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Abstract

Electricity systems require additional flexibility for the integration of high
shares of variable renewable energy resources. The activation of unused dis-
tributed flexibility can provide a valuable contribution to this end. Electricity
market price signals entail information about the system state and can pro-
vide incentives for flexibility activation. The aim of this thesis is to provide
novel insights to the complex topic of market integration of distributed flex-
ibility options from a techno-economic perspective. On the one hand, the
general economic potential of demand response in various European elec-
tricty markets and its effects on system emissions are investigated. On the
other hand, business cases for aggregators of distributed flexibility options
on multiple sequential electricity markets are analysed in detail. For this
purpose, a modular simulation and optimization framework was developed
based on mixed-integer linear programming. It allows different approaches
for the characterization of flexibility and the consideration of various market
types and arbitrary flexibility portfolio compositions. Quantitative results
highlight that the environmental effects of demand response strongly depend
on the degree of internalization of external cost in electricity market prices.
Furthermore, they indicate significant differences in the economic potential,
both among different European countries and among different market types.
Optimization in multiple markets including balancing markets provides the
most promising results. However, it also implicates the highest degree of
complexity, both in terms of computational effort and business model de-
sign. In general, market integration of flexibility faces the same issue of
self-cannibalism as energy storage. Nevertheless, demand for electricity sys-
tem flexibility is expected to increase. Hence, barriers for business models
that provide market access to otherwise untapped flexibility potential should
be mitigated.
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Kurzfassung

Stromsysteme benétigen zusétzliche Flexibilitét fiir die Integration von grofien
Anteilen an volatilen erbeuerbaren Energiequellen. Die Aktivierung von un-
genutzter dezentraler Flexibilitdt kann einen wertvollen Beitrag dazu lei-
sten. Preissignale von Strommérkten kommunizieren Information iiber den
Systemzustand und kénnen Anreize zur Flexibilitdtsaktivierung geben. Das
Ziel dieser Dissertation ist es, neue Erkenntnisse zu dem komplexen Themebe-
reich der Marktintegration verteilter Flexibilitdtsoptionen aus einer techno-
o6konomischen Sichtweise zu liefern. Einerseits wird das allgemeine 6kono-
mische Potenzial von Demand Response in unterschiedlichen europaischen
Strommérkten sowie der Einfluss auf Systememissionen untersucht. Anderer-
seits werden Geschéftsmodelle fiir Aggregatoren von verteilten Flexibilitéts-
optionen in mehreren sequentiellen Stromméarkten im Detail analysiert. Zu
diesem Zweck wurde ein modulares Simulationsframework basierend auf ge-
mischt ganzzahliger Optimierung entwickelt. Es ermoglicht unterschiedliche
Ansédtze zur Charakterisierung von Flexibilitdt sowie die Beriicksichtigung
verschiedener Markte und beliebiger Flexibilitatsportfolios. Quantitative Er-
gebnisse verdeutlichen, dass die 6kologischen Effekte von Demand Response
stark vom Grad der Internalisierung externer Kosten in den Strommarktprei-
sen abhénghen. Zudem weisen sie auf deutliche Unterschiede des 6konomi-
schen Potenzials hin, sowohl zwischen verschiedenen européischen Staaten,
als auch zwischen verschiedenen Markttypen. Eine gleichzeitige Optimierung
mehrer Méarkte mit Einbindung des Regelreservemarkts erzielt die aussichts-
reichsten Ergebnisse. Allerdings erfordert dieser Ansatz auch den hochsten
Grad an Komplexitit, sowohl in Bezug auf Rechenaufwand als auch in Bezug
auf die Erstellung der Geschéftsmodelle. Im Allgemeinen steht eine Marktin-
tegration von Flexibilitdtsoptionen vor derselben Herausforderung der Selbst-
kannibalisierung wie Stromspeicher. Es ist jedoch zu erwarten, dass die Nach-
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frage nach zusétzlicher Flexibilitdt im Stromsystem wachsen wird. Daher
sollten Barrieren fiir Geschéaftsmodelle, die einen Marktzugang fiir sonst un-
genutztes Flexibilitdtspotenzial ermoglichen, abgebaut werden.

VI
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1. Introduction

1.1. Motivation

Rapid climate change is one of the biggest challenges for humanity today.
According to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change (IPCC), “human-induced climate change is already af-
fecting many weather and climate extremes in every region across the globe”
and “many changes due to past and future greenhouse gas emissions are irre-
versible for centuries to millenia” (IPCC et al., 2021). The report states that
“limiting human-induced global warming requires limiting cumulative carbon
diozide (COy) emissions, reaching at least net zero COy emissions, along with
strong reductions in other greenhouse gas emissions”. Globally, the power sec-
tor is responsible for the highest share of greenhouse gas emissions caused by
human activities according to the World Energy Outlook (IEA, 2020). In the
European Union (EU), the production and use of energy account for more
than 75% of greenhouse gas emissions (European Commission, 2021).

In the so called Paris Agreement (United Nations, 2015) over 190 parties,
including the EU, have commited to “holding the increase in the global av-
erage temperature to well below 2°C above pre-industrial levels and pursuing
efforts to limit the temperature increase to 1.5°C above pre-industrial levels”.
Hence, with its Green Deal the European Commission (2021) aims for zero
net emissions by 2050 and an increase in the share of renewables in the energy
mix from 19% in 2019 to 40% by 2030.

This requires a significant amount of additional installed capacity of Renew-
able Energy Sources (RES). A high share of new RES installations will be
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1. Introduction

Variable Renewable Energy Sources (VRES), like solar photovoltaic (PV) or
offshore and onshore wind power. However, integrating high shares of VRES
poses further challenges. On the one hand, their production cannot be con-
trolled arbitrarily because it depends on the availability of solar irradiation
and wind at their location. On the other hand, electricity supply and demand
must be in balance at all times to ensure reliable power system operation.
Hence, increased flexibility is a crucial requirement for the ongoing integra-
tion of VRES and the transition to a sustainable renewable energy system
(Heggarty et al., 2019).

Bertsch et al. (2012) define flexibility as “the capability to balance rapid
changes in renewable generation and forecast errors within a power system”.
This capability can be provided by different flexibility options. Lund et al.
(2015) review various flexibility options that can provide this capability:

o Demand Side Management (DSM) comprises different measures to af-
fect the end user electricity demand, like load increase, reduction or
shifting and can be applied in the private, service or industrial sector.

e Energy storage includes technologies like pumped hydro, compressed
air, hydrogen, batteries, flywheels, superconducting magnetic energy
storages or supercapacitors.

e Supply side flexibility can be provided by dispatchable power plants by
ramping up and down or by VRES through curtailment.

o Advanced sector coupling technologies for power-to-heat, power-to-gas,
power-to-hydrogen, e-mobility and vehicle-to-grid can provide flexibil-
ity from different sectors to the power system.

e Grid infrastructure provides spatial flexibility to link supply and de-
mand at different locations. Furthermore, smart grids or microgrids
can activate additional flexibility.

o Finally, electricity markets are important tools to provide information
about the power systems state and incentivize and activate flexibility.
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1.1. Motivation

In energy-only markets, like day-ahead or intraday markets, benefits can be
achieved by shifting consumption to hours of low prices and production to
hours of high prices. Hence, market price spreads determine the economic
potential of flexibility options (Auer and Haas, 2016). Different market ar-
eas have different underlying power plant portfolios and different residual
demand profiles which determine market prices. Thus, it is important to
understand the impact of these key market characteristics for the evalua-
tion of the economic potential of flexibility. Balancing markets (Lu et al.,
2020) and products for grid ancillary services (Lund et al., 2015) provide
additional incentives for the activation of flexibility. In a European market
design, balancing market products, in general, have a different structure than
energy-only market products. They are typically characterized by a price for
reserving power for the product’s duration and a price for the activation of
flexibility. This product structure might provide different incentives for the
usage of flexibility resulting in a different economic potential.

Typically, individual flexibility options are constrained by various restrictions
on their activation. For example, some options might only be available during
certain periods, or the number of activations within different periods might be
limited. Moreover, the power or amplitude of a load increase or reduction and
the duration of a single flexibility activation can be bound. Besides economic
incentives provided by electricity markets, these technical restrictions have a
significant impact on the economic potential of flexibility options. Hence, it
is important to understand the effects of different flexibility limitations for a
comprehensive discussion of the market integration of distributed flexibility
options.

Investments in RES can reduce the electricity production from conventional
fuel-based thermal power plants, resulting in a reduction of COy emissions
associated with the power sector. However, large-scale expansion of RES,
more specifically VRES, installations require additional flexibility options for
electricity systems. Hence, investments in flexibility and flexibility activations
contribute to a reduction of COg emissions. This line of arguments holds in
a long-term perspective. However, in current electricity systems, flexibility
activations might not necessarily yield COs reductions. Too low COq prices
do not fully internalize the external costs associated with global warming.
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1. Introduction

Hence, currently, hours of lower market prices might not always correspond
to hours of lower CO9 emissions.

With the ongoing deployment of Distributed Energy Resources (DER) like
PV systems, batteries and sector coupling technologies like heat pumps, elec-
tric boilers and electric vehicles and the advancements in Information and
Communication Technology (ICT) infrastructure, smart control and energy
management systems, the distributed flexibility potential in the residential,
industrial and service sectors is increasing. However, electricity end users
typically do not have access to these markets. Hence, flexibility is used for
personal interests like maximizing the self-consumption of locally produced
electricity. Still, additional distributed flexibility potential remains inactive
due to a lack of incentives.

Energy aggregators can bridge this gap. They pool multiple electricity end
users, optimize the operation of the aggregated flexibility portfolio and place
accumulated bids on various electricity markets. This way, market barrier
entries like minimal bid sizes can be overcome. Furthermore, they provide
expert knowledge on electricity markets and optimization. End users provide
flexibility potential and gain market access through participating in aggre-
gator business models. The European Commission (EC) acknowledges the
potential of distributed flexibility and places consumers “at the heart of the
energy transition” in the so-called Clean Energy for all FEuropeans package
(European Commission, 2019). The European Parliament provides a legal
foundation for aggregation and independent aggregators in the Internal Elec-
tricity Market Directive (European Parliament, 2019).

However, business models for aggregators of distributed flexibility options still
face challenges and barriers (Carreiro et al., 2017). They need to accumulate a
significant amount of customers to achieve minimal bid sizes and, in particular
for balancing markets, technical prequalifaction criteria are hard to meet or
not yet clearly defined for small-scale flexible technologies (Barbero et al.,
2020; Poplavskaya and Vries, 2019). Aggregator business models can involve
many different market participants and require a high number of contracts.
ICT infrastructure is required, which poses an economic challenge for these
business models. Both the conceptual design of these business models and
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1.2. Research Questions

the methods required for an effective market optimization of flexibility can
be very complex tasks.

For a comprehensive analysis of business models for the market integration
of distributed flexibility options, it is important to understand the economic
drivers determining the market value of flexibility. This thesis provides a
methodological framework based on optimization and simulation models to
evaluate the economic potential of distributed flexibilities in various electric-
ity markets. It is applied to use cases in different European countries to
contribute insights to several research questions related to the market in-
tegration of distributed flexibility options. Section 1.2 presents the global
detailed research questions that are examined in this thesis and Section 1.3
outlines the structure of the document.

1.2. Research Questions

Distributed flexibility options for the electricity system provide a complex and
broad area of research including multiple disciplines like energy economics,
mathematical modelling and optimization, game theory, regulation as well as
social sciences. A single contribution cannot cover the entire topic with all
relevant aspects, but has to focus on specific research questions. This section
defines the research questions investigated in this thesis.

The aim of the thesis is to investigate the value of aggregation and market
integration of distributed flexibility options. This analysis is structured in
two consecutive research blocks. Each block addresses three of the four re-
search questions defined in this section. The research blocks are illustrated
in Figure 1.1.

The first block aims to establish an unterstanding of the general value of
flexibility in market driven optimization. It takes a system perspective by
investigating effects of flexibility activations on system emissions and com-
paring the economic value of flexibility across multiple European markets
with different underlying power plant portfolios. It considers a very general
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Figure 1.1.: Two consecutive research blocks address several research questions focusing on
different perspectives.

representation of flexibility described by shifting loads to different times and
examines the impact of different flexibility restrictions. This flexibility can
be provided, for example, by large-scale storages like pumped hydro, by dis-
tributed small-scale flexible technologies like heat pumps or by rescheduling of
industrial processes. The investigations in the first research block contribute
insights to Research Questions 1 to 3.

The second block provides a more detailed analysis of a special case of the
first block. It investigates business cases for aggregators of distributed flexi-
bility options from a private perspective. Flexibilities are represented in more
detail in a technology-specific way considering efficiency and stand-by losses.
Furthermore, different market types with different product structures are
co-optimized and economic benefits for both aggregator and customers are
examined in detail. The investigations in the second research block provide
findings for Research Questions 1, 3 and 4.

The remainder of this section defines the four research questions examined in
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1.2. Research Questions

this thesis. Each research question is followed by a short description providing

context and motivation.

Research Question 1. How do market characteristics impact the profitabil-
ity of Demand Response (DR)?

Distributed flexibilities have the option to modify consumption and produc-
tion at certain times. Incentives are required to activate flexibility options.
Variable market prices in energy-only markets can provide economic incen-
tives for activations. Shifting consumption to hours of low prices and pro-
duction to hours of high prices results in financial benefits. In energy-only
markets with uniform pricing the prices are determined by intersecting the
demand and supply curves. The supply curve is typically given by a merit-
order of power plant types with their short-term marginal production cost.
Hence, different underlying power plant portfolios yield different merit order
curves and, consequently, different characteristics in the resulting time series
of prices.

