to be able to participate in the market, trading fees have to be paid. The market
operator needs these fees to obtain an income for facilitating the exchange platform. Various
fee structures are possible. The current EPEX Spot market has a high fixed fee (12.500 €/year)
with a low variable fee (0.035 €/MWh) (ECC, 2021). In contrast, ETPA has a lower fixed fee
(150 €/month) with a higher variable fee (0.10 - 0.75 €/MWh) (ETPA, 2021b). The ideology
behind this structure is that parties then have better access to the market in first place (Inter-
view Jorrit Nijholt - ETPA). Other structures that could also better fit with the smaller scale
of hDER could be: removing the fixed fee completely and having only a variable fee; having a
gradation of fixed fees based on the amount of volume traded per year (Interview Escozon); or
allowing for a collaboration with a market participant that is already active and paying a ‘client
representative fee’ instead of a full trading fee (Sweco et al., 2015). It should be noted that
performing and processing lots of small transactions also results in higher costs for the market
operator (Interview Jorrit Nijholt - ETPA). In addition, in case several hDER would be collec-
tively brought to the market by an aggregator this trading fee barrier could also be overcome,
as the aggregator is better able to bear such costs and can split it over the participating hDER.

In conclusion, aggregation (‘increasing the scale of the new resources’) turns out to be the pre-
ferred solution to overcome the barriers related to scale in the minimum bid size and trading
fee market characteristics.

8.2 Market mechanism solutions

An auction with marginal pricing as well as continuous trading with pay-as-bid pricing are
present in the Dutch intraday market. The predominant market is the continuous market.
This is a barrier for integration of hDER flexibility, mainly because it is difficult for hDER to
develop an optimal bidding strategy and they have a low marginal cost. Although auctions
with pay-as-bid pricing are possible (e.g. in the mFRRda balancing market), they are not
considered below since one of the key benefits of the auction mechanism is the possibility to
determine prices through marginal pricing. The two solution types of changing the market
perspective and changing the resource perspective are discussed.

Firstly, explicit market changes in the intraday market with regard to the trading and pricing
mechanisms are not possible, since both a continuous trading market with pay-as-bid pricing
as well as an auction market with marginal pricing are already present. Therefore, market
changes refer to a shift in the gravity of trading, as currently much more volume of the in-
traday market is traded in the continuous trading than in the auction market. In contrast,
auctions with marginal pricing tend to favor participation of smaller scale resources such as
hDER (ENTSO-E, 2021c; European Commission, 2019b). Namely, these resources can just
bid their marginal cost instead of having to perform develop complex bidding strategies to
determine the right price to bid (European Commission, 2019b). Furthermore, in pay-as-bid
pricing resources with a low marginal cost often also get a low price (Sweco et al., 2015).
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In addition, auctions maximise social welfare (ENTSO-E, 2021c). As a result, auctions with
marginal pricing are easier to participate in, can lead to higher financial value for hDER, and
are preferred from a social cost perspective. A disadvantage of the auction market is that it
is less flexible in allowing for adjustments in portfolio positions (ENTSO-E, 2021c). A mar-
ket party cannot immediately act upon improved predictions of its generating or consuming
resources. However, this could be overcome by introducing multiple auctions (illustrated in
Section 8.3), and keeping the continuous trading market available in parallel to the auction. In
current regulations it is even required that continuous trading should remain possible, even if
auctions are introduced (European Commission, 2019b).

Secondly, the changes from the resource perspective mainly relate to the means that are re-
quired to participate in the market mechanisms. In continuous trading, the market competes
on speed of trading rather than on price (ENTSO-E, 2021c). Even in auction markets, market
participants have to be active on the trading platform at least daily. Since citizens (owners of
hDER) have other professions than energy trading, they are not constantly looking at energy
prices (Interview Jorrit Nijholt - ETPA). As such, a certain level of automation and aggregation
is recommended to participate in the trading mechanisms.

Accordingly, both the market as well as the resource perspective are recommended to change
in order to overcome market mechanism barriers. Aggregation would provide better means to
participate and a gravity shift of trading from the continuous trading (with pay-as-bid pricing)
towards the auction market (with marginal pricing) would improve the financial value that
hDER can obtain.

8.3 Auction format solutions

Despite the auction mechanism being the preferred trading mechanism for hDER, the current
design of the intraday auction still hampers hDER integration. The gate closure time of 15.00
the day before delivery is too far ahead to properly predict whether and how much flexibility
an hDER can deliver. Also, the auction frequency of only one clearing for all delivery periods
of the next day restricts the use of the full flexibility potential of hDER, as their small energy
capacity cannot be used multiple times after each other. Again the two types of changes on
the side of the resources and of the market are discussed.

Firstly, adapting the resources to better fit within the incumbent system has two layers. The
physical resources themselves cannot be adapted to better fit in the current system: their small
energy capacity and difficult (far ahead of real time) predictability are inherent characteristics
of hDER. However, aggregating these resources towards a larger scale (and thus making adap-
tations from the resource point of view) can help in partly mitigating predictability and energy
capacity issues. Namely, by including a larger set of hDER and managing and analysing large
amounts of data, predictability can be increased (IRENA, 2019a). Furthermore, by combining
activation of multiple resources, service duration can be extended and more (though still not
full) flexibility potential of the collective of hDER can be utilised (IRENA, 2019c).

Secondly, changing the current market should mainly focus on facilitating closer to real time
auction trading and adjusting of positions. RES as well as hDER forecasts become better the
closer they are to real time (European Commission, 2019b; FLEXCoop, 2021; Medved et al.,
2015; Medved et al., 2015; Interview Jedlix). Furthermore, by increasing the frequency of
auctions, the market would allow for more adjustments (European Commission, 2019b). If a
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resource then knows for which delivery periods it is selected in the first auction, new bids can be
placed in the next auction for other delivery periods. Namely, the flexibility potential for these
delivery periods can be dependent on whether or not the resource is selected in the delivery
period before, especially because of hDER’s small energy capacity and difficult predictability
far ahead of real time. The increase in frequency of auctions is acknowledged (ENTSO-E,
2021c), however, it is up to discussion which would be a suitable number of auctions. A higher
frequency allows for more adjustments, but just as in continuous trading, a too high frequency
leads to competition on speed rather than on price (European Commission, 2019b). European
Commission (2019b) propose a sequence of 10 to 14 auctions to be the right balance. This is
mainly based on the need for an auction at least every 2 to 3 hours, due to the improvements
in forecasts closer to real time, in combination with several cross-zonal transmission right con-
siderations which are out of scope of this thesis.