Furthermore, other types of electricity markets, might provide additional op-
portunities for distributed flexibility options. For example, balancing markets
in a European market design have a different product structure, consisting
of reserve and activation prices. On the one hand, this can provide higher
economic incentives for flexibility provision. On the other, balancing market
participants typically face a higher level of uncertainty due to the stochastic
nature of market activations. Research Question 1 investigates the effects
these market characteristics have on the economic potential of distributed
flexibility options.

Research Question 2. What is the effect of DR on COy emissions?

In energy-only markets, intersecting demand and supply curves determines
the dispatch of different power plant types. Besides market prices this also
determines the COg emissions related to electricity production. The activa-
tion of distributed flexibility options affects the demand curves at different
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1. Introduction

time steps. Hence, it might impact the dispatch of power plant types and,
consequently, the CO4 emissions in the electricity system. It is generally as-
sumed that DR has positive environmental effects, because markets provide
incentives to shift demand to hours of low prices and RES like solar PV, wind
and hydro power have low short-run marginal costs.

However, constraints on the flexibility options might not allow to increase de-
mand in lowest priced hours. Instead shifting from highest prices to medium
prices might be optimal from an economic perspective. This might not nec-
essarily result in environmental benefits. Research Question 2 investigates
these interdependencies between flexibility activations and resulting changes
in COy emissions.

Furthermore, the carbon footprint of distributed flexibility activations can
be evaluated by different indicators. On the one hand, the marginal system
emissions, i.e. the emissions associated to the last active power plant in the
merit order, can be used. On the other hand, the average system emissions,
i.e. the weighted mean of emissions from all active power plants, might be a
sensible parameter. The choice of this indicator is discussed comprehensively
in the context of Research Question 2.

Research Question 3. What is the impact of different flexibility character-

istics and the contribution of individual flexible technologies to the profitability
of DR?

In general, flexibility cannot be activated arbitrarily. It is constrained by
different restrictions regarding for example the maximum power, duration or
frequency of load changes. Hence, the profitability of flexibility optimization
does not only depend on market prices but also on the specific characteristics
of the considered flexibility. Research Question 3 investigates the influence
of such restrictions on the potential economic benefits and the individual
contribution of various flexibility characteristics.

The flexiblity potential of different actors in the electricity system, like resi-
dential customers or Small and Medium-sized Enterprises (SMEs) often con-
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1.2. Research Questions
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Figure 1.2.: Conceptual overview of market driven flexibility optimization and illustration
of Research Questions 1 to 3.

sists of a portfolio of flexible technologies, like batteries, heat pumps, electric
vehicles or electric boilers. Different technologies provide a different degree
and availability of flexibility and, hence contribute to a different extent to
the economic benefits associated with flexibility dispatch. The contribution
of individual technologies within a flexible portfolio to the profitability of
market driven flexibility optimization is also investigated in the context of
Research Question 3.

Figure 1.2 illustrates Research Questions 1 to 3 within a general conceptual
overview of market driven flexibility optimization. The power plant portfolio
and the demand within a market area determine market prices and emissions
associated to electricity production. The market prices and the flexibility
charactirzation affect the results of flexibility optimization. These modify
the demand and, hence, may have an effect on system emissions and market
prices. Furthermore, the results of flexibility optimization and the prices
affect the end user electricity bill.
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Figure 1.3.: Illustration of the general concept of the aggregator business case investigated
in Research Question 4.

Research Question 4. What is the economic potential of business models
for the aggregation of distributed flexibility options?

Research Question 4 investigates a more practice-oriented use case of a busi-
ness model for aggregators of residential customers with multiple flexibile
technologies. Figure 1.3 illustrates the analyzed business case. An aggrega-
tor pools flexible technologies of various residential end users and optimizes
flexibility dispatch on multiple electricity markets, including balancing, day-
ahead and intraday markets. Research Question 4 investigates the economic
potential of such a use case and discusses several key aspects in this context.

Personal interests of customers, grid charges and fees are considered. The ef-
fect on local PV self-consumption and the impact of technology-specific cost,
like battery wear cost, are examined. The risks associated with unexpected
balancing activations and the utility of the intraday market in this context
are discussed. Furthermore, different levels of aggregation or centralization
in the optimization of distributed flexibility options are investigated.
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1.3. Structure of the thesis

The remainder of this thesis is structured as follows. Chapter 2 provides an
introduction to the state of the art of scientific literature on the market inte-
gration of distributed flexibility options. Technological options and economic
incentives are discussed. The theoretic value of aggregation is examined and
related literature on the implementation of aggregator business models and
its systemic effects is presented. State-of-the-art approaches to optimize flex-
ibility in multiple markets are discussed. Finally the contributions of this
thesis beyond the state of the art are presented.

Chapter 3 investigates the market value of DR in different European electric-
ity markets. Several parameters characterizing load shifting flexibility are
investigated in detail and the impact of market characteristics is examined.
Environmental effects of the market integration of flexibility options are crit-
ically discussed. The investigations in this chapter contribute to Research
Questions 1 to 3.

Chapter 4 provides a quantitative analysis of specific business cases for aggre-
gators of distributed flexibility options operating in multiple sequential mar-
kets in a European electricity markets. A modular methodological framework
to consider arbitrary technology portfolios in a sequential market optimiza-
tion is presented. The impacts of risk management strategies and technol-
ogy specific cost are investigated comprehensively. Furthermore, the effects
of market participation on end user’s PV self-consumption shares are eval-
uated. Critical market characteristica are discussed and several business
model design options are examined. Additionally, the contribution of indi-
vidual technology types to market benefits is investigated. Thus, this chapter
contributes insights to Research Questions 1, 3 and 4.

Chapter 5 provides a synthesis of the results from Chapters 3 and 4. The
findings referring to the research questions defined in Section 1.2 are discussed
comprehensively. Limitations of the methodological approaches are examined
and a Strengths, Weaknesses, Opportunities and Threats (SWOT) analysis
of aggregator business models is presented. Furthermore, the transferability

11
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1. Introduction

and scalability of these business models and the system perspective on the
market integration of distributed flexibility options is discussed.

Finally, Chapter 6 concludes the thesis and provides recommendations for
future directions of research.

12
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2. State of the art and progress
beyond

Flexibility is a key requirement for future electricity systems and energy
systems in general (Auer and Haas, 2016). Furthermore, flexibility is a very
general term and there is a multitude of different options and applications.
Hence, related literature is extensive and covers many fields of research. This
chapter provides an introduction to a variety of topics related to the analysis
of the market integration of distributed flexibility options.

Section 2.1 discusses different technological flexibility options, economic in-
centives for their usage and activation and the impact of DR on the electricity
system. Section 2.2 presents the state of the art of business models for energy
aggregators by discussing the value of aggregation, general business model
design options, the structure of relevant markets as well as barriers and chal-
lenges. In Section 2.3 methodological aspects related to the optimization of
flexibility options are discussed and Section 2.4 presents the contribution of
this thesis beyond the state of the art.

2.1. Distributed flexibility options for the electricity
system

There are several technologies that can provide flexibility to the electricity
system. Different distributed small-scale options and their flexibility po-
tential are described in Section 2.1.1. Economic incentives are required to
trigger the activation of flexibilities. They are discussed in Section 2.1.2.

13
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2. State of the art and progress beyond

Section 2.1.3 examines the impact of DR on the electricity system.

2.1.1. Technological options

Flexibility options can be grouped into demand side flexibility, storage and
supply side flexibility. Demand side flexibility includes energy efficiency and
DR (Cruz et al., 2018). DR is the ability to alter consumption based on
certain incentives. The changes can be load increase, load decrease or load
shifts to another time. The reaction on incentives can happen manually
through behavioral changes or automatically (Zeng et al., 2017). Examples
for flexible loads include industrial processes like steel, cement and paper pro-
duction or aluminimium processing (Gerami et al., 2021; Allman and Zhang,
2020). Further energy-intensive industries and processes that are suited for
demand response include air-separation plants (Xenos et al., 2016), desali-
nation plants (Ghobeity and Mitsos, 2010), electrolysis (Babu and Ashok,
2008), melting furnaces (Ramin et al., 2018), paper plants (Xenos et al.,
2016), and pulping processes (Hadera et al., 2015). In the commercial sec-
tor, Heating, Ventilation, Air conditioning and Cooling (HVAC), illumination
and refrigeration can provide demand side flexibility (Cardoso et al., 2020).
Zhu et al. (2017) investigated the flexibility potential for IT load shifting
in data centers. In the residential sector domestic white goods like washing
machines or refrigerators can be used for load shifting (Vanthournout et al.,
2015). Furthermore, power-to-heat applications like heat pumps or electric
boilers can use the thermal inertia of room or water temperature to serve as
flexible loads (Vanthournout et al., 2015; Patteeuw et al., 2016; Allison et al.,
2017).

An example for supply side flexibility options is the micro Combined Heat
and Power plant (CHP) (Pirkandi et al., 2016). In contrast to variable RES
it is controllable and can in general produce at any time. However, variable
RES like PV systems can provide supply-side flexibility as well by curtailing
or limiting the maximum output. In Germany, for example, the production
of subsidized PV systems not using a feed-in management system is capped
at 70% of their nominal capacity (Ruf, 2018).

14
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2.1. Distributed flexibility options for the electricity system

Electricity storage provides a third possibility for distributed flexibility op-
tions that covers both demand and supply side flexibility. A typical and
frequently studied example is the battery (Lu et al., 2020). It is often used
in combination with PV systems to maximize self consumption, either in the
residential sector or as part of an energy management system in industrial,
commercial or office buildings (Roberts et al., 2019; Campana et al., 2021).
Electricity storages provide the flexibility for both consumption and produc-
tion. They can charge for example at times of local renewable excess and
discharge if supply cannot be met by local production. Storages are typi-
cally characterized by stand-by and conversion losses. Due to the stand-by
losses they are not suited for seasonal storage but for load shifts within a few
days.

Electric vehicles are also equipped with batteries. They are not used for mo-
bility services all the time (Borge-Diez et al., 2021). Hence, when they are
connected to a charging station they can provide flexibility for the electricity
system, too. In general, technically, batteries of electric vehicles can provide
supply flexibility through vehicle-to-grid. However, many car manufacturers
do not provide a warranty, if vehicle-to-grid concepts are applied (Gschwendt-
ner et al., 2021). Hence, electric vehicles can either be considered as storage
flexibility or as demand-side flexibility in case of controlled charging.

2.1.2. Incentives and economic options

Different market participants along the electricity supply chain have differ-
ent incentives to utilize local flexibility options. End users with distributed
renewable generation such as PV systems may want to activate flexibility
to increase local self-consumption. This objective can be motivated by dif-
ferent incentives and own interests. First, end users that want to reduce
their ecological footprint associated with CO» emissions related to electricity
consumption can achieve this by increasing self-consumption of local renew-
able electricity production. Second, a desire to increase self-sufficiency or
autarky can motivate this ambition. Finally, the typical end user electric-
ity bill consists of the cost for energy, the grid tariff, fees and surcharges.

15
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2. State of the art and progress beyond

Customers may receive a remuneration for the feed-in of excess local pro-
duction of similar magnitude as the cost for energy. However, due to the
savings in grid tariff, fees and surcharges local consumption provides higher
cost reductions. Hence, increasing self-consumption can also be motivated by
pure economic reasons. This concept of maximizing local self-consumption
and related incentives can also be extended from single end users to (local)
energy communities (Fleischhacker, 2019).

Electricity suppliers could use distributed flexibility options of their cus-
tomers to reduce electricity production cost or the cost for trading on elec-
tricity markets. For example, flexible demand can avoid the start-up of power
plants with higher marginal production cost during hours of low production
from VRES or it can be used to shift market purchases to hours of low prices.
Furthermore, Balancing Responsible Parties (BRPs) can use distributed flex-
ibility options to reduce imbalances of their balancing group and, thus, reduce
imbalance cost.

For Distribution System Operators (DSOs) flexible technologies can be help-
ful for voltage control and to manage transformer loads in order to avoid
expensive grid reinforcement measures (Klyapovskiy et al., 2019). Transmis-
sion System Operators (TSOs) require flexibility for frequency control. In
the European electricity market design the acquisition of flexibility for sys-
tem balancing is organized through sequential balancing markets (Botterud
and Auer, 2020). A more comprehensive description of European balancing
market design is provided in Section 2.2.3.

Energy aggregators can combine multiple distributed flexible technologies to
a flexibility pool and use it to participate in energy-only or balancing mar-
kets. This way, aggregators can enable market access to small-scale flexibility
options that otherwise could not meet market entry criteria like minimal bid
sizes. Price spreads on day-ahead or intraday electricity markets and re-
muneration for balancing reserves and balancing activations on balancing
markets provide incentives for the optimization of distributed flexibility op-
tions.

End users may not fully exploit their flexibility potential for their individual

16



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.1. Distributed flexibility options for the electricity system

incentives. The other market participants have to provide incentives for their
customers in order to activate unused distributed flexibility potential for their
purposes. Energy suppliers can offer tariff reductions or other boni to their
customers. Alternatively dynamic tariffs can provide incentives to end users
to activate their flexibility. Similarly, aggregators could offer remuneration
for distributed flexibility activations offered on different markets. Conversely
they could charge end users for the service of market access and flexibility
optimization and pass on the benefits achieved on electricity markets. DSOs
can offer remuneration for ancillary services. This could also be implemented
in local markets for grid ancillary services (Rossi et al., 2020). TSOs pro-
vide incentives through balancing markets. However, distributed small-scale
flexibility options typically do not have access to balancing markets.

2.1.3. Influence of demand response on energy markets and the
electricity system

From the system perspective, the theoretical potential of demand response in
Europe was assessed by Gils (2014) in a detailed analysis of 30 customer types
across all demand sectors over 30 countries. The hourly load-shift potential
was estimated to be at least 61 GW in 2013. Stotzer et al. (2015) utilized a
genetic algorithm to estimate the demand-response potential in Germany of
up to 8 GW for the year 2030. However, Miiller and Most (2018) noted that
flexibility potential is not available at all times, but is linked to other areas
like heat or industry, and thus depends on domain-specific demand. In this
context, Dranka and Ferreira (2019) presented the following classification in
the descending order: theoretical, technical, economic, maximum achievable,
and realizable achievable potential.

The consensus in literature is that demand response has a positive effect on
electricity systems. According to Cappers et al. (2012), the flexibilization of
residential demand with automation and control technologies could poten-
tially foster the integration of variable RES into the power system. Patteeuw
et al. (2016) observed a reduction in COg emissions due to load shifting of
heat pumps in low-energy buildings, resulting in better part-load operation of
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thermal power plants. Katz et al. (2016) found that, under variable pricing,
demand response had an "overall positive economic impact" on the energy
system and increased the market value of wind power. Deane et al. (2017)
found that demand response can reduce the total electricity generation cost
in the EU by 0.5€/MWh in 2030 and 0.6<€/MWh in 2050.

Maérkle-Huf$ et al. (2018) analyzed the impact of large-scale load-shifting im-
plementation in Germany and Austria based on the day-ahead spot market
prices, and found that demand response reduced the overall cost of electric-
ity. Additionally, load shifting can contribute to improving the generation
adequacy of power systems (Nolan et al., 2017) and reducing reserve procure-
ment costs (Roos and Bolkesjg, 2018).

2.2. Aggregation and business models for distributed
flexibility options

Aggregators can play a key role to connect central demand for flexibility on
electricity and balancing markets with de-central supply. They can provide
the required ICT infrastructure and expertise in electricity markets and op-
timization. Furthermore, market entry barriers like minimal bid sizes can be
overcome by pooling multiple small-scale flexibility options. Section 2.2.1 in-
troduces the general theoretical value of aggregation. Section 2.2.2 discusses
presents the general concept of aggregator business models and Section 2.2.3
describes the relevant electricity markets. Barriers and challenges are exam-
ined in Section 2.2.4.

2.2.1. The value of aggregation

Burger et al. (2017) investigate the value of aggregation for energy systems
and identify three major categories. The fundamental value of aggregation is
inherent to aggregation itself and independent of regulation. It stems from
economies of scale and scope and the management of uncertainty. Economies
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2.2. Aggregation and business models for distributed flexibility options

of scale are related to fixed costs associated with market participation and in-
vestment cost for ICT infrastructure. Economies of scope can originate from
similar services and products being offered that share certain requirements.
For example, ICT infrastructure or software like forecasting and optimization
algorithms can be used in different flexibilty services and products targeting
different electricity markets or customer segments. Furthermore, aggregation
can provide significant benefits in terms of hedging risks like uncertainty re-
garding renewable production, demand or flexibility availability. Burger et
al. (2017) highlight that static indicators for economic efficiency have to be
weighted against the benefits of competition among multiple non-monopoly
aggregators.

The transitory value of aggregation is not inherent to aggregation. Aggre-
gators can create temporal value by closing information gaps while energy
systems transform to a more advanced state. End users might have flex-
ibility potential but lack information about the network and system state
or market prices. Participating in electricity markets can involve manag-
ing complex signals and processes and require expert knowledge for example
about forecasting that customers do not have. In addition, in the current
regulatory framework small-scale technologies often face market entry bar-
riers, like minimal bid sizes (Barbero et al., 2020; Poplavskaya and Vries,
2019). Here, aggregator business models can create value by closing this in-
formation gaps and providing services and products that link local flexibility
potential with system flexibility demand and corresponding incentives. As
the energy system evolves and more real-time information becomes available
to all market participants, some of these aggregation services might become
redundant. Nevertheless, on this path competing aggregators can play a key
role in enabling customer engagement and in complexity coordination.

Burger et al. (2017) also find possible regulatory flaws that might incentivize
opportunistic aggregation. This means situations where private value is cre-
ated for the aggregator at the cost of system efficiency. The authors provide
several examples for regulatory and market deficiencies that may encourage
opportunistic aggregations. In the regulations for the procurement of balanc-
ing market services, high penalties for a lack of response or symmetric bid
requirements can motivate opportunistic behavior of aggregators. Further-
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more, a lack of balance responsibility or dual pricing schemes for imbalance
pricing can incentivize opportunistic aggregation strategies. Moreover, in-
consistent price signals and network charges can be exploited by aggregators
of multiple flexible technologies.

Burger et al. (2017) conclude that regulators and policy makers should strive
to remove barriers for aggregators, whenever aggregation provides fundamen-
tal or transitory value. Regulations that incentivize opportunistic aggregator
strategies should be avoided unless they are intended as a form of subsidy.

2.2.2. Aggregator business models providing market access for
distributed flexibility options

Business models for aggregators providing market access to distributed flex-
ibility options can be very complicated in general because they may involve
many different market participants. The end users owning flexible technolo-
gies provide the flexibility of their assets to the aggregator. The aggregator
has to propose some value to their customers to incentivize participation in
the business model. Furthermore, personal interests of the end users have to
be considered in the market-driven optimization of flexibility options. These
personal interests can include comfort levels regarding the room temperature
or the availability of mobility or maximizing self-consumption of distributed
energy production.

In general, end users can have a different market participant than the aggre-
gator as energy supplier. In that case, the aggregator’s decisions in the opti-
mization of flexibilities might affect the operation of the supplier. In theory,
if the supplier and the aggregator are not part of the same BRP, the actions
of the aggregator can have an impact on the quality of the load forecast of the
supplier and cause additional imbalance cost. Nysten and Wimmer (2019)
state that in this case a financial transfer between aggregator and supplier
is mandatory and that this can be a very complex process. Regardless if
aggregators take up a combined role as flexibility aggregators and suppliers
or if these tasks are performed by different market participants, from the end
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2.2. Aggregation and business models for distributed flexibility options

users’ perspective a simple business model interface with a single invoice is

preferable.

Furthermore, these business models require interaction with the operators
of the markets where flexibility is valorized. In a European market design
these are power exchanges for wholesale energy-only markets and TSOs for
balancing markets. Aggregators have to ensure that market access criteria
are met and organize the necessary communication for the placement of bids
and the realization of market activations. Especially for balancing markets
this can involve a lot of data management.

If the aggregator manages many distributed flexibilty options within the same
grid branch, simulataneous market-driven flexibility activations might cause
problems for the distribution grid. In this case coordination with the DSO
may be required additionally. This could be realized through different DSO-
TSO ancillary service market models (Rossi et al., 2020) or concepts intro-
ducing different market stages based on a traffic light system for the grid
state (Hadush and Meeus, 2018).

2.2.3. Electricity market design

This work considers the European electricity market design. In the U.S.,
market participants place complex bids including operational constraints and
start-up cost. The Independent System Operator (ISO) usually co-optimizes
energy and balancing reserves in a centralized unit commitment model. In
contrast, in Europe energy and balancing procurement are organized in se-
quential markets with simpler bids and separate clearing mechanisms. The
market participants are responsible for unit commitment. Botterud and Auer
(2020) provide a comprehensive comparison of European and U.S. electricity
market design.

Figure 2.1 schematically illustrates the market closure times of the Euro-

pean sequential electricity markets. Short-term energy-only markets are auc-
tioned either day-ahead or intraday and are operated by power exchanges.
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Figure 2.1.: European sequential electricity markets. The left side shows the market closure
times for balancing reserve procurement and energy markets. The right side
illustrates the balancing market activation schedule in the frequency restora-
tion process. (Own illustration based on Poplavskaya (2018) and ENTSO-E
(2020a))

The balancing markets are operated by the TSO. They are typically divided
into four markets for Frequency Containment Reserve (FCR), automatic Fre-
quency Restoration Reserve (aFRR), manual Frequency Restoration Reserve
(mFRR) and Replacement Reserves (RR), respectively. Hirth and Ziegen-
hagen (2015) provide a comprehensive description of the European balancing
markets and three links to the integration of variable RES.

Dallinger et al. (2018) investigate the impact of balancing market design on
European balancing markets. They find that shorter balancing products pro-
mote market access for distributed energy resources and RES. Furthermore,
they show that distributed energy resources can significantly reduce balanc-
ing procurement cost, CO2 emissions and spillage of RES. Roos and Bolkesjg
(2018) analyze the effects of using demand response for balancing capacity
procurement. They present similar findings of significant reduction of cost
and RES curtailment.
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2.2. Aggregation and business models for distributed flexibility options

2.2.4. Barriers for aggregator business models

According to Carreiro et al. (2017) the practical implementation of business
models for electricity aggregation still faces challenges. They highlight the
importance of adequate regulatory frameworks. Barbero et al. (2020) in-
vestigate barriers for aggregation of electricity demand in Belgium, Finland,
France and UK and find that results are strongly country-dependent. They
categorize balancing market access barriers into regulatory, technical and
economic barriers. Incomplete regulations defining the roles of market par-
ticipants and a high number of required contracts can be regulatory barriers.
Technical barriers include high minimum bid sizes, symmetric products and
long product resolution. Economic barriers range from insufficient incentives
from market signals or high cost for smart meters and ICT infrastructure to
high penalization costs and subsidies of peak power plants.

Poplavskaya and Vries (2019) conduct a similar analysis for the balancing
markets in Austria, Germany and The Netherlands. They consider minimum
bid sizes ranging from 1MW to 5 MW fairly restrictive for aggregation of
DER. They recommend pool-based prequalification, increasing the bidding
frequency and higher product resolution. They acknowledge that recent regu-
lation (European Commission, 2017) addresses all key design variables except
for product resolution. However, the Network Codes on Electricity Balancing
(ENTSO-E, 2020b) of the European Network of Transmission System Oper-
ators for Electricity (ENTSO-E) provide for a product validity period of 15
minutes.

Nysten and Wimmer (2019) discuss the barriers for several aggregator busi-
ness models related to the regulatory framework and data availability. They
elaborate on the dynamic interdependency between national and EU regu-
lations, focusing on the Clean Energy for all Furopean package (European
Commission, 2019).

Considering the investments in ICT infrastructure and automation technolo-

gies, demand response is expected to be more profitable for larger customers
(Feuerriegel et al., 2016). Biegel et al. (2014) analyzed the entry barriers
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2. State of the art and progress beyond

that flexible consumers face in Nordic day-ahead and reserve power markets
and observed a break-even capacity of 20 kWh-70kWh for the former and
70 kWh-230 kWh for the latter. The challenge for demand response of indus-
trial customers is depicting the complex underlying processes and consider-
ing product delivery commitments, which require expert domain knowledge
(Ramin et al., 2018).

2.3. Modelling flexibility and flexible technologies

In general, all techno-economic optimization models that simulate the opera-
tion of different market participants or technologies in the energy system con-
sider some kind of flexibility. Firstly, underlying grids or related assumptions
provide spatial flexibility, meaning that energy can be consumed at other
locations than where it is produced. Secondly, temporal flexibility is consid-
ered with dispatchable production units or energy storage technologies. This
work focuses on small- to medium-scale distributed flexibility options that
may be subsumed under demand side flexibility depending on the model’s
perspective. Section 2.3.1 explains different ways to characterize flexibility in
optimization models and Section 2.3.2 elaborates on different model perspec-
tives. Section 2.3.3 presents the state of the art for portfolio optimization on
multiple markets.

2.3.1. Flexibility characterization

There are different approaches to describe the flexibility provided by DR
and similar concepts. On the one hand, flexible demand can be described
in an abstract way without nessecarily clearly linking to flexible technolo-
gies. Kleinhans (2014) present an attempt to systematically characterize load
flexibilities. They intend the developed representation of demand response
potential to be included in energy system and unit commitment models in
an analogous way to energy storage technologies. With this approach, opti-
mization models consider a demand profile that can be modified subject to
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2.3. Modelling flexibility and flexible technologies

different constraints regarding the amplitude, frequency and timing of load
changes. Aryandoust and Lilliestam (2017) choose a similar approach and
Jordehi (2019) provide further examples in a review of demand response opti-
mization. Another rather abstract way to consider load flexibility is discussed
by Cui and Zhou (2018). Here, flexibilities are characterized by industrial
processes with corresponding load profiles that can be shifted along model
time steps. Jordehi (2019) and Bofimann and Eser (2016) list further contri-
butions that represent demand side flexibility in this way.

On the other hand, flexible demand can be characterized more specifically by
considering different types of flexible components and formulating constraints
describing their technical specifications. For example, energy storages can be
described by charging and discharging power limits, corresponding efficien-
cies, storage capacity limits and storage losses (Burgholzer and Auer, 2016;
Palombelli et al., 2020). In optimization models variables for input, output
and state-of-charge are declared and linked and limited with corresponding
constraints. Sioshansi et al. (2021) provide a comprehensive overview on the
state of the art in energy storage modeling. Heat pumps can be described
by electrical power limits and Coefficient of Performance (COP) values. The
COP can be static or provided as time series, for example linked to outdoor
temperature values. Heat demand can be considered as exogenous load profile
or endogenously by linking it to indoor and outdoor temperature and building
heat losses. In the latter case, allowing a range between room temperature
limits provides flexibility in the operation of the heat pump for optimization
models (Corinaldesi et al., 2020). Similarly to these approaches other flexible
technologies like electric vehicle charging stations or electric boilers can be
included in techno-economic models.