Hence, a combination of aggregation and changes in the market design are suggested. In spe-
cific, the gate closure time should be at most 3 hours before real time and the frequency of
auctions should become a sequence of 10 to 14 auctions. In this way, barriers related to the
auction format can be overcome.

8.4 Solution types

In general, two types of solutions to overcome hDER market integration barriers can be iden-
tified: adapting the new developments and resources to better fit with the current system and
changing the incumbent system and design of the market to better accommodate for the new
resources. Within the scope of this thesis, the former considers aggregation whereas the latter
considers market design changes. As the sections above describe, both solutions help in over-
coming different barriers and thus both are needed to better integrate flexibility from hDER
in the electricity markets. Figure 8.1 maps the solutions of aggregation and market design
changes to the corresponding market design barriers that they overcome.

Figure 8.1: Mapping of solutions to their corresponding market design barriers.

Other solutions such as creating new local energy markets or looking at implicit flexibility
through dynamic tariffs are possible and mentioned in literature. However, they are out of
scope of this thesis because they are less associated with the intraday market design and
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market characteristics framework. The considered solutions of aggregation and market design
changes are further discussed below.

Aggregation

Essentially, aggregation is about accumulating the flexibility from multiple small scale resources
into one larger scale flexibility portfolio. The party that performs this aggregation task adopts
the market role of aggregator. Figure 8.2 provides a definition of the role of aggregator by
USEF (2017). Apart from overcoming scale barriers, aggregation allows for the pooling of
flexibility, which increases predictability, extends service duration, and builds in redundancy
in bringing this flexibility to the market (IRENA, 2019a; IRENA, 2019c; Frontier Economics
and ENTSO-E, 2021). Redundancy means that it has the ability to overcome the failure of
activation of a resource. This is beneficial for the system as well as the households: it can
prevent the system consequences of imbalance, while the household risks for penalties can be
mitigated. By adopting a portfolio that comprises of a large variety of hDER, it can be made
suitable to operate in the market (REScoop.eu & FLEXCoop, 2021). In this way, the variety
of hDER resources can be used as a strength.

Figure 8.2: Definition of the aggregator role by USEF (2017).

The solution of aggregation is widely recognised within the electricity sector, however, it is still
uncertain which parties will take up the role of aggregator, and how such aggregator model
would look like. This could be new independent parties, incumbent energy suppliers, energy
communities, equipment manufacturers, or others. Currently, in the Netherlands independent
aggregation is not (yet) allowed in wholesale markets (USEF, 2021). Bringing aggregated flex-
ibility to the wholesale markets is only possible through the Balance Responsible Parties of the
suppliers.

Two aggregator models came forward in the interviews: the aggregator model by Jedlix, and
the aggregator model as ‘cooperative of cooperatives’ by EnergieSamen. Today, Jedlix already
aggregates the flexibility of EVs and has partnerships with parties that pay them for performing
the technological steering of EVs (Interview Jedlix). As such, EV flexibility can be activated by
Jedlix according to the flexibility requested from either the BRP or the BSP partner. Alterna-
tively, EnergieSamen, which is the Dutch umbrella association for energy communities, aspires
to become an aggregator and/or BRP themselves (Interview EnergieSamen). The majority
of energy communities has adopted a cooperative structure as legal form (FLEXCoop, 2021).
In this way the community members are together owner of the community entity. Aggregat-
ing flexibility of one community often is not enough to overcome the scale barriers, however,
aggregating multiple communities can be a solution for this. By setting up a cooperative of
which the (cooperative) energy communities are owner (= a cooperative of cooperatives), a
legal structure can be created that maintains citizen ownership of the aggregated flexibility
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(Interview EnergieSamen). Next to ensuring that economic profits end up with these citizens
and their communities, other benefits can be achieved by bringing the flexibility within these
energy communities as a ‘cooperative of cooperatives’ to the electricity markets. Namely, due
to their non-commercial approach, societal benefits can be achieved too, for example related
to collective citizen engagement in the energy transition (REScoop.eu & FLEXCoop, 2021).

USEF provides very detailed descriptions and recommendations with regard to the various
aggregator models, market roles and their relations, and proposes a market coordination mech-
anism that takes the necessary interactions between these roles in the process of flexibility
activation and trading into account. However, they do not consider market design changes of
exchange platforms. The next section elaborates on the market design changes that this thesis
proposes.

Market design changes

Sections 8.2 and 8.3 have identified multiple changes to the design of the Dutch intraday market
that would better facilitate integration of hDER flexibility. This section brings these changes
together and proposes a new design of the Dutch intraday market. The described changes are:
1) a gravity shift of intraday trading towards the auction mechanism with marginal pricing; 2)
a higher frequency of auctions and closer to real-time gate closure time. Figure 8.3 presents
a timeline of the proposed intraday market design that is based on European Commission
(2019b)6.

Figure 8.3: Proposed intraday market design, based on European Commission (2019b).

The proposed design considers an auction frequency of 10 auctions, with a gate closure time of
up to 1 hour before delivery. The frequency of 8 auctions on the day of delivery and 2 auctions
the day before delivery ensures that positions can be adapted at least every 3 hours, which is

6European Commission (2019b) propose a slightly different design mainly because they include cross-zonal
trading and related regulations. Since these are out of scope of this thesis, these elements are disregarded.
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the minimum gate closure time that is recommended to facilitate including better predictions
(European Commission, 2019b). The continuous trading market opens after the results of the
opening auction are published and is interrupted for approximately 10 minutes around the
time that an auction is cleared. This is needed to gather the auction bids and determine an
equilibrium (European Commission, 2019b).

The auction as well as the continuous trading mechanism are proposed to remain available.
Current regulations oblige that even if intraday auctions are introduced, the possibility for
continuous trading must be present (European Commission, 2019b). Also, the highest value
of continuous trading lies in the last moments (2 - 3 hours) of the market (Interview Jorrit
Nijholt - ETPA). If a market party needs to adjust its position after the gate closure time of the
last possible auction for a specific delivery period, this is then still possible in the continuous
market. In this way, even though a higher share of the traded intraday volume can be handled
in the auctions, the advantages of continuous trading are still available.