Both approaches can be very similar. Omne the one hand, implementing
technology-specific constraints corresponds to translating a more detailed
component description to a more general flexibility characterization. On
the other hand, many abstract descriptions of flexibility options might be
equivalently described as an energy storage. The former, more generic im-
plementation can be applied to a wider range of use cases and is useful for
the investigation of the nature of flexibility and its general characteristics.
A description based on technologic specifics requires more information about
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the considered component and provides a more detailed flexibility character-
ization. Furthermore, interpretation and comparison of different components
is more straightforward.

2.3.2. Model perspective

The effects of distributed flexibility options can be investigated from differ-
ent perspectives. Fundamental unit commitment models depicting national
or international energy markets with or without capacity expansion planning
take a system perspective on energy-economic research questions. Examples
for such models are provided by Burgholzer and Auer (2016), Palombelli et al.
(2020), Backe et al. (2021), and Ruhnau et al. (2020). Investigating flexibility
options in models taking a system perspective has the major advantage that
effects on key system parameters, like for example market prices, are quanti-
fied endogenously. However, fundamental unit commitment models already
have high degree of complexity considering large-scale centralized technolo-
gies only. Hence, it may not be feasible to integrate distributed flexibility
options individually. Thus, de-centralized technologies are typically aggre-
gated. For example, Ruhnau et al. (2020) aggregate heat pumps and Backe
et al. (2021) aggregate building heat demand flexibility and electric vehicles.
This can lead to an overestimation of available flexibility and it neglects that
individual objectives might differ from the system objective.

To capture local cost, like grid tariffs, and objectives, like the maximization
of self-consumption, models can take a private perspective. In this case the
technology portfolio of one or more market participants is optimized consider-
ing their individual objectives. For example, Ottesen et al. (2018) investigate
bidding strategies of aggregators on multiple markets or Backe et al. (2020)
analyze responses to spot market prices and grid tariff signals. This approach
allows for greater detail in technology description and supposedly provides
more realistic results for flexibility dispatch. However, these models typi-
cally assume to consider price takers, provide market prices as exogenous
parameters and, hence, neglect the impact of a widespread roll-out of inves-
tigated concepts. The system effects can only be discussed qualitatively and
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2.3. Modelling flexibility and flexible technologies

conclusions may only apply for the considered market situations.

2.3.3. Portfolio optimization in multiple markets

For the adoption of business models for aggregation their economic feasibility
is a necessary requirement. Several contributions aim to evaluate the techno-
economic potential of business models for an energy aggregator operating in
multiple markets. For this purpose the dispatch of the aggregator’s portfolio
of end user flexibilities on several markets is optimized respecting technical
constraints and customer preferences. The result is compared to a baseline
case without pooling and market access.

Most existing literature presents scenario-based multi-stage stochastic opti-
mization models (Carpentier et al., 2015) to calculate the market schedule of
an aggregator. For example, Ottesen et al. (2016) use a two-stage model with
different price scenarios to quantify the potential benefits of an aggregator
of prosumers with shiftable electric heat demand and curtailable loads on
the day-ahead and balancing market. However, the balancing market is not
modeled explicitly but represented via imbalance penalties. Ottesen et al.
(2018) extend this approach to a three-stage model considering an options
market, a spot market and a short-term flexibility market. In this analysis
the options market corresponds to balancing procurement and the flexibility
market to balancing activation of the mFRR market. For each of the three
market segments different price scenarios are considered. In contrast, Iria et
al. (2019) introduce uncertainty of prosumers’ load and generation profiles in
a two-stage stochastic model. They consider an aggregator of prosumers op-
erating on the aFRR market. Rashidizadeh-Kermani et al. (2019) introduce
a bi-level stochastic optimization model with the upper level optimizing an
aggregator’s profit and the lower corresponding to the customers’ behavior
based on a cost function. Sengor et al. (2020) present an optimization model
for an aggregator of electric vehicle parking lots. They tackle uncertainty
by considering multiple scenarios for both, electric vehicle customer behavior
and market prices for Finland, Turkey and the U.S.
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2. State of the art and progress beyond

None of the above contributions consider the inherent uncertainty of balanc-
ing market activations. Most of flexible end user technologies, like batter-
ies, electric vehicles or electric heating, show properties of an energy storage
and are characterized by a state-of-charge. Unexpected balancing activations
yield unexpected state-of-charge levels. This might force the technology to
deviate from schedule and cause imbalances or penalties for not supplied bal-
ancing reserve. Iria and Soares (2019) evaluate this in a model predictive
control approach. In a deterministic optimization model day-ahead market
bids and balancing reserves are scheduled. The controller adjusts the operat-
ing point of flexible technologies to the signal provided by balancing market
activations.

All contributions find significant potential benefits especially on balancing
markets for the aggregation of flexible end users. However, they do not con-
sider the complete electricity bill, including grid tariffs, fees and surcharges,
in the optimization of end user flexibilities. This can yield suboptimal re-
sults. The impact of grid tariffs on coordinated demand response is analyzed
by Backe et al. (2020). However, they only consider the day-ahead market.

2.3.4. Contribution of individual characteristics and components

In cooperative game theory, the Shapley value quantifies the average marginal
contribution of each player to the total value of a game. Formally, a coalitional
game is defined by a set N of N players and a value function v: P (N) — R,
which assigns a value to each coalition, i.e., to each subset of N (Branzei
et al., 2008). Additionally, v (#) = 0 is required. Consequently, the Shapley
value ¢, (v), i.e., the average value that a player n contributes to a coalition,
is given by Equation 2.1

S|'(N| = |S] = 1)!
ooy = 3 BHEEEE R psumn o) e
SCN\{n} )
The sum of the Shapley values of all players is equal to the value of the grand
coalition.
Y n(v) =v(N) (2.2)
neN
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2.4. Novelty and contribution to the progress beyond the state of the art

This approach can also be used to identify the contribution of different com-
ponents in a flexible technology portfolio or the impact of different charcter-
istics describing a generic load flexibility. In the former context, each compo-
nent corresponds to a player in the coalitional game and the value function
v is defined as the cost savings achieved through flexibility optimization by
a coalition, i.e. a subset of the considered technology portfolio. Hence, each
combination of components either participating or dropping out of flexibility
optimization has to be simulated. The resulting cost savings can be used to
calculate the Shapley value and, hence, the individual contribution of each

component.

In the latter case, flexibilities are described by the option to modify load pro-
files subject to certain restrictions on the amplitude, duration and frequency
of load changes as described in Section 2.3.1. To identify the impact of differ-
ent restrictions on the achievable benefits of such a flexibility, its optimization
can be considered as a coalitional game. The individual players correspond
to increasing the limit of a constraint for each restriction considered in the
felxibility description. So, a flexibilty with default restrictions represents the
empty coalition and a charcterization with all limits increased corresponds to
the grand coalition. The value function v can again be chosen as the savings
achieved through flexibility optimization. With this interpretation the Shap-
ley values as the individiual contribution of each player can be calculated.
This provides an estimate on the impact of different flexibility restrictions on
the profitability of flexibility optimization.

2.4. Novelty and contribution to the progress beyond
the state of the art

This thesis provides novelties on two different levels. Firstly, it contributes
to the understanding of systemic interdependencies from an energy-economic
perspective Secondly, it presents a novel framework of methods for the techno-
economic evaluation of distributed flexibilities and aggregator business mod-
els.
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On an energy-economic and systemic level this work provides the following

novel contributions.

(i)

(i)

(iii)

(vii)

The economic value of demand response in five European marketplaces
with different power plant portfolios is analyzed to facilitate the under-
standing of the impact of market characteristics on the profitability of
load shifting.

The scientific consensus regarding the positive environmental impact of
load shifting is scrutinized by a critical investigation. Furthermore, a
comparison of average and marginal system emissions in the evaluation
of CO4 emissions shall initiate a discussion about the suitability of each
indicator.

The relative contribution to the profitability of demand-response flexi-
bility constraints is investigated to increase the understanding regarding
the economic potential of load shifting.

The economic potential of business models for the aggregation of flex-
ible residential technologies is quantified considering the full end user
electricity bill.

The contributions of different components to the total cost reduction
achieved on different markets are evaluated and the advantages and
disadvantages of various flexibility options for different markets are dis-
ussed.

The impact of unexpected balancing activations on the profitability of
these business models is analyzed and different strategies to mitigate
the risk of unexpected cost increase are investigated.

The advantages and disadvantages of different aggregation levels in the
formulation and solution of the optimization problems themselves are
quantified and discussed.

On a methodoligical level the contribution of this work is a mathematical
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framework to optimize and simulate distributed flexibility options on short-

term electricity markets. On the one hand, a generic description of load-

shifting flexibilities with different restrictions implemented as constraints to

a Mixed-Interger Linear Programming (MILP) optimization model is pro-

vided. On the other hand, a framework to simulate the optimal operation of

a portfolio of flexible technologies on multiple short-term markets in a Euro-

pean electricity market design is presented, including balancing, day-ahead

and intraday markets. This allows to evaluate a wide range of business mod-

els in the context of energy aggregation. The novelty of this framework is
twofold:

(i)

(i)
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It is designed with a focus on modularity and extensibility.

A specific use case including the day-ahead, intraday and aFRR balanc-
ing market is presented in detail. However, in general, any combination
of day-ahead, intraday and multiple balancing markets, characterized
by reserves and uncertain activations, with arbitrary, potentially differ-
ent product lengths can be considered.

Furthermore, the framework is not limited to specific technologies but
formulated in terms of a generic component interface. Potential repre-
sentations of batteries, electric vehicle charging stations, heat pumps,
electric hot water boilers and PV systems in the generic interface are
presented, but new technologies can easily be added for further analy-
ses.

Finally, different portfolios of technologies can be flexibly composed and
the components can be optimized individually, clustered to households
or altogether.

The framework provides a high level of detail in terms of operational

simulation.
Most contributions to literature related to participation on balanc-

ing markets focus on the optimization of market schedules only us-
ing stochastic optimization or similar scenario-based approaches. How-
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ever, they disregard the impact of unexpected balancing activations
on the state-of-charge of flexible components and potential effects on
energy efficiency and total cost reduction. In contrast, the presented
framework couples day-ahead optimization of market schedules with
quarter-hourly simulation of balancing activations and corresponding
reactions to unexpected activations on the intraday market. The op-
tion to balance state-of-charge deviations on the intraday market is
already considered in the day-ahead optimization, ensuring technically
feasible operation of the components and allowing to offer significantly
more flexible reserves to balancing markets.

Furthermore, the framework does not only consider market interactions
in the optimization, but includes a detailed representation of grid tariffs,
fees and surcharges, even considering tariff reductions for balancing
market participation. This allows to consider the complete end user
electricity bill and ensure actual cost reduction.
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3. Assessing the impact of load
shifting restrictions on the
profitability of load flexibilities

This chapter investigates theoretical aspects of flexibility options in electricity
markets. It is based on the paper “Assessing the impact of load-shifting
restrictions on profitability of load flexibilities” (Schwabeneder et al., 2019)
published in the journal “Applied Energy”. The analyses in this chapter
consider flexible loads. They evaluate the economic potential of load shifting
on energy-only markets with hourly varying prices.

Different characteristics of load flexibilities are considered. These charac-
teristics are described by restrictions on the load-shifting options. In this
work four categories of restrictions are considered. They are illustrated in
Figure 3.1.

(i) The flexibility can be limited by a maximum number of activations
within a certain period. Activations mean deviations from the original
load profile. This chapter investigates the maximum number of daily
activations.

(ii) The duration of individual flexibility activations can be restricted.

(iii) Furthermore, the maximum power of a load change can be limited.
This means the maximum deviation from the original load in MW.

(iv) Finally, the time by which a load is shifted can be restricted. This
limits the duration between a positive and a negative deviation from
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3. Assessing the impact of load shifting restrictions on the profitability of load
flexibilities

the original load. For some load profiles consumption may only be
shifted to the next hour, while others provide more flexibility.

The contribution of each characteristic to the economic potential of load shift-
ing is identified using the Shapley value (Shapley, 1953). This investigation
of different flexibility restrictions and characteristics contributes significantly
to Research Question 3.

The analysis is conducted for prices from five different European day-ahead
markets: France, Germany, Romania, Spain and Sweden. Differences in the
economic potential of load shifting and the relation to the underlying power
plant portfolio are discussed. This contributes to the understanding of the
impact of market characteristics on the profitability of flexibility options.
Hence, it provides important insights for Research Question 1.

Shifting consumption to different hours modifies electricity demand in a mar-
ket area. Thus, it impacts the operation schedule of power plants. This can
have an effect on the COy emissions associated with electricity generation.
This work evaluates the impact of load shifting on COs emissions for the five
considered countries. There are two candidates for an indicator to quantify
COg emissions associated with an individual load. Average system emissions
consider the total emissions of power plants in operation at a certain time
divided by the total electricity production. Marginal emissions consider the
emission factor of the marginal power plant only. The differences between
these indicators are discussed in detail and the environmental impact of load
shifting is quantified for both. This provides a better understanding of Re-
search Question 2.

The remainder of this chapter is organized as follows. Section 3.1 describes
the approach, mathematical modeling, software, and data used for the anal-
ysis in this study. The quantitative results are provided in Section 3.2. In
Section 3.3, these findings are discussed while Section 3.4 presents a final
résumé.
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3.1. Methods
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Figure 3.1.: Illustration of different characteristics and restrictions of flexibility options for
shift-able loads

3.1. Methods

Figure 3.2 presents a flowchart of the methodology employed in this study.
First, using market price and load profile data, optimized load profiles for
each combination of flexibility restrictions were determined, as illustrated in
Figure 3.1 and listed in Table 3.1. The flexibility restriction configurations are
explained in more detail in Section 3.1.2. Optimal load shifts were calculated
using a MILP model, as described in Section 3.1.1.