8.5 Answer to subquestion

This chapter has outlined what solutions can overcome the market design barriers. Two main
types of solutions are recognised: adapting the resource perspective to fit better in the incum-
bent market (aggregation), or changing the market perspective so that it better accommodates
integration of the new resources (market design changes). Both types of solutions are necessary
to better integrate flexibility from hDER in the electricity markets, as they help in overcoming
different barriers. Aggregation overcomes scale barriers, while a combination of aggregation
and market design changes overcomes market mechanism and auction format barriers.
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9 Discussion

The previous four chapters have presented the results of this thesis and formulated answers to
the subquestions. This chapter puts these findings in perspective. First, it considers the topics
of hDER flexibility and the market, which are crucial to this thesis. Then, it discusses devel-
opments around the two solutions of market design and aggregation. Finally, it contextualises
the findings in the European geographical context.

9.1 Household-based Distributed Energy Resources flexibility

Although the flexibility potential assessment of the various hDER was not very comprehensive,
the interviews and other literature approved that EVs, heat pumps and batteries are the hDER
with the highest flexibility potential. The financial business case that considers the amount of
flexibility and the cost of a resource, together with the impact on comfort levels, came forward
as the most important features. Several assessments of hDER have been computed, which
consider their flexibility potential in a general way (e.g. TKI Urban Energy, 2021), or even
study which hDER match best with which purpose within the system (e.g. Merino et al., 2021;
Eid et al., 2016).

The purpose of a flexibility service also comes back in the hDER definition of “technologies
that are located at the individual household level, and that are able to provide a service to
the electricity system”. The service can be provided for various purposes. It is important to
point out that flexibility services can also be used for purposes outside the markets, such as
maximising the self-consumption of a household or a community (van Summeren et al., 2020).
The formulation of “provide a service to the electricity system” could be interpreted as if a
resource is not included when it provides a service to the household itself. However, since the
household is considered to be part of the electricity system, the definition does include such
services. Due to the focus on markets, this thesis deals with purposes in markets only.

9.2 Market and value focus

This market focus is another point for discussion since the financial value of flexibility in markets
is still relatively low, and households can have a variety of values (e.g. increasing self-reliance,
gaining control) (Interview EnergieSamen; van Summeren et al., 2020). In order to incentivise
households to provide flexibility, its financial value should increase, and other types of values
should be considered. While the financial value of flexibility is expected to increase when more
RES have penetrated the electricity mix, it is still uncertain how it will exactly unfold. Other
values such as environmental and social values must be emphasised and enhanced: flexibility
provision should be made as easy as possible through, for example, automation; the need for
a feeling of control should be recognised (e.g. let people input their own settings and let peo-
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ple choose the purpose that their flexibility is used for); and privacy should be safeguarded.
Hence, apart from ensuring that markets facilitate the integration of hDER, it is essential to
investigate other aspects that impact the willingness of households to provide or not to provide
flexibility and enhance incentives therein, especially if the financial value of flexibility would
remain low.

The focus on markets was even more specifically targeted at the intraday market, while inter-
action effects are present between the various electricity markets. For example, high imbalance
prices in the balancing markets provide a higher incentive to BRPs to adjust portfolio positions
already in the day-ahead or intraday markets (Meeus & Schittekatte, 2018). Therefore, a more
holistic and integral examination of the whole sequence of electricity markets is required to
determine how hDER flexibility could add the highest value to the overall system.

At this moment, the value of flexibility in one market can compete with the value of flexibility
in another market. Instead, stacking the value of these markets could be possible. In this way,
flexibility can be used for multiple purposes. The market that provides the highest value for
flexibility at a particular time can then be chosen to deliver flexibility to. Such value stacking
does require a certain level of coordination between market parties, especially TSOs and DSOs
(Meeus, 2020). Namely, flexibility provision to one market (e.g. balancing market) could in-
duce adverse effects related to a different market (e.g. congestion) (Stawska et al., 2021).

9.3 Market design developments

A way to better deal with the interaction effects between markets could be to combine multiple
markets into one market. In that case, the proposed design for the intraday market is not
yet sufficient. It would need to be extended to facilitate the setup of a combined market. An
example of such a combination is the GOPACS congestion market that is coupled with the
ETPA intraday (=wholesale) market. Here, multiple uses of flexibility can be traded in one
exchange platform. USEF (2018a) provides some first thoughts on combinations of several
markets in one exchange platform. USEF delineates the various options that are possible and
provides some examples of how current market operators view such combinations: EPEX Spot
does not want to integrate congestion and wholesale in one market, whereas ETPA does this
already in the GOPACS platform (USEF, 2018a).

As a result of these various views on how to organise the future electricity markets, many dif-
ferent flexibility platforms emerge across Europe. Since these different platforms have different
designs, issues around aligning markets need to be addressed (Frontier Economics & ENTSO-
E, 2021). This demonstrates a need to align market designs, which the market characteristics
framework can fulfil.

9.4 Aggregation developments

Better alignment of aggregator models also is still required. Whereas aggregation is the domi-
nant rationale for integrating flexibility from hDER in electricity markets, it should be noted
that this solution is biased towards the incumbent system. Since it increases the scale of hDER
to better fit within the current market, it arises from a path-dependent way of thinking. There-
fore, this thesis did not account for the aggregation of resources immediately from the start by
default. The aim was to take an objective stance towards the hDER and market developments.
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Still, this thesis demonstrates that aggregation is a required and desired solution. However, the
difference is that now also the rationale from the household perspective is considered, which
indicates that a desire for aggregation is also present from the household perspective. House-
holds want to be disencumbered and mitigate risks concerning flexibility provision. Thus, the
household perspective as well as the market perspective desire a certain level of aggregation.
Aggregators can fulfil these desires and explore the untapped flexibility potential.

Considering that potentially multiple aggregator models might prevail, it is likely that in the
future different aggregators will be eager to use flexibility from the same household-based Dis-
tributed Energy Resource (next to the multiple electricity markets that the same flexibility can
be used for). Competition as well as collaboration between such aggregator models could then
be foreseen. Some aggregators might want to focus on a specific technology, while others might
want to control various technologies at the household level. Whereas the USEF framework
already acknowledges possibilities for multiple suppliers or multiple BRPs at one connection, it
does not recognise the possibility that multiple aggregators might be present at one connection.
How such model could look like is an area for further research.

9.5 Geographical context

As a European single electricity market is targeted, it is essential to contextualise the recom-
mendations for the Dutch market in light of this European integration. Since similar RES
and hDER developments occur in most European markets, albeit with different speeds, the
proposed intraday market design also holds for other European geographies. Nonetheless, it
is crucial to include market characteristics that consider the physical context when adopting
a European market perspective. In specific, the capacity allocation mechanism characteristic
should be investigated. Namely, this mechanism determines cross-border capacity allocation,
which is essential in performing cross-border trades. Meeus and Schittekatte (2018) state that
organisation of capacity allocation is most efficient when coupled to intraday auctions. This
is another argument for moving the gravity of intraday trading towards the auction mechanism.

The geographical context is not only relevant when studying electricity markets but also when
investigating hDER. Namely, geography influences the types of hDER present and the flexibil-
ity potential that such resources have. For example, whereas in the Netherlands the adoption
of heat pumps is increasing, air conditioners are much more widespread and relevant in Spain.
A pilot project that considered household flexibility in the Netherlands and Spain came for-
ward in the interviews with Escozon and EnergieSamen. The interviewees mentioned that
while steering of heat pumps in the Netherlands turned out to be a complex task, steering
of air conditioners in Spain was much more feasible. Also, measurement and control devices
such as smart meters have different penetration levels in different geographical contexts. Often
these are required to provide flexibility. European Commision (2019) state that in 2018, some
countries (e.g. Sweden) already had smart meters in place for all households. In contrast, in
other countries (e.g. Greece) penetration was below 5% (the Netherlands had a penetration of
46.5%). Therefore, the flexibility potential per resource and the flexibility potential of house-
holds in general can differ significantly per geographical context.

Overall, combining the integration of hDER flexibility with integrating the European electricity
markets highlights a spatial challenge: The electricity markets are combining and reaching out
to more geographies (broader spatial scope), while at the same time they are including resources
from deeper, more decentral locations in the network (more granular spatial scope).
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10 Conclusion

This thesis aims to propose solutions for better integration of flexibility from household-based
Distributed Energy Resources in the Dutch electricity markets. The focus is on the intraday
market in specific. This chapter synthesises the findings of the four subquestions and presents
an answer to the research question ‘How can Dutch electricity markets better integrate
flexibility from household-based Distributed Energy Resources?’ . Then, it describes
various practical and theoretical implications. Lastly, it discusses the limitations of the research
and proposes directions for further research.

10.1 Synthesis & answer to main research question

Investigating the ‘low-hanging fruits’ of hDER flexibility delineates where the highest benefits
can be obtained while only confronting the smallest barriers. This step reflects on whether it
is worthwhile to consider flexibility from a specific resource. In the case of hDER, that means
determining the flexibility potential of multiple resources. Several criteria can assess this po-
tential. The most important criteria are the amount of flexibility that one resource can provide,
the expected amount of resources for the future, and the willingness of households to make the
flexibility of a resource available (which relates to impact on comfort levels). The hDER with
the highest flexibility potential are electric vehicles, heat pumps and batteries. The flexibility
of these resources can be characterised by their direction, power capacity, energy capacity,
service duration, availability, predictability and flexibility activation cost.

The willingness of households to provide flexibility can be increased when they retrieve a higher
financial value or when other types of value are considered. The financial value of flexibility is
determined in the three types of electricity markets: wholesale markets, balancing markets and
congestion markets. The highest demand for flexibility is expected in the wholesale markets,
and the intraday market in specific. The reason for this is that the increase in variable and
uncertain RES makes trading close to real-time and with a smaller time granularity crucial.
Although considering multiple markets and stacking the value of flexibility can make it even
more attractive to employ hDER, this thesis focuses on the intraday market because limited
research has been done on intraday market design in relation to hDER. A market characteris-
tics framework is constructed to present an overview of the various market design elements.

Using this structure of characteristics helps in positioning the various market design barriers.
Multiple types of market barriers are present that hamper hDER integration (design, prequali-
fication, value, role structure, operation). This thesis focuses on the market design barriers, as
they associate most with the adopted market ‘as an exchange platform’ definition and relate
most with the developed market characterisation. Three categories of market design barriers
are currently present in the Dutch intraday market concerning hDER:

• Scale barriers: minimum bid size and trading fee are too high for hDER participation.
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• Market mechanism barriers: predominant trading and pricing mechanisms are continuous
trading with pay-as-bid pricing. These restrict hDER participation and limit the financial
value that they can retrieve.

• Auction format barriers: gate closure time of auction too far ahead of delivery and
frequency of auctions too low to adapt to changes in forecasts.

Two types of solutions are proposed to overcome these barriers: aggregation and market design
changes. Together, these solutions can better integrate flexibility from household-based Dis-
tributed Energy Resources in the Dutch (intraday) electricity market. Aggregation overcomes
scale barriers, whereas market design changes deal with market mechanism and auction format
barriers. The proposed changes in market design consider a higher frequency of auctions and
closer to real-time gate closure time of the intraday auction market. These changes would make
the intraday auction market (that uses marginal pricing) more suitable for integrating hDER,
as it considers their difficult predictability far ahead of real-time. In this way, the auction mar-
ket is assisted in becoming the more dominant intraday market compared to the continuous
market. In turn, this makes it easier for hDER to participate in the market and provides a
higher financial flexibility value to these resources.

10.2 Practical implications

Alongside the answer to the research question, several practical implications are essential to
consider to better integrate hDER flexibility in the electricity markets.

In the first place, this thesis specifies a new line of argumentation that advocates and provides
arguments for changes in the intraday market design, namely, from the perspective of flexibility
provision by hDER. From the perspective of increasing flexibility demand as a result of increas-
ing penetration of RES, several calls for changes in the market design are present already (e.g.
European Commission, 2019b; ENTSO-E, 2021c). However, the necessity of market design
changes to integrate flexibility supply from new, smaller scale and decentralised hDER has not
been acknowledged yet.

The technological system of the market operator is already relatively easily adaptable to the
proposed (or other) changes in the market design (Interview Jorrit Nijholt - ETPA). Instead,
the TSO is the party that should implement the most significant changes: the TSO settlement
systems need to be adapted to deal with other formats of trade information that market op-
erators currently deliver to the TSO. In turn, the regulators should propose regulations that
integrate these market design changes while they are workable for the TSO at the same time.

Moreover, the lack of standardisation of hard- and software is a major barrier to using hDER
flexibility. It leads to: 1) difficult exchange of data, while data exchange requirements of the
markets are high; and 2) high entry and transaction costs for households, which negatively
impact the business case of providing flexibility. The notion that upfront costs for ICT require-
ments are high and might be the highest barrier for hDER came back in all interviews. Hence,
whereas the variable costs of hDER flexibility activation are low, the fixed costs that need to
be made upfront to activate flexibility are high.