With the optimized load profiles, the economic benefit of demand response
in each restriction configuration was calculated. From these multiple ben-
efits for different constraint combinations, the relative contribution of each
restriction was determined. This was achieved by utilizing the Shapley value
used in cooperative game theory to identify the contribution of individual
players in coalitional games. Section 3.1.2 provides more details regarding
this approach.

Furthermore, the optimized load profiles were used to analyze the economic
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3. Assessing the impact of load shifting restrictions on the profitability of load
flexibilities
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Figure 3.2.: Flowchart illustrating considered input data, applied methods, and obtained
results.

impact of load shifting. Hourly average and marginal system COs emissions
in t/(MW h) were calculated based on the actual generation per power plant
in a market zone. This approach is explained in more detail in Section 3.1.3.3.
Other data sources and considered use cases are described in Section 3.1.3.

Table 3.1.: Restrictions characterizing load-shift flexibility options

Restriction Symbol Unit Baseline value
Maximum number of daily shifts nmax 1

Maximum duration of shifted load block amax

Maximum power of shifted load block Ag™®* MW 0.1
Maximum shifting time stmax h
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3.1. Methods
3.1.1. Optimization framework

The optimized schedule of a flexible load was determined by solving a MILP
problem. The optimization model minimized the cost of purchasing electricity
from the day-ahead spot market. The restrictions listed in Table 3.1 were
implemented using binary auxiliary variables and corresponding constraints.
All loads were assumed to be shift-able and total load changes had to be
balanced within a day. Hence, the optimization problem for yearly operations
could be split into smaller models, each considering only 24 hours or 96
quarter-hourly time steps.

Let 7 = {1,...,T} denote the set of all time steps considered in the opti-
mization model and let ¢, for ¢ € T be the original load in MW. The decision
variables for load increase and reduction in MW at each time step are writ-
ten as 2" and a:fted, respectively. With the length of time steps in h written
as At, and p; denoting the day-ahead spot market prices at each time step
in €/MWh, the objective function of the optimization problem is given by

Equation 3.1.

min At - Zpt . (qt + xli&HC _ xied) (31)
teT

To respect the restrictions listed in Table 3.1, auxiliary binary variables were
introduced. In the following, D = {inc,red} denotes the set of load change
directions to avoid duplication of constraints and text. The maximum num-
ber of daily load shifts is denoted by n™#* and the set of individual load
shifts by N = {1,...,n™>}. Let b\ for n € A indicate whether an

t,n
dir,active
t,n

whether an individual load change is active at each time step. The power of

individual load change starts at time step ¢. Analogously, b describes

an individual load change is represented by the continuous variable x?‘ﬁ
zin >0 teT,neN,direD (3.2)
bt e (0,1} teT,neN,direD (3.3)
bt e {0, 1} teT,neN,direD (3.4)

Individual load changes are related to the total load change in equation 3.5.
Equation 3.6 ensures that no individual load shifts are executed at the same
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3. Assessing the impact of load shifting restrictions on the profitability of load
flexibilities

time.
2t = 7 pdir teT,direD (3.5)
neN
Z bdlI‘ active <1 te7T,direD (3.6)

neN

Let Ag™®* denote the maximum power of the shifted load block in MW. This
restriction was implemented by the constraints given in Equation 3.7. The
maximum number of daily load shifts was ensured by limiting individual load
shifts to one per day in Equation 3.8.

w?l,i < Ag™m*. Z bdlr active teT,direD (3.7)
neN

ST pfestart < n e N,dir e D (3.8)
teT

Let d™®* denote the maximum duration of shifted load blocks. The relation-
ship between the auxiliary binary variables and the duration was implemented
by the constraint given in equation 3.9. This ensures that a load change is
active if and only if a load change begins in the current step or in previous

dmax

— 1 steps.

t
bdlI‘ active < Z b(ilgstart teT,neN,direD (3.9)
s=max(1,t—dmax41)

The last restriction listed in Table 3.1 is the maximum time in h by which
a load block may be shifted and is denoted by st™2*, which is understood
in both directions. This means that loads can be shifted either forward
or backward in time. This restriction was implemented by Equation 3.10.
Equation 3.11 ensures that all load changes are balanced within a day.
min(T,t+st™2%)
bestt < > prostart teT,neN (3.10)

s=max(1,t—stmax)

3 e = 37 gred neN (3.11)

teT teT

Finally, the maximum load in MW is denoted by ¢™**. The load limits are
determined by Equations 3.12 and 3.13.

g 4 2 — 24 > 0 teT (3.12)
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3.1. Methods

G+ l,inc _ x;ed < qmax teT (313)

All models were implemented in the Julia (Bezanson et al., 2017) program-
ming language using the JuMP (Dunning et al., 2017) modeling language for
mathematical optimization. The resulting optimization problems were solved
using the Gurobi (Gurobi Optimization LLC, 2020) solver.

3.1.2. Evaluating the impact of flexibility restrictions

To quantify the relative impact of the flexibility restrictions listed in Table 3.1
on the economic potential of load shifting, game-theory concepts were used. A
coalitional game with a set A/ of N players and a value function v : P (N) —
R as described in Section 2.3.4 was defined.

In the context of the investigated flexibility characteristics, the coalitional
game involves relaxing each constraint by a given factor pu. Hence, there are
N = 4 players in N, with each player corresponding to the increase in the
maximum value of one flexibility restriction by the factor u. Thus, there
are 2* = 16 coalitions. The empty coalition corresponds to the flexibility
characterized by the default values listed in Table 3.1. Let b: P(N) — R
denote the economic benefit in €, achieved by optimizing a shift-able load
with the flexibility potential given by a coalition S C N with respect to
market prices. The value function for this game can then be defined as
v(8S) := b(S) — b(0). Due to the efficiency of the Shapley value, given in
Equation 2.2, the relative contribution of each player n can be expressed as
the relative Shapley value in %, as defined in Equation 3.14.

on (v)

¢:1€1 (’U) =100 - v (N)

(3.14)

This value was used as an indicator of the impact of each load restriction
listed in Table 3.1.
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3. Assessing the impact of load shifting restrictions on the profitability of load
flexibilities

Table 3.2.: Considered market and load use cases

Category Use Cases

Load profile Food, Metallurgy, SME
Year 2016, 2017, 2018
Country Germany, France, Romania, Spain, Sweden

3.1.3. Model setup and empirical scaling

To ensure the robustness of the results and identify specific characteristics of
various countries, a multitude of different use cases were considered and are
listed in Table 3.2. To ensure that the results did not depend on a specific load
profile, three different datasets were analyzed. On one hand, market data for
three consecutive years were used to avoid result bias caused, for example,
by a dry year. On the other hand, potential trends regarding the market
value of load shifting could be identified. Five different marketplaces in dif-
ferent European countries were examined to determine the impact of different
market characteristics on the profitability of demand response. More details
regarding the respective underlying power plant portfolios are provided in
Section 3.1.3.2.

In total, 45 use cases were investigated. Calculating the relative Shapley
values for each use case required 16 simulation runs, optimizing flexible load
shifting over the course of one year, for a given multiplication factor p. In
this study pu = 2,...,5 was considered, resulting in a total of 2880 annual
load-shift optimizations.

3.1.3.1. Load profiles

Three time series corresponding to the categories of food production (Food),
metallurgy (Metallurgy), and SMEs (SME), were considered. All profiles
were scaled to a maximum load of 1 MW. The annual loads for 2016 are
shown in Figure 3.3 and the corresponding load duration curves are shown
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Figure 3.3.: Annual load profiles for 2016. A higher resolution version for a selected week
is provided by Figure A.1 in Chapter A.

in Figure 3.4. When utilized for different years, the time series were cycled
by a few indices such that weekdays and weekends matched accordingly. The
annual consumption was 4.1 MWh for food, 1.6 MWh for metallurgy, and
3.7TMWh for SMEs.

3.1.3.2. Market prices

Electricity market data was retrieved from the ENTSO-E Transparency Plat-
form (ENTSO-E, 2019). The day-ahead spot market prices for Germany,
France, Romania, Spain, and Sweden were considered. In this way, the data
covered a broad geographical scope of European countries while considering
a wide range of different power plant portfolios, characterizing the respective
markets. The installed capacity per power plant type for the considered FEu-
ropean countries and for the analyzed years, 2016, 2017, and 2018, is shown
in Figure 3.5.
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Figure 3.4.: Sorted load duration curves of the considered load profiles
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Figure 3.5.: Installed capacity per power plant type in different European countries for the

years 2016, 2017, and 2018. Data source: ENTSO-E (2019)
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3.1. Methods

Germany has a high share of the variable RES wind and solar PV, and addi-
tionally, nearly 10 GW of nuclear capacity. The price-setting power plants are
mainly lignite, hard coal, and occasionally, natural gas. The prices for the
common Germany-Austria-Luxembourg market area until September 2018
were used. After the market split in October 2018 (Bundesnetzagentur,
2019), (E-Control, 2019), prices from Germany-Luxembourg were utilized.

Spain also has a large share of variable new renewables. Additionally, it has
a significant capacity of about 26 GW of hydropower and around 7GW of
nuclear energy for the base load of the residual load. The price-setting power
plants are mainly operated by natural gas.

In France, the main source of electrical power is nuclear energy. Additionally,
it has some hydropower capacity and the peak power plants are operated
using hard coal, natural gas, and oil. A significant increase in solar PV,
wind, and natural gas capacity was in 2018.

Romania has about 4 GW installed capacity of new renewables and 7 GW
of hydropower. The remaining load is served by nearly 1 GW of each, nu-
clear and hard coal, and approximately 5 GW of each, lignite and natural
gas. The market prices in Romania were provided in Romanian leu (RON)
by the ENTSO-E Transparency Platform. Historic daily exchange rates from
RON to €, provided by the Osterreichische Nationalbank (Austrian National
Bank) (OeNB) (Oesterreichische Nationalbank (OeNB), 2019), were utilized
to make the results comparable to other counties’ findings. In the Roma-
nian market time series, prices for the date December 31, 2017 were missing.
Hence, prices from the previous day, December 30, 2017, were repeated for
this period.

Sweden has a significant hydropower capacity and about 6 GW of wind power.
The remaining load is mostly served by nuclear power plants. Other types of
power generation were not specified, when retrieving the Installed Capacity
per Production Type data from the ENTSO-E Transparency Platform. Ex-
amining the Installed Capacity per Production Unit reveals that the power
plants are mainly powered by oil and natural gas.
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flexibilities

All these countries have significant hydropower capacities. However, for ana-
lyzing load-shifting profitability, flexible hydropower, such as water reservoirs
and pumped storage were more relevant than run-of-river power plants. Spain
with 25 GW and Sweden with 16 GW have the highest installed capacity of
flexible hydropower plants. The installed hydropower capacities per type for
all considered countries are illustrated in Figure A.2 in Chapter A.

3.1.3.3. CO;, emissions

Besides the private value that load shifting creates, its the effects on COq
emissions were also evaluated. For this purpose, the Actual Generation per
Production Type data were retrieved from the ENTSO-E Transparency Plat-
form. These are the production time series per power plant category in MW
with a time resolution of 1 hour or 15 minutes.

To identify the price-setting power plant in the day-ahead market, variable
renewable production was subtracted from total demand. This residual load
and the installed capacity of flexible power plants for each country were used
to determine the marginal power plant at each hour. Furthermore, CO9 emis-
sion factors in kg/MWh, listed in Table 3.3, were used to estimate the carbon
dioxide emissions caused by the electricity production of different power plant
types. With these values the average and marginal COo emissions of elec-
tricity in the power system were determined.

Let c}cnSt denote the installed capacity of power plant type k, sorted by the
marginal electricity production cost in ascending order. Furthermore, let d;*
be the residual demand at time ¢ and d{°® be the total demand. The COq
emission factor for power plant type k, as listed in Table 3.3, is denoted
by fr. The marginal power plant index j; and its output p{ are given by
Equations (3.15) and (3.16).

Jt = min {Z

<Z c};lst> > d;eS} (3.15)
k=1
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3.1. Methods

Table 3.3.: Short-run CO2 emission factor assumptions for different power plant types based
on (IPCC, 2014), (Science and Technology, 2006), (Liibbert, 2007) and (Hirth,
2019)

Production type COg emissions in kg/MWh

Solar 0
Wind 0
Hydro 0
Geothermal 0
Biomass 210
Nuclear 0
Lignite 1090
Coal 760
Gas 370
Oil 600
Other 700

} Je—1

pr=d = > ™ (3.16)
k=1

The average and marginal system emission factors at each time step f;'® and
marg

& were calculated using Equations (3.17) and (3.18)

Je—1 inst ]
L:avg — ( k’:1 k : C}fns ) + f‘]t pt (317)

tot
dt

pe=fi (3.18)

Arguably, marginal system emissions are more suitable for evaluating the
impact of load shifting, since a reduction or an increase in demand affects
the marginal power plant’s production rather than the operation of all power
plants equally. In contrast, average system emissions are better suited to
quantify the carbon footprint of electricity consumers. In this study, both
emission types were discussed and evaluated to illustrate the impact that the
chosen indicator can have on the results.
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3. Assessing the impact of load shifting restrictions on the profitability of load
flexibilities

3.2. Results

Both, economic and environmental indicators, were evaluated to determine
the impact of load-shift optimization. In Section 3.2.1, the private value
achieved by demand response in different markets is presented. Section 3.2.2
provides the results regarding the impact of load shifting on CO2 emissions,
based on either average or marginal emissions from electricity production.
The impacts of various load restrictions on the benefits that could be achieved
with demand response were estimated in the form of their relative Shapley
values in Section 3.2.3

3.2.1. Economic benefits

First, the private value generated by load shifting was evaluated for elec-
tricity consumers. Figure 3.6 shows the benefit in €/MWh of load shifting
for all considered scenarios. The different results are illustrated as a violin
plot (Hintze and Nelson, 1998) showing a kernel density estimation for the
distribution of all simulation runs. The central horizontal line in each violin
plot represents the median of all results. The lower and upper horizontal
lines show the 25 % and the 75 % quantile. In Subplot (i) of Figure 3.6, the
results were grouped by load profiles. The median lies between 12€/MWh
and 13€/MWh and the results for the different loads are very similar. A
slightly lower benefit can be observed for the Metallurgy load. Subplot (ii)
of Figure 3.6 shows the benefits obtained in all scenarios grouped by the pe-
riod of considered market data. In this illustration, a slight increase in the
achievable monetary value over time can be detected. The median grew by
about 2€/MWh from 2016 to 2018.