The collaborative efforts of the aggregator Jedlix substantiate the judgement that the costs for
these ICT requirements might be the highest barrier for hDER integration in electricity mar-
kets. Namely, by entering into partnerships with equipment manufacturers of EVs and charging
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poles, they have been able to overcome this barrier. By collaborating with these equipment
manufacturers, they have ensured that the hard- and software of the EVs and charging poles
can be coupled with Jedlix’s aggregation software without needing any extra ICT technologies
(Interview Jedlix). As a result, households can download an app, enter a bit of information,
and the EVs are immediately available for smart charging.

Next to individual aggregators collaborating with individual equipment manufacturers, a more
integral approach towards better interoperability and lower costs of hDER flexibility should
be taken. In collaboration with standardisation organisations such as the Dutch NEN, the
European Commission should set standards to overcome these barriers that are a result of
lacking standardisation. Equipment manufacturers should adhere to these standards while col-
laborating in determining these. Such standardisation would allow households to choose which
purpose they want to provide flexibility to, in which manner, and through which party.

10.3 Theoretical implications

Next to practical conclusions and recommendations that can improve hDER integration in the
electricity markets, several theoretical conclusions can be drawn related to the fields of transi-
tion studies and electricity market design.

Firstly, a characterisation of electricity markets is developed to help overcome biases and lock-
ins in the market design. The market characteristics framework is a conceptual addition to the
literature that can be used to match technologies with markets or compare markets with each
other. Since the framework is developed for the electricity system and markets, it does not
suit other systems. However, the adopted approach to develop the characterisation can serve
as example for identifying market characterisations in other socio-technical systems.

The developed market characteristics framework has proved to be legitimate and valuable. Its
legitimacy is validated because no additional or alternative characteristics were encountered in
all interviews and literature sources. This approves the comprehensiveness of the framework
and justifies the statement that saturation of characteristics had taken place. The framework
also showed that it is a useful conceptual lens to structure the analysis of market design barriers
in electricity markets. It identified relevant market design barriers that hamper the integration
of hDER.

Next to the market characteristics framework, a separate structure that gives a broader outline
of markets is provided. The four elements of purpose, operation, value, and actors supported
delineating the three types of electricity markets (wholesale, balancing, and congestion). This
structure can be used to describe markets in other socio-technical systems too.

Furthermore, the Multi-Level Perspective has proven to be a useful lens to demonstrate the
tension between the incumbent market regime dimension and the hDER niche. The two types
of solutions depict the interplay between the regime and the niche level. Aggregation involves
changing the hDER niche to better fit within the current market (= fit and conform empower-
ment). On the other hand, market design changes involve changing the incumbent market to
make it easier for the new hDER to participate (= stretch and transform empowerment). Thus,
this thesis shows that both forms of empowerment are required to better integrate flexibility
from hDER in the electricity markets.
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The combination of aggregation and market design changes could be an intermediate step
towards smaller-scale local energy markets in the longer term if the Decentral Renewable
Paradigm would gain more momentum. The unfolding of its guiding principles (renewable
and decentral) in the market dimension could take the form of local energy markets. Namely,
such local energy markets can enable renewable energy trading on a decentral level. Research
and pilot projects are already exploring how such markets could look like: local flexibility
markets are examined as they could help in preventing local grid congestion (e.g. Schittekatte
and Meeus, 2020; Valarezo et al., 2021), but also peer-to-peer energy trading is investigated as
a way to exchange energy on a local level (e.g. Lüth et al., 2018).

Moreover, although this thesis focused on the market dimension of socio-technical regimes, it is
important to emphasise that linkages between dimensions are essential to consider. While the
market design barriers of markets in transitions were the main point of focus, costs of Informa-
tion and Communication Technologies (technology dimension) are one of the main barriers for
market integration. The recommendation to improve the standardisation of these technologies
targets the European Commission and standardisation authorities (policy dimension). Hence,
this thesis emphasises that the interplay between the socio-technical dimensions is paramount.

Lastly, the definition of household-based Distributed Energy Resources is a conceptual addi-
tion to the literature. As Chapter 5 indicated, many different terminologies are used when
referring to energy resources at the household level (e.g. DER, residential DER, small-scale
DER, microgrid DER). This new term aims not to add to this ambiguity but instead proposes
a definition that clearly represents energy resources at the individual household level. This is
important because it could help acknowledge the flexibility potential at households. In turn,
this could improve opportunities for active citizens to participate in and benefit from the energy
transition, accelerate the integration of hDER and RES in electricity markets, and contribute
to further developing the Decentral Renewable Paradigm.

10.4 Limitations & further research

This thesis only investigates the current market design characterisation and its match with
current technologies. It does not assess the evolution of this market design and encompass the
process of path-dependent developments. This process and the factors that have influenced
these developments should be further studied. This may be done by use of the developed
market characteristics tool, as it enables market comparison. As such, a timeline could be
constructed that considers all market characteristics, presents the subsequent changes and dis-
cusses the forces that caused these.

Furthermore, in the assessment of market barriers, it became clear that the market charac-
teristics framework did not include all barriers related to the organisation of the market. For
example, market barriers around prequalification and operation are significant but could not
come forward in the framework. This is a result of the framework’s focus on characteristics of
the market design only. This scope was chosen due to the relatively narrow definition of the
market concept as an exchange platform. It has the benefit of making design elements very
explicit by using characteristics but neglects that other market barriers are present and might
be more impactful. This offers opportunities to extend the definition of the market concept and
extend the market characteristics framework. Future research could target further developing
and extending the scope of the framework. Market prequalification and operation elements
could be a starting point for this.
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A Appendix A

1) Complete list of top 10 most cited papers in the field of Distributed Energy Resources

Title Authors Year Cited Included
Microgrids Hatziargyriou

et al.
2007 2058 yes

Microgrids management Katiraei et al. 2008 1276 yes
Summary of distributed resources impact on power de-
livery systems

Walling et al. 2008 703 no, because no defini-
tion & categorisation is
given and the paper fo-
cuses on issues that are
a result of distributed
generation (e.g. volt-
age and protection is-
sues)

Virtual power plant and system integration of dis-
tributed energy resources

Pudjianto et al. 2007 581 no, because full text
not available

Making microgrids work Kroposki et al. 2008 528 yes
A review on distributed energy resources and Micro-
Grid

Jiayi, Chuan-
wen & Rong

2008 486 yes

A direct load control model for virtual power plant
management

Ruiz, Cobelo &
Oyarzabal

2009 456 yes

Development of models for analyzing the load-
following performance of microturbines and fuel cells

Zhu & Tomso-
vic

2002 386 no, because no defini-
tion & categorisation is
given and the paper fo-
cuses on microturbines
and fuel cells only

Bidding strategy of virtual power plant for partici-
pating in energy and spinning reserve markets-Part
I: Problem formulation

Mashhour &
Moghaddas-
Tafreshi

2011 322 no, because no defini-
tion & categorisation is
given and the paper fo-
cuses on VPP

A literature review on integration of distributed energy
resources in the perspective of control, protection and
stability of microgrid

Basak et al. 2012 303 yes

Table A.1: Overview of 10 most cited papers in the field of ‘Distributed Energy Resources’.
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2) Complete list of recent (2016-2021) top 10 most cited papers in the field of Distributed
Energy Resources

Title Authors Year Cited Included
Peer-to-Peer energy trading in a Microgrid Zhang et al. 2018 277 yes
A comprehensive review on microgrid and virtual
power plant concepts employed for distributed energy
resources scheduling in power systems

Nosratabadi,
Hooshmand &
Gholipour

2017 203 no, because no defini-
tion & categorisation is
given and the paper fo-
cuses on VPP and mi-
crogrid scheduling

Managing electric flexibility from Distributed Energy
Resources: A review of incentives for market design

Eid et al. 2016 166 yes

Peer-to-peer energy sharing through a two-stage ag-
gregated battery control in a community Microgrid

Long et al. 2018 156 no, because no defini-
tion & categorisation is
given and the paper fo-
cuses on peer-to-peer
energy trading

Microgrid stability: Classification and a review Shuai et al. 2016 150 no, because no defini-
tion & categorisation is
given and the paper fo-
cuses on microgrid sta-
bility

Optimal economic dispatch of FC-CHP based heat and
power micro-grids

Nazari-Heris,
Abapour &
Mohammadi-
Ivatloo

2017 138 yes

Optimal battery storage operation for PV systems
with tariff incentives

Sani Hassan,
Cipcigan &
Jenkins

2017 132 no, because no defini-
tion & categorisation is
given and the paper fo-
cuses on PV and bat-
tery operation

A review on microgrid central controller Kaur, Kaushal
& Basak

2016 129 no, because no defini-
tion & categorisation is
given and the paper fo-
cuses on microgrid con-
trollers

Evaluation of peer-to-peer energy sharing mechanisms
based on a multiagent simulation framework

Zhou, Wu &
Long

2018 126 yes

Day-ahead resource scheduling of a renewable energy
based virtual power plant

Zamani, Za-
kariazadeh &
Jadid

2016 124 no, because no defini-
tion & categorisation is
given and the paper fo-
cuses on VPP schedul-
ing

Table A.2: Overview of 10 most cited papers in the field of ‘Distributed Energy Resources’
from 2016-2021.
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3) Complete list of top 10 most cited papers in the field of household-based Distributed Energy
Resources

Title Authors Year Cited Included
Microgrids Hatziargyriou

et al.
2007 2058 no, because no

notion of house-
hold/residential
DER and paper fo-
cuses on microgrids

Coordinated Scheduling of Residential Dis-
tributed Energy Resources to Optimize Smart
Home Energy Services

Pedrasa,
Spooner &
MacGill

2010 646 yes

Peer-to-Peer energy trading in a Microgrid Zhang et al. 2018 277 yes
Efficient energy consumption and operation
management in a smart building with micro-
grid

Zhang et al. 2013 230 yes

Resiliency-oriented microgrid optimal
scheduling

Khodaei 2014 224 no, because no
notion of house-
hold/residential
DER and paper fo-
cuses on microgrid
scheduling

Design for distributed energy resources Driesen &
Katiraei

2008 224 yes

Three-Party Energy Management with Dis-
tributed Energy Resources in Smart Grid

Tushar et al. 2015 204 no, because no
notion of house-
hold/residential
DER and paper
focuses on an en-
ergy management
scheme

Optimal Offering Strategy of a Virtual Power
Plant: A Stochastic BI-Level Apporach

Kardakos,
Simoglou &
Bakirtzis

2016 190 no, becouse no
notion of house-
hold/residential
DER and paper
focuses on commer-
cial VPP

Optimized thermal and electrical scheduling of
a large scale virtual power plant in the pres-
ence of energy storages

Giuntoli &
Poli

2013 175 no, because no
notion of house-
hold/residential
DER and paper fo-
cuses on microgrid
scheduling

Peer-to-peer energy sharing through a two-
stage aggregated battery control in a commu-
nity Microgrid

Long et al. 2018 157 no, because no
notion of house-
hold/residential
DER and paper
focuses on peer-to-
peer sharing

Table A.3: Overview of 10 most cited papers in the field of ‘household-based Distributed Energy
Resources’.
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4) Complete list of twenty-eight flexibility characteristics as defined by Degefa et al. (2021).

Table A.4: Flexibility characteristics. Retrieved from Degefa et al. (2021)
(Definitions are copied).

Type Characteristic Unit Definition
Quantitative Direction +/- Whether the flexibility resource can provide net increase in power

output (+; increase in generation injection or decrease in power
consumption) or net decrease in power output (-, decrease in gen-
eration injection or increase in power consumption). Some re-
sources can provide flexibility in both directions.

Power capacity MW Physical capability to deliver changes in power output, e.g. the
amount of flexibility. For a flexibility resource the power capacity
can be different for different directions. A resource can also have a
minimum power output (for both directions). Power capacity can
be specified for both active (MW) and reactive (MVAr) power.

Ramping capacity MW/s The maximum change in power output per unit of time.
Energy capacity MWh The capability of flexibility resource to store or deliver energy,

i.e. the maximum energy contents associated with a resource, or
limits on the time integral of the power output.

Ramp duration s Time needed from activation begins to ramp up to full power
capacity, i. e. the power capacity divided by the ramping capacity
(assuming linear ramping). One can also differentiate between a
ramp-up time and a ramp-down time.

Service duration s How long the flexibility can be provided, e.g. before the energy
associated with the flexible resource is spent, or the time span
related to overload rating of a component.

Reaction duration Time delay from an activation signal (a request for activation)
is sent by the procuring party to the time at which the power
ramping begins (i.e. the receiving partner reacts on the signal
and activation begins).

Rebound effect MW Refers to the power output of the flexibility resource after the
flexibility activation period is ended.

Recovery duration s The time period required for the flexibility resource to be ready
for the next activation (after the end of the previous deactivation);
minimum time between activations.

Ramp frequency The recurrent occurring of ramp up and ramp down. It refers to
the number of times events of various magnitudes and responsive-
ness occur.

Flexibility time The time period when flexibility is available.
Minimum up/down
time

s Minimum time the flexibility unit can stay in operation or be out
of operation during service provisioning.