Figure 3.7 shows the benefit in €/MWh from all simulation runs for each
considered country. It can be observed that the markets in Spain with a
median benefit below 10€/MWh and Sweden with a median benefit under
8€ /MWh provided significantly less economic potential for load shifting than
the other countries. The highest benefits were achieved in Romania with a
median of 18€/MWh, followed by France with about 16€/MWh. Germany
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3.2. Results

(i) Benefit per load (ii) Benefit per Year
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Figure 3.6.: Benefits of load shifting in €/MWh for (i) different load profiles and (ii) dif-
ferent years

was in the midrange with a median benefit of nearly 14€/MWh.

3.2.2. Impact on carbon dioxide emissions

At every hour and in each country, a specific portfolio of power plants is oper-
ating at different output levels depending on the production of variable RES,
demand, and production cost of flexible power plants. The COy emission fac-
tors listed in Table 3.3 can be weighted according to the generation of each
power plant type to determine the average CO9 emission factor in kg/MWh
per hour of electricity production in the power system . When assessing the
carbon footprint of an electricity consumer’s demand, these average values
can be multiplied with the customer’s load profile.

Flexibility activations alter the time series describing the load, resulting in

different values of the annual carbon dioxide emissions related to the con-
sumer’s electricity demand. The difference between the two annual values can
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Figure 3.7.: Benefits of load shifting in €/MWh for different European countries

be divided by the amount of load, that is shifted in time, to get an indicator
for CO4 reduction or increase of flexibility activations in kg/MWh. These
values are illustrated in Figure 3.8 for different countries and years. Most
results show a decrease in the CO4y emissions caused by flexibility activations
using the system average emission factor. The exceptions are Sweden, France
in 2018, and Romania in 2016. Furthermore, individual results for Germany,
Romania, and Spain in 2016 also yielded an increase in COs emissions, which
was caused by load shifting.

Some might argue that the average system emissions are not a suitable in-
dicator of the impact of load shifting on CO5 emissions. Reducing the load
at one hour reduces the output of the currently operating power plant with
the highest marginal cost. It does not reduce the output of all production
types uniformly. Analogously, increasing the load increases the output of the
power plant in operation with the highest marginal cost. It could even cause
the inactive power plant with the lowest marginal cost to start.

Hence, a more sensible indicator of the influence of load shifting on COs
production might be the marginal system emissions, i.e., the emission factor
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Figure 3.8.: Change in CO2 emissions per shifted load for different countries and years using
the average CO2 emissions in the power system

in kg/MWh of the price-setting power plant. The differences in marginal
CO, emissions caused by load shifting for different countries and years are
illustrated in Figure 3.9. The least change and mixed results were observed
in Spain. Except for the years 2016 in Romania and 2018 for Sweden, both
countries showed a clear increase in COg emissions caused by load shifting
based on the marginal system emissions. France was the only country with
a reduction of marginal CO5 emissions in almost all scenarios. In contrast,
the highest increase in carbon dioxide production caused by load shifting was

observed in Germany.

The results in Figures 3.8 and 3.9 show that, first, demand response can yield
both, CO2 reductions and increases. Hence, no simple conclusion regarding
the impact of load shifting on carbon emissions could be drawn. They depend
on the considered country and, in particular, the merit-order curve of the un-
derlying power plant portfolio. Second, the analyses for Germany and Roma-
nia, in particular, show that the results obtained using average and marginal
system emissions could generally have opposite directions. While the choice
of indicator, whether average or marginal system COs emissions, could be
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Figure 3.9.: Change in CO2 emissions per shifted load for different countries and years
based on the marginal CO2 emissions in the power system

justified, they each provide different results. Hence, caution is advised when
drawing conclusions for the energy system based on such evaluations.

3.2.3. Shapley value

This subsection provides the results for the relative Shapley values of dif-
ferent load-shift restrictions. Relaxing all the flexibility constraints listed in
Table 3.1 by a factor of p results in an increase in the annual benefit that
can be achieved by load shifting. The relative Shapley values indicate the
contribution of each individual relaxation of load-shift restrictions to this to-
tal benefit, as illustrated in Figure 3.10. The median relative contribution of
loosening the power limit is approximately 34 % of the total achieved ben-
efit. The effects of increasing the number of daily load shifts and relaxing
the maximal duration of a shifted load block, each amount to approximately
24 %. With about 18 % in the median, increasing the maximum shift time
has the least impact.
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Figure 3.10.: Relative Shapley values of various load-shift restrictions for all considered

scenarios

Increasing the maximum power has the greatest effect, replaced it increases
the amount of energy that is shifted between the two hours with the highest
price difference. Increasing the maximum number of daily load shifts or the
maximum duration both result in more energy being shifted, but not at the
maximum price difference. The relaxation of the maximum shift time is the
only action that does not increase the load-shifting potential. It raises the
maximum price difference, however, for higher values of y, the total amount
of shifted energy has a greater impact on the total benefits.

The factor p describes the number by which the default restrictions, given
in Table 3.1, were multiplied. Figure 3.11 shows the relative Shapley values
per factor pu. It was observed that the relative contribution of the power
grows with increasing p. It increased from a value of below 30 % for pu = 2
to around 38 % in the median for 1 = 5. The remaining restrictions resulted
in a decrease in the relative contribution with an increasing factor u. The
most significant reduction was observed for the maximum shifting time. In-
terestingly, maximum duration had the lowest impact when the factor p = 2.
However, from p = 3 to p = 5, its contribution decreased.
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Figure 3.11.: Relative Shapley values of various load-shift restrictions for different multipli-
cation factors p

3.3. Discussion

This section discusses the most relevant aspects of the results presented in
Section 3.2. Section 3.3.1 elaborates on the differences in economic results
per country. Section 3.3.2 examines why load shifting does not necessarily
yield a reduction in carbon dioxide emissions. The relative contribution of
individual load restrictions is explained in Section 3.3.3.

3.3.1. Benefits per country

The significantly different results regarding the potential benefits of load
shifting per country are shown in Figure 3.7 in Section 3.2.1. Explaining
these results, the Subplots (i) - (v) in Figure 3.12 show the hourly day-ahead
market prices for all considered days per country in a boxplot. It can be
observed that the price profiles of Spain and Sweden were significantly flat-
ter than the curves for France, Germany and Romania. This explains the
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Figure 3.12.: Historic market prices:
(i) - (v): Hourly day-ahead prices within a day for all days of the years 2016,
2017 and 2018,
(vi): Maximum difference between two consecutive prices per day for all con-
sidered days.

low potential benefits of demand response in the former countries. These
countries also exhibit similarities in their power plant portfolio with a high
share of hydropower in general, and water reservoirs as well as pumped stor-
age in particular. These power plants already provide a significant flexibility
potential to the power system and, hence, reduce price spreads.

In half of the simulation runs, the maximum shift time was limited to one
hour. In these cases, an upper limit for the benefit in €/MWh that could
be achieved each day was the maximum difference between two consecutive
prices in the respective period. This indicator is illustrated in a boxplot for
each country and all considered days in Subplot (vi) in Figure 3.12. Here, a
clear relation to the achieved benefits in Figure 3.7 can be observed. Hence, a
major driver for the possible benefits of demand response is the price spread
in the respective market. As discussed by Goutte and Vassilopoulos (2019),
intra-day markets might provide more economic benefit for load shifting than
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day-ahead markets.

3.3.2. Carbon dioxide emissions

It could be assumed that, generally, demand response reduces CO4 emissions
in power systems. This assumption might be asserted with the merit-order
effect of renewables. Higher shares of RES with very low marginal cost in the
system reduce market prices. Additionally, high shares of renewables reduce
CO2 emissions in the power system because they replace fuel-based power
production with higher specific emissions. Since demand response shifts load
from hours with high prices to hours with low prices, it might be concluded
that this operation results in a shift from hours with high CO2 emissions to
hours with less COs production in the system. This argumentat is mostly
based on the average system emissions.

Considering the marginal emissions might lead to contrary conclusions in
some cases. Figure 3.13 illustrates the shift from an expensive hour, indi-
cated by the right vertical demand line, to a cheaper hour, represented by
the left vertical line. In this case, demand during the expensive hour is re-
duced resulting in decreased output of gas-fired power plants. Additionaly,
production of the lignite power plant is increased during the cheaper hour.
This leads to an overall increase in system emissions because lignite has
significantly higher specific COs production than natural gas. Hence, load
shifting to less expensive hours can lead to an increase of COy emissions.
Depending on the actual power plant portfolio, the production of variable
RES, and the demand at certain hours, this conclusion can hold true even
for average system emissions. This is also backed by the quantitative results
in Section 3.2.2.

The choice of the CO2 emissions indicator depends on the perspective of
the analysis. On one hand, from a system perspective, marginal emissions
are more appropriate, because they actually describe the impact of demand
response on system emissions. On the other , from the individual customer’s
perspective, their carbon footprint related to electricity consumption can
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Figure 3.13.: Stylized merit order curve of a country’s power plant portfolio. Own represen-
tation based on (Fleischhacker et al., 2019) and (IEA Coal Industry Advisory
Board, 2014) illustrating (i) the marginal cost and (ii) emissions of each pro-
duction type.

be evaluated using the system’s emissions. If the marginal CO2 production
indicator was used in that case and the value was scaled up to total demand,
the emissions caused by electricity consumption would significantly exceed
the emissions from power production, which is not logical However, emissions
from a flexible load should not be weighted higher than the COs emissions
from other demands. Hence, average system emissions are a more sensible

indicator from customers’ perspective.

3.3.3. Relative contribution of load restrictions

Section 3.2.3 shows that the maximum power of shift-able loads has the
greatest influence on demand response profitability while the maximum shift
time provides the least significant contribution in the median of all simulation
runs. These results can be explained by considering the impact of relaxing
restrictions on flexibility activations, as illustrated in Figure 3.14 for one day.
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Figure 3.14.: Impact of different restriction relaxations on the flexibility activations during
one day: Changes in load response due to the increase in the maximum (i)
power, (ii) duration, (iii) number, and (iv) shift time of flexibility activation

The original load changes arise from the default restriction values listed in
Table 3.1. The new flexibility activations show the optimal load change after
relaxing each restriction by a factor of 2. The optimal original flexibility
activation chooses the two hours with the highest price difference Appmax and
thus provides a benefit of 0.1 - Apmax.

Doubling the maximum power of a load change, as illustrated in Subplot (i),
results in a benefit of 0.2 - Appax. This cannot be exceeded by any other
relaxation in the considered load restrictions.

The increase in the maximum duration is illustrated in Subplot (ii). In this
case, with a maximum shift time of one hour, part of the load change is
cancelled out. Hence, it results in the same final load change as increasing
the shift time provides, as illustrated in Subplot (iv). However, a longer
duration can result in a higher amount of shifted energy. The final benefit in
Figure 3.14, Subplot (ii) is 0.1 - Ap; +0.1- Apa < 0.2 - Apmax.
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3.4. Résumé

If the maximum number of daily activations is increased, the second highest
price difference is selected in addition to the original load shift. In the case of
Subplot (iii) in Figure 3.14, a total benefit of 0.1-Appax+0.1-:Ap; < 0.2:Appax
is yielded.

Finally, in this case, relaxing the maximum shift time selects the two hours
that are off by one hour with the maximum total price difference. In the
example illustrated in Subplot (iv) of Figure 3.14, these two consecutive price
differences are Ap; and Aps. Hence, the total benefits in this case amount to
0.1-(Apy + Ap2) < 0.2- Apmax- Moreover, increasing the maximum shift time
always provides a benefit that is less or equal than provided by increasing the
maximum number of shifts. In the latter case, the hours with optimal price
differences can be freely selected while the former is restricted by consecutive
hours.

3.4. Résumé

This analysis of the economic potential of load shifting in various European
day-ahead spot markets yielded significantly different results per country. In
countries with a significant capacity of hydro storage, like Sweden and Spain,
the possible benefits of demand response were less than half of the benefits
in other countries. A potential profit of 12.4€/MWh was achieved across all
markets in the median with a slight increase of 2.1€/MWh during the period
2016-2018. Like for any flexibility, the key determinant for the profitability
of demand response from a market perspective is the price spread. Hence,
with an increasing penetration, load shifting suffers from the same economic
self-cannibalism as energy storage.

Among the characteristics describing the flexibility potential of flexible loads,
the available power for load reduction and increase has the biggest impact
on achievable benefits. Both the number and duration of possible load-shift
blocks contribute almost equally to the annual profit from demand response.
The least impact in absolute terms is provided by the maximum time by
which a load block can be shifted. In relative terms, however, this is the only
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3. Assessing the impact of load shifting restrictions on the profitability of load
flexibilities

attribute that increases the benefit in €/MWh. In contrast, the former three
characteristics only increase the amount of shifted energy.