Responsiveness % Probability that a flexibility resource responds to an activation
signal (or price signal). (The term is also used to refer to price
elasticity of demand, as a qualitative characteristic, and it is re-
lated to qualitative characteristics such as predictability and cred-
ibility.).

Efficiency % The fraction of energy converted from electrical energy to the
energy form stored in the flexibility resource (or vice versa) and
not (lost) to other energy forms.

Energy loss MWh/s Energy losses per unit of time due to other processes than conver-
sion to/ from electrical energy.

Calendar lifetime years The useful lifetime of the resource considering calendar degrada-
tion (and not degradation due to activation).

Usage number # The permitted number of activations of flexibility over a given
time period. Can be number of Full Cycle Equivalents (FCE) as
a measure of the cycle lifetime.

Qualitative Location n/a Where in the power system the flexibility resource is located.
Predictability n/a The possible forecasting accuracy of flexibility resources which are

normally tied to demand and generation forecasts. This can be
related to the accuracy of the flexibility service, a quantitative
characteristic defined as the acceptable difference between the re-
quired and the delivered response.

Credibility n/a Credibility of an flexibility resource entails the confidence the sys-
tem operator or other stakeholders have about receiving flexibility
services upon an activation request. This qualitative characteris-
tic can also be related to quantitative characteristics such as the
accuracy of the service.

Continued on next page
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Table A.4 – continued from previous page
Type Characteristic Unit Definition

Ownership n/a Flexibility resources can be owned by different stakeholders. Own-
ership in general determines how much information about the re-
source is available.

Controllability Explicit response n/a The ability of the resource to respond to external control signals.
Mostly dependant on additional communication and control tech-
nologies.

Implicit response n/a The flexibility resource is primarily controlled indirectly through
price signals and the system operators do not have direct control
on availability or reaction time.

CAPEX Cost of enabling tech-
nology

e Cost of enabling technologies such as: communication, delay
switch, smart control systems, etc.

Cost of flexibility ele-
ment

e/MWh,
e/MW

Cost related to investment of flexibility resources. E.g. buying
battery bank.

OPEX Flexibility activation
cost

e The activation cost for each MWh of flexibility provided. (There
could also be an activation-independent cost of access to flexibil-
ity.).

Cycling cost e/MWh,
e/FCE

Cost associated with ageing of flexibility resources due to cyclic
operations. E.g. charge and discharge of batteries.

Penalty for non-
delivery

e This cost entails the penalty for not delivered flexibility which has
been agreed upon binding market or contractual arrangement.

Reason for omission of each omitted characteristic:

• Ramping capacity: Is negligible for all 3 considered hDER (EV, heat pump, battery).

• Ramp duration: Can be approached by dividing the Power Capacity by the Ramping
Capacity characteristics.

• Reaction duration: Will be similar for all resources and is more dependent on external
communication infrastructure then on resource itself.

• Rebound effect: Power output after flexibility activation is still within the limits that are
described by the other characteristics.

• Recovery duration: No technical constraints, mostly operational constraints (e.g. heat
pump may not let temperature drop below a certain set point, and EV at a certain
moment has to charge since it needs to be full before a set time). These are only relevant
in very few time moments so will not be considered.

• Ramp frequency: No technical constraints, mostly operational constraints (e.g. heat
pump may not let temperature drop below a certain set point, and EV at a certain
moment has to charge since it needs to be full before a set time). These are only relevant
in very few time moments so will not be considered.

• Flexibility time: Is about the moments at which flexibility is available. The exact mo-
ments can differ per resource, but its effect on total availability is included in responsive-
ness.

• Minimum up/down time: Similar for EV, heat pump and battery. Minimum up time of
battery may be higher because of operational cost reasons, but this is already reflected
in flexibility activation cost characteristic.

• Efficiency: Difficult to compare heat pump (COP value) and EV and battery (conversion
losses). As efficiency is not relevant for the interaction of a technology with the market
it will not be considered.
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• Energy loss: Very hard to provide a general estimate for, as it is dependent on how
long energy is stored in the appliance, while these losses are likely not to follow a linear
pattern.

• Calendar lifetime: Assumption that households have the resource already / are willing
to by a new one for other reasons (mobility / heating).

• Usage number: No technical constraints, only operational / cost constraints. These are
already reflected in the corresponding characteristics.

• Location: Scope on hDER indicates that locations of the considered resources are similar.

• Credibility: Partly included in responsiveness (responsiveness = availability * credibility).

• Ownership: Scope on hDER that are citizen owned indicates that the considered resources
are similar.

• Explicit response: Dependent on sensors and ICT infrastructures.

• Implicit response: Dependent on sensors and ICT infrastructures.

• Cost of enabling technology: Is an external condition.

• Cost of flexibility element: Assumption that households already have the resource in
place or are willing to buy it for other reasons (mobility / heating).

• Cycling costs: Can be integrated in the flexibility activation cost.

• Penalty for non-delivery: Is dependent on external factors and will be similar for each
resource.
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B Appendix B

1) Overview of market characteristic codes per source

Kirschen & Str-
bac (2018)

Meeus & Schit-
tekatte (2018)

EPEX SPOT
(2021a & 2021d)

Nord Pool (2021) Characteristic

Type of product Type of product Product type
Trading period /
time interval

Market Time Unit /
settlement period

Delivery period /
contract period

Delivery period Delivery period

Bid types / bid spec-
ifications

Bid type Order types Order type(s) Bid types

Minimum clearing
price

Minimum price Minimum bid price Minimum bid price

Price cap Maximum clearing
price

Maximum price Maximum bid price Maximum bid price

Price tick / incre-
ment

Tick size / price in-
crement

Price increment

Minimum bid size Minimum bid size
Bid cap Maximum bid size Maximum bid size

Volume tick / incre-
ment

Trade lot / bid incre-
ment

Bid increment

Market opening time Gate Opening Time Order book opening
time

Gate Opening Time Gate opening time

Market closing time
/ Market clearing
time / Gate Closure
Time

Gate Closure Time Order book closing
time / lead time

Gate Closure Time Gate closure time

Trading mechanism Trading mechanism
/ trading procedure
/ clearing mecha-
nism

Trading mechanism
/ quotation method

Trading mechanism

Price determina-
tion mechanism
/ Price discovery
mechanism / market
equilibrium determi-
nation mechanism