The impact of demand response on CO4 emissions varied substantially across
different countries. Most importantly, shifting demand to reduce electricity
procurement cost from markets does not necessarily reduce COy emissions.
A multi-objective approach or additional constraints in the control algorithm
are required to achieve this goal. Furthermore, the effect of the choice of
indicator for system emissions, average or marginal, was discussed. Changing
the indicator can yield significantly different and for some countries, even
opposite results. To evaluate changes in the total system emissions, marginal
CO, emissions are a more appropriate indicator. In contrast, the average CO»
emissions in energy production are more suitable for analyzing the carbon
footprint of individual energy consumers.
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3.5. Nomenclature

3.5. Nomenclature

Sets

D Load change directions (D = {inc, red})
N Set of individual daily load shifts
T  Considered time steps

Parameters

Ag™**  Maximum power of the shifted load block in MW

At Duration of one time step in h
amax Duration of shifted load blocks in h
dy® Residual demand at time ¢
dgot Total demand at time ¢
V& Average system emission factor at time ¢
;1A' Marginal system emission factor at time ¢
nMmax Maximum number of daily load shifts
Pt Day-ahead spot market prices in €/MWh
qmx Maximum load in MW
qt Original load profile in MW

st™@*  Maximum shifting time in h

Model expressions and variables

di ti . . . . . . : 3
btfnr ACVe Binary variable indicating if load change is active

b?’ St Binary variable indicating if load change was starting
i Total load change in MW
:L“?},i Single individual load change in MW
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4. Business cases of aggregated
flexibilities in multiple electricity
markets in a European market
design

This chapter investigates practical aspects of business models for aggregators
of small-scale distributed flexibility options operating in sequential electricity
markets in a FEuropean electricity market design. It is based on the paper
“Business Cases of Aggregated Flexibilities in multiple Electricity markets in
a European Market Design” (Schwabeneder et al., 2021).

The multitude of different flexible end user components and portfolios, dif-
ferent characteristics for different electricity markets and the complexity of
corresponding business model design makes the aggregation and coordinated
control of distributed flexible technologies a challenging task (Lu et al., 2020).
Technical constraints of individual components as well as customers’ comfort
limits have to be respected. Furthermore, interfering in the operation of
end user components might yield undesired effects on total energy efficiency,
technical lifetime or grid costs.

In this work a modular optimization framework is presented that allows to
optimize a portfolio of flexible electricity consumption, production and stor-
age technologies on the day-ahead spot market and a balancing market. It is
embedded in a simulation framework to simulate stochastic balancing mar-
ket activations and corresponding reactions of the aggregator on the intraday
market. The underlying sequence of electricity markets (day-ahead, intraday
and balancing markets) reflects the electricity market design in many regions
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4. Business cases of aggregated flexibilities in multiple electricity markets in a
European market design

in Europe (Botterud and Auer, 2020). The framework is designed in a flexible
and modular way building on a generic storage interface. This interface pro-
vides an abstraction for flexible component characterization and can be used
to describe various technologies, like PV systems, batteries, Electric Vehicle
(EV) charging stations, electric boilers or heat pumps. The methodology
for integration of these generic components into multi-market optimization
models is described in detail.

The framework is applied to a specific case study considering an aggregator of
residential customers optimizing their flexible components on the day-ahead
spot market, a balancing market and the intraday market. Different scenarios
and portfolio configurations are analyzed to identify crucial impact factors
for the economic feasibility of aggregator business models and to contribute
insights to the research questions defined in Section 1.2.

The operational schedules of households with different portfolios of flexible
components are optimized for different market configurations. The baseline
configuration considers a conventional constant end user electricity supply
tariff. In the second configuration day-ahead market prices are used for the
optimization of component schedules. The third configuration involves a co-
opmization in the aFRR balancing market and the day-ahead market and
an intraday market simulation to react on stochastic balancing market ac-
tivations. Comparing these different market setups provides insights in the
effects of different market characteristics on the profitability DR. Hence, the
investigations in this chapter contribute to Research Question 1.

The portfolio of flexible components considered in the market optimization
of households includes PV systems, batteries, EV charging stations, electric
boilers and heat pumps. The contribution of each individual technology to
the profits achieved by market optimization is determined using the Shap-
ley value (Shapley, 1953). Specific characteristics of these technologies with
a significant impact on the profitability are identified and discussed. This
provides insights to Research Question 3.

However, the main focus of this chapter is Research Question 4 and the inves-
tigation of practical aspects determining the economic potential of business
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4.1. Methods

models for the aggregation of distributed flexibility options. This includes an
in-depth simulation-based techno-economic analysis of different case stud-
ies considering the full end user electricity bill comprising supply and grid
tariff costs and fees. The effects of market optimization on local PV self-
consumption are discussed. Furthermore, the impact of battery cycle cost is
investigated in a detailed sensitivity analysis. Moreover, different risk man-
agement strategies regarding the cost of unexpected balancing market acti-
vations are investigated. Economic results are compared for different levels
of technology and household aggregation in the optimization procedure. In
addition, the utility of a liquid intraday market for business models involving
balancing markets is discussed. Finally, possible tariff design options as well
as barriers and challenges are examined.

The remainder of this chapter is organized as follows: Section 4.1 describes
the mathematical approach of the optimization and simulation framework.
The empirical scaling for the investigated case study is described in Sec-
tion 4.2. Section 4.3 presents the quantitative results. A discussion of busi-
ness model design, barriers and challenges is provided in Section 4.4. In
Section 4.5 a résumé concludes the chapter.

4.1. Methods

This section provides a mathematical formulation of the framework used to
simulate the operation of different flexible technology portfolios on multiple
electricity markets. The framework is implemented in the Julia (Bezanson
et al., 2017) programming language using the JuMP (Dunning et al., 2017)
package to model optimization problems. The models are solved using the
Gurobi solver (Gurobi Optimization LLC, 2020). Section 4.1.1 describes
the general structure of the simulation set-up. The basic formulation of the
optimization problem in multiple markets is provided in Section 4.1.2. Details
about the implementation of different flexible technologies are given in B.
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4. Business cases of aggregated flexibilities in multiple electricity markets in a
European market design
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Figure 4.1.: Simulation Framework Flowchart

4.1.1. Simulation framework

The framework simulates the actual day-to-day operation of a technology
portfolio in multiple markets close to real-life conditions in many regional
European electricity market designs. Here, a day-ahead energy-only market
with uniform pricing and a daily auctioned balancing market with four-hourly
products and pay-as-bid pricing are considered. In the day-ahead market,
the components can buy or sell electricity for the following day until market
closure time. Furthermore, balancing reserve, both negative and positive,
can be offered day-ahead for six four-hourly products until balancing market
closure time. The components get remunerated for the reserve with the
offered balancing reserve price and for actual activations with the bidden
balancing activation price. Most components require control over their state-
of-charge. To compensate stochastic activations from the balancing market
in these cases, the intraday market is used. It is characterized by a time
series of prices and a lead time, describing minimum duration between the
last potential trade and the actual delivery.

The general structure of the simulation framework is illustrated in Figure 4.1.
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4.1. Methods

It can run for an arbitrary set of time steps Tgm with a step length At. The
simulation iterates through all time steps ¢t € Tgim.

If ¢ is the market closure time of a balancing market, first an optimization
model is built and solved providing the optimal balancing reserve bids of
the portfolio for all auctioned market products (Step 1). Typically these
are the six four-hour products of the following day, but in general other
market structures, e.g. with weekly peak and off-peak products, can be
considered, too. In the balancing market optimization both the balancing and
the day-ahead market are considered, because the day-ahead prices provide
the opportunity cost for offering balancing reserves. Furthermore, in this
framework it is assumed that the day-ahead schedule provides the baseline
for deviations caused by balancing market activations. The simulations of the
use case presented in this work use an overlapping rolling horizon of two days.
Each day the optimal day-ahead and balancing market schedules for the 192
quarter-hourly time steps of the next two days are determined. However,
only the results for the following day are fixed. The values for the second day
overwritten by the optimization results of the next day. A description of the
optimization model is provided in Section 4.1.2.

If ¢ is the market closure time of the day-ahead market, next a further opti-
mization model may be formulated and solved updating the day-ahead sched-
ule and respecting the already accepted balancing reserves (Step 2). This step
is only required if the information about day-ahead market prices or load and
production forecasts has improved since the balancing market optimization.
Otherwise it yields the same results.

If there have been balancing market activations at time step ¢ — 1 and they
have to be compensated, an intraday market bid can be placed at time step ¢
respecting the lead time (Step 3). Finally, at each time step ¢ € T balancing
market activations are simulated (Step 4). For this either historical values
of positive and negative activations are used or random numbers with the
appropriate expectation are generated.
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4. Business cases of aggregated flexibilities in multiple electricity markets in a
European market design

4.1.2. Optimization on multiple markets

This section presents the general structure for the optimization model con-
sidering multiple markets that is solved in Step 1 in Figure 4.1. To allow the
consideration of manifold energy technology portfolios, several model expres-
sions are initialized that can be added to for each considered device. Model
expressions mean linear combinations of model variables of the form

n
a0+Zai - T, (4.1)
i=1
where a; for ¢ = 0,...,n are constants and z; for ¢ = 1,...,n are model

variables.

4.1.2.1. Market representation

Balancing markets are represented in the framework as a set of positive and
negative balancing products, where each product is characterized by its active
time steps, the market closure time of its auction, a set of price bids and a
minimum bid size.

The price bids are described by a balancing activation price, a balancing re-
serve price and an activation probability. During the simulation, activations
are generated randomly based on the activation probability. Market partic-
ipants are remunerated with the balancing reserve price if a bid is accepted
and with the balancing activation price for actual activations. Both prices
are provided in €/MWh!. Balancing products can be described by all his-
torical price bids, representing the total merit-order curve, or by a selection
of several price bids. In the optimization model the portfolio can decide how
much to reserve for each available bid.

Both the day-ahead and the intraday market are represented by a time series
of prices in €/MWh. For the day-ahead market an auction closure time is

!Balancing reserve prices are often provided in € /MW. They can be easily transformed
to €/MWh by dividing by the product’s duration in hours.
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4.1. Methods

provided in addition. The intraday market is characterized by a minimum
lead time.

The framework is formulated generally in terms of time resolution. For the
simulations in this work hourly day-ahead market prices and quarter-hourly
intraday market prices are assumed. Balancing market activations are simu-
lated with a quarter-hourly resolution. In the simulations it is assumed that
the balancing market closure time is before the day-ahead market auction.

4.1.2.2. Initialization of model expressions

At each balancing market closure time ¢ in the simulation illustrated in Fig-
ure 4.1 an optimization model is built, considering all balancing products
that are auctioned at time ¢. First, all time steps Topt € Tsim of the consid-
ered products are identified. These are typically all time steps of the next
day or week. In the following 6 € D = {—,+} is written for the balancing
market direction. Let B? denote the set of indices for possible price bids for
balancing market products in each direction. Next, model expressions for
the positive and negative reserve for each price bid at each time step Tfot’t’ i
expressions for the day-ahead market schedule of the portfolio at every time
step s; and an expression for operational cost ¢ are initialized.

Toots; =0 jEB S €Dt e Top (4.2)
sy =0 t € Topt
c=0

For the day-ahead schedule the convention is used that positive values corre-
spond to sales while negative ones represent purchases. Variables or expres-
sions for different components can be added to these expressions subsequently.
Section 4.1.3 and B describe in detail how this can be done for various tech-
nologies and which constraints have to be added to the optimization model.
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4. Business cases of aggregated flexibilities in multiple electricity markets in a
European market design

4.1.2.3. Model finalization

When all individual component expressions are added to the model expres-
sion, the balancing reserves in the model are the sum of all technology reserves
and the model day-ahead schedule is the sum of all individual schedules.
Next, some constraints regarding the bid size for each bid are added to the
model, the objective function is formulated and a solver is started.

Let P9 denote the indices of considered products for each direction in the
optimization problem. Furthermore, let 7;5 for i € P° be the time steps
corresponding to the ith balancing product. The decision variable for the
size of bid j for the ¢th product in each direction is written as Tgid,i,j' The
following constraints ensure that the sum of all component bid sizes is the
same for every bid at each relevant time step.

Pottd = Thidi teTlieP’jeB,6eD (4.5)

To consider minimum bid sizes for balancing markets binary variables bébid,i, j
are introduced for each bid of all products. With the total balancing market
J - they can be respected in Equa-

volume Vpa) and minimum bid sizes ry, ; ;
A’

tions (4.6) to (4.8).
biai; € {01} ieP jeB seD  (4.6)
i < Vhal - biais iePjeBseD  (47)
i = Toina  Uhidi iePjeB ieD (4.8)
Let Pfj denote the activation probability for bid j of product . The balancing
activation and reserve prices of the respective products are written as pgcm-’ j

and pfes,iyj. Then the expected profit on the balancing market is given by
Equation (4.9).

_ 5 .6 § 5
Thal = Al - Z (Pz‘,j * Pact,i,j +pres,i,j) " Thid,i,j (4.9)
5eD,iePs,
JEBO teTY

With the day-ahead market prices at time ¢ written as pga; the spot market
profit is given in Equation (4.10).

Taa = At 3 paas- i (4.10)
t€Topt
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4.1. Methods

The cost expression c'° is already populated with potential additional cost
of different components. The objective function of the model is given by the
total expected profit 7 which is defined in Equation (4.11).

T = Thal + Tda — ¢ (4.11)

Finally, the model is solved maximizing m and the resulting schedules of
individual components are stored.