Pricing mechanism Pricing mechanism Pricing mechanism

Market clearing fre-
quency

Amount of clearings
in one time / fre-
quency of auctions

Frequency of auc-
tions

Market operator Market Operator Exchange / market
operator

Market operator /
exchange

Market operator

Type of market oper-
ator

Market operator
type

Results publication
time

Results publication
time

Currency Currency
Transaction costs Trading fee Trading fee

Cancellation fee Cancellation fee
Settlement mecha-
nism

Settlement mecha-
nism

Geographical area /
scheduling area

Scheduling area

Capacity allocation
mechanism

Capacity allocation
mechanism

Table B.1: Overview of all codes per source and the eventually chosen characteristic name.
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2) Complete list of identified market characteristics

Category Characteristic Explanation Example
Product
specifications

Product type Type of product that is traded in the market Energy / Capacity

Delivery period Time unit over which the product has to be
delivered / available to deliver

15 min

Bid types Types of bids that can be offered in the mar-
ket

Simple bid / block bid

Minimum bid price Minimum price of each bid -3000 €/MWh
Maximum bid price Maximum price of each bid 3000 €/MWh
Price increment Step size of the price of each bid 0.1 €/MWh
Minimum bid size Minimum volume of each bid 0.1 MW
Maximum bid size Maximum volume of each bid 600 MW
Bid increment Step size of the volume of each bid 0.1 MW

Market
operation

Gate opening time Time after which orders can be placed in the
market

45 days in advance

Gate closure time Time after which orders cannot be placed
anymore

12.00 day before delivery

Trading mechanism Mechanism that determines in what way the
market is cleared and bids are matched

Auction / continuous trad-
ing

Pricing mechanism Mechanism that determines in what way the
price of the product is established

Marginal pricing / pay-as-
bid

Frequency of
auctions

How many auctions are cleared in one go Once a day, 24 auctions are
cleared

Market operator Party that operates the market EPEX spot / Nord Pool
Market operator
type

Type of market operator Merchant / regulated

Results publication
time

Time after gate closure that the results of the
clearing mechanism are published

15 min

Financial
arrangements

Currency The currency that the prices in the market
are presented in

€

Trading fee Fees that are involved with trading in the
market

10,800 €/year fixed fee and
0.08 €/MWh variable fee

Cancellation fee Fee that is involved with cancelling an order 3,000 €
Settlement
mechanism

Mechanism through which the payment be-
tween the buyer and seller of a product is
settled

Directly from buyer to seller
/ via the market operator as
intermediary

Physical
context

Scheduling area Geographical area that the market covers
and within which physical delivery of the
product can take place

The Netherlands

Capacity allocation
mechanism

Mechanism that allocates the cross-border
capacity

Implicit: automatically in-
cluded in market bids / ex-
plicit: separate market for
capacity

Table B.2: Explanation of all identified market characteristics.

Reason for omission of each omitted characteristic:

• Product type: Level of analysis is on intraday market, which considers only energy prod-
uct types.

• Bid increment: In most cases similar to minimum bid size (in Dutch EPEX Spot auction
and continuous trading it is similar to the minimum bid size).

• Market operator: Level of analysis is on 1 market operator / exchange (EPEX Spot)

• Market operator type: Level of analysis is on 1 market operator / exchange (EPEX Spot),
which is a merchant operator (commercial party).

• Currency: Currency is only relevant when comparing markets with each other, not when
matching a technology in a country with a certain currency with a market in that same
country.
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• Cancellation fee: Rarely occurs in practice because of built-in preliminary restrictions.

• Scheduling area: Level of analysis is on the geographical context of the Netherlands.
Trades from the Netherlands with other geographical contexts are included in the Ca-
pacity allocation mechanism characteristic.
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C Appendix C

The following pages present the informed consent and interview guide that were used in the
interviews.
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Informed consent form 
This document gives you information about the study “Integrating the flexibility of household based Distributed 
Energy Resources in Dutch electricity markets”. Before the interview begins, it is important that you learn 
about the procedure followed and that you give your informed consent for voluntary participation. Please read 
this document carefully.  

 

Aim and benefit of the interview 
The aim of this interview is to get more insights into barriers that the design of Dutch electricity markets poses 
to the integration of flexibility from household based Distributed Energy Sources, and what solutions would be 
able to overcome these. 

This study is performed by Sjoerd Pernot, master student Sustainable Energy Technology at the Eindhoven 

University of Technology, as part of the Graduation Project. 

 

Duration 
The interview will last approximately 60 minutes. 

 

Voluntary 
Your participation is completely voluntary. You can refuse to participate without giving any reasons and you 

can stop your participation at any time during the interview. You can also withdraw your permission to use 

your data up to 24 hours after the interview is finished. All this will have no negative consequences 

whatsoever. 

 

Confidentiality 
Your identity will be handled in a confidential manner and will not be shared. Only the institution that you 

represent and your position within this institution will be mentioned in the study, unless otherwise specified 

and agreed upon.  

 

Further information 
If you want more information about this study you can reach out to Sjoerd Pernot (contact email: 

s.h.a.pernot@student.tue.nl).   

 

Certificate of Consent 
I, (NAME)……………………………………….. have read and understood this consent form and have been given the 

opportunity to ask questions. I agree to voluntarily participate in this interview carried out by Sjoerd Pernot of 

the Eindhoven University of Technology. 

 
 
 

Participant’s Signature Date 



Interview Guide 
Dear …..........., thank you for participating in this interview. Is it okay if this interview is recorded? 

 

[start recording] 
 

At this moment, I am doing my master thesis on the topic of electricity market accessibility for small-
scale flexibility sources at household level (e.g. electric vehicle / heat pump / battery). I am very 
much interested in your perspective on current barriers and solutions that you come across in 
practice with regard to the integration of small-scale flexibility sources in the electricity markets.  

 
 

Part 1: Background Questions 
In each interview, a couple of preparatory questions are discussed to better understand the 

background and experience of the interviewee. 

 

Part 2: Open Questions 
• What are in your experience the largest barriers for market integration of household-based DER 

flexibility? 

• What could be solutions to overcome these? 

 

Part 3: Targeted Questions - barriers 
Show slide with the overview of characteristics and barriers 

 

• Do you recognize the barriers (yellow marked characteristics) in practice?  

• Are barriers missing? 

• Briefly discuss each yellow marked characteristic 

 

 



Part 4: Targeted Questions – solutions 
• In principle two broad solutions can be identified that would make market integration of 

household flexibility possible: aggregation of resources to larger scale or changing the design of 

the market to smaller scale. What do you think of both solutions? 

• How do you see the varying types of aggregators (commercial, community, ….)? As competitors 

or as collaborators?  



D Appendix D

The interview transcripts are not publicly available.
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