4.1.3. Generic storage interface

In this work different types of flexible components are considered: batteries,
electric vehicles, heat pumps, electric domestic hot water boilers and PV sys-
tems. They differ significantly in terms of functionalities as well as from a
technical and service delivery perspective. However, they share many charac-
teristics in terms of market operation and representation in the optimization
and simulation framework. All components can (at least theoretically) pro-
vide negative and positive balancing reserves and purchase electricity from
the day-ahead market. Technically they are characterized by efficiencies,
maximum and minimum operating points and temporal availability. Fur-
thermore, in general, most components can consume electric energy, convert
it into another energy carrier (like thermal energy) and store it subject to

losses over time.

Hence, a functional generic component interface is introduced, capable of
describing the key characteristics of all considered components. The 20 func-
tions defining the interface are listed in Table 4.1. They take a component
C, a time step ¢ or a vector of times steps ¢, and the length of a model time
step At as input. Table 4.1 shows the default return values of fallback meth-
ods defined for generic components. They describe a component without any
flexibility. For specific sub-types of generic components new methods can be
defined overwriting these default values and adding flexibility.

Figure 4.2 illustrates the key elements of the functional interface. Any compo-
nent can consume and produce electricity subject to input and output power
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4. Business cases of aggregated flexibilities in multiple electricity markets in a
European market design

Table 4.1.: Functions describing the generic component interface. The functions take a
component C, a time step ¢ or a vector of time steps ¢, and the duration of a
time step in hours At as input argument. The table shows the second argument
(@) = f(C,t, At) only. The default return values of the functions are listed in

column D.

Function D Unit  Description
s () 0 MW  Maximum consumption power
s () 0 MW  Minimum consumption power

out (1) 0 MW Maximum production power
sout (1) 0 MW Minimum production power
'™ (t) 1 Charging efficiency
n°" (1) 1 Discharging efficiency
o (t) 1 MWh o Conversion factor between MWh of electric energy and the

energy unit in the storage

a(t) 1 Bool” Availability "
SOCmax (t) Unit Maximum state-of-charge
SOCmin () Unit  Minimum state-of-charge

SOChase (1) Unit  Base state-of-charge corresponding to no energy content”
SOCstart (E)

SOCstop (t_)

Unit  Starting state-of-charge before the time steps in ¢
Minimum state-of-charge at the end of ¢

o|locoocococoocooo
@
=]
=.
-+

Gext (t) Unit  External storage input or output

Aconst (£) Upit  Constant storage loss factor

Alin (%) +  Linear storage loss factor

() ter  Cost associated with consumption excluding market cost and
tariffs

" (t) 0 M\€)Vh Cost associated with production excluding market cost and
tariffs

cicrflargc (t) 0 % Cost associated with charging

ot e (1) 0 o Cost associated with discharging

“ A Boolean value can either be true or false.

" Electric vehicles, for example, are not connected during all time steps.

" The difference between the current state-of-charge and the base state-of-charge is used
to calculate the linear storage losses.
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Figure 4.2.: Generic component interface

limits and efficiencies. The consumed electric energy is converted into another
energy carrier described by the state-of-charge unit of the storage, like MWh
for batteries or °C for electric boilers. The state-of-charge is constrained by
lower and upper bounds and exposed to constant and linear losses as well
es fixed external input or output. Linear losses depend on the difference be-
tween the current state-of-charge and a base state-of-charge. Input, output,
charging and discharging can be associated with corresponding cost.

The following paragraphs describe, how different components can be consid-
ered in the model by adding variables for individual schedules and cost to
the global model expressions in Equations (4.2) to (4.4) and introducing new
constraints, only relying on the generic component interface. The colored
elements in Figure 4.2 represent the variables that are added to the opti-
mization problem for each time step and for each considered component. In
the simulation framework every component stores a schedule for its state-of-
charge, its negative and positive balancing market reserves and its day-ahead
and intraday market schedules for each t € Tgn. Hence, values from previous
optimization runs can be accessed during model set-up.
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4.1.3.1. Technical constraints

Let si* and s9"% denote the input and output schedule of a component at
time ¢. The schedules for charging and discharging are given by yi" and y¢t.
The state-of-charge at time ¢ is written as soc;. Equations (4.12) to (4.14)
ensure the power and storage limits of a component. The efficiencies and
the conversion between MWh and the corresponding Unit are included in

Equations (4.15) and (4.16).

Smin (1) < 8% < spay (1) t € Topt (4.12)
Stin (1) < 87" < st (1) t € Topt (4.13)
SOCmin (t) < soc; < S0Cmax () t € Topt (4.14)
b (t) - X" =7 () - s t € Topt (4.15)
SO = O (1) - (1) - xO™ t € Topt (4.16)

Equations (4.17) and (4.18) set the start and end values of the state-of-
charge. Here t; and ¢, denote the first and the last considered time step.
The values for the state-of-charge stored in the simulation schedules from
previous optimizations are written as soc™.

SOCt —At = Sociilnlm b= At € Toim (4.17)
1— .
soCstart (Topt) 1 — At € Tgim
s0Ct,, = 50Cstop (Topt) (4.18)

Equation (4.19) connects the state-of-charge to its value in the last time step
and storage input, output and losses. Note that the external storage input
dext (t) can also have negative values.
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S0C; = SO0C;_A¢ + Gext ()
+ At ( X?m — Aconst (t) te 7;)pt (4.19)

*)\lin (t) : (Soctht - SOCbase,tht))

4.1.3.2. Market constraints

1
t7j
for each possible price bid 7, direction 0 and time step t. The corresponding

The variables for balancing market reserves of a component are written as r

activation probabilities are given by P/ .. The varlables for selling and buying
on the day-ahead spot market are denoted by Sda’t and sffg}t. Equation (4.20)
ensures the balance between technical and market variables.

st —st= Y Phorfi = Y Py
jeBt jeB- t € Topt (4.20)

sell buy
+ Sda,t ~ Sdat

The daily optimization requires a starting value for the state-of-charge in
Equation (4.17). It corresponds to the final state-of-charge value from the
previous schedule. However, market closure time is typically several hours
before midnight. Balancing market activations can still occur after schedule
planning affecting the actual state-of-charge of the storage. To overcome this
issue an intraday market is considered in the simulation framework. It allows
to react on unexpected activations with a small delay, the intraday market
lead time. Components can act on the intraday market to balance reserve
activations only if the operating point limits, the current day-ahead market
schedules and balancing reserves allow additional trades. Hence, balancing
market reserves also require intraday market reserves.

Model expressions describing the reserves for buying and selling on the in-
traday market r%t and rlgl}t are introduced. Expected balancing market

activations are already respected in Equation (4.20). The required reserves
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in both directions considering the expected schedule are written as rgxm and
given in Equations (4.21) and (4.22). For time steps t ¢ Topt the stored re-
sults from previous optimizations rfj;n’é are chosen for rij and for t ¢ Tgim
they are set to zero.

Topt = 2 (L=P )i+ > Blrf; t € Toim (4.21)
JEB~ jeBt

rawt = 2 (L=PB)-rfi+ > P t € Teim (4.22)
jeBt jeB—

Furthermore, the storage loss factor of n linear losses until time step t is
denoted by A} and defined in Equation (4.23). It can be interpreted as the
share of energy fed into the storage at time t —n - At that is left at time ¢ .

n—1
AP =T (1= At N (t— i - At)) (4.23)
=0

b
;Y and

With the intraday market lead time written as niq, the factors
el to calculate intraday reserves at time ¢ from balancing deviations at
time t — niq - At are given in Equations (4.24) and (4.25). They are used
to calculate the intraday market reserves in Equations (4.26) and (4.27) for

t e {tl —niq - At tq — (nid—l) -At,...,tn}.

buy min (1) - @ () - A

K V= Nout (t —Nid - At) 0 (t — niq - At) (4.24)
sell _ Tln (t — Nijp * At) 0 (t) . A?id

T Nout (t) - @ (t — nyq - At) (4.25)

buy _  buy +

74id,t = Ky ’ rexp,t—nid-At (426)
sell _ .sell .—

Tid,t = ft Texpt—niq-At (427)
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4.1. Methods

Equations (4.28) and (4.29) ensure that unexpected balancing market ac-
tivations and intraday reactions respect the technical power limits of the

component.
82&1& - 33:,}; + Tlsglzlr + Z T;,rj <af(t): Scﬁ?;x (t) t € Topt (4.28)
jeBt
b b - '
sd;l?; — sff’aI}t + Tidljf + Z TS () - Shax () t € Topt (4.29)
JjEB—

Reserve activations can be balanced after n;q steps using the intraday mar-
ket. For the time steps in between energy has to be reserved in the storage
to respect the state-of-charge limits even in case of balancing market acti-
vations. Let n™™ and 7{"®* denote the minimum and maximum of charging
and discharging efficiency of a component at time ¢.

7™ = min {nim () , Nout (£)} (4.30)
ﬁinax = max {nin (t) ; Tlout (t)} (431)

The negative and positive storage reserves are written as rd They con-

soc,t*
sist of the total charged or discharged energy from all possible unexpected
balancing market activations and intraday market trades in the last n;q time
steps. They are provided in Equations (4.32) and (4.33) for t € T35 =

{t1,t1 + At,... t, + niq - At}. The reserves Tgxp,t are set to zero for t > t,,.

rt AL § a Ofgg_"m i) (4.32)
st S g ot —i- At
nid AN - (Tﬁlutyfi.m + Tex tf'-At)
oot = At- Y i bt (4.33)
soc,t Pt ¢ (t —q. At)
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4. Business cases of aggregated flexibilities in multiple electricity markets in a
European market design

With that the state-of-charge reserve is ensured by adding the constraints
given in Equations (4.34) and (4.35).

S0C¢ > $0Cmin (1) + 7he s te T (4.34)
80t < 80Cmax (1) — Tsoct te T (4.35)

Finally the market schedules for each component 7’2 jand sfi‘ﬁlt—sgz}; are added

to the global model expressions r?ot’tjj and s; in Equations (4.2) and (4.3).

4.1.3.3. Component-specific cost

The market related cost and revenues of all components are already con-
sidered with mp, and 74, in the global objective function. Considering the
expected balancing activations only in the objective function disregards the
potential additional cost associated with unexpected balancing activations.
For example, for a component with an idle expected schedule, balancing ac-
tivations might cause extra cost for the grid tariff, fees and surcharges as well
as component wear costs.

To make the optimization more robust with respect to these stochastic cost
components, model expressions for the expected upward and downward de-
viation Aaf”} and Aafj from expected balancing activations are introduced.
In Equation (4.36) they are defined using the variance p- (1 —p) of a B (1, p)
binomially distributed random variable.

jeB,SeD (4.36)

Aay] = Aajy = F); - (1 - b t‘fj) 75

The deviations from schedule cause upward and downward intraday market
trades Aidz and Aidi given in Equations (4.37) and (4.38).
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4.1. Methods

. 11 d,
Aid] = k5l Z Z Aat—inid-At,j (4.37)
€D jeB’
. b 5,
Aidy = " Z Z Aat—,rnid‘At,j (4.38)
5€D jeBs

Now the expected deviations from input, output, charge and discharge Asi®,
As Ay and Ax?" can be calculated with Equations (4.39) to (4.42).

Asit = Aidf + Y S Agy? (4.39)
6€D jeBd
Ast = Aid] + 5 S Ag)! (4.40)
0€D jeBd
in n;nin in
Axit = At - - As 4.41
t (b (t) t ( )
1
A = At ————— . AW 4.42
: RO (442

The expected cost associated with the operation of a component c,, given

in Equation (4.43) are added to the global model cost expression ¢*' in

Equation (4.4).

Cop = Z (cirl (t) - (sin + Asin)

te%pt
e (1) - (s 4 As)
+ CBharge (£) - (" + Axi")

+ e (1) - (X2 + Ax))

(4.43)

Cost for the grid tariff, fees and surcharges also have to be added for each
component individually, because different components may be located in dif-
ferent areas or connected at different voltage levels and can in general be
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4. Business cases of aggregated flexibilities in multiple electricity markets in a
European market design

charged different tariffs. Furthermore, in general, grid charges can be dif-
ferent for electricity purchased on the day-ahead market and consumption
caused by negative balancing market activations. In Austria, for example,
negative reserve activations are charged a reduced grid tariff (SNE-V 2018 -
Novwelle 2019 2018). Tariffs, however, only have to be paid for net consump-
tion.

Let 7°¢ and 7P2! denote the charges for regular consumption from the day-
ahead and intraday market and the reduced charges for negative balancing in
€/MWHh. Variables for the expected net consumption ¢; excluding negative
balancing activations are introduced and constrained by Equations (4.44)
and (4.45).

G =0 t € Topt (4.44)
qe = 832?; - sifilt + Aidf
+ 3 (Aaf = P ) t € Tops (4.45)
jeBt

With the expected negative balancing market activations written as ¢P* and
defined in Equation (4.46), the grid tariff, fees and surcharges cost ¢,y for
the component is given by Equation (4.47) and added to c'°t.

@ =3 (Ptjj T+ Aa;]zi) (4.46)
jeB-
Ctar = At - Z (Treg -qr + Tbal : qfal) (447)
t€7—opt

If multiple components share a grid connection point the aggregated schedules
for day-ahead market operation and balancing market reserves are used for
the calculation of cost for grid tariff, fees and surcharges.

Details about the implementation of different components in the generic com-
ponent interface are provided in B.
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4.2. Model setup and empirical scaling

4.2. Model setup and empirical scaling

The optimal dispatch of an Austrian household with five flexible components
is calculated during two time periods. Period 1 covers a whole year from
October 1, 2017 to September 30, 2018. Period 2 covers eight months from
November 1, 2018 to June 30, 2019. These two periods are separated by
the market splitting of the German and the Austrian electricity price zone in
October 2018 (APG, 2020).

4.2.1. Household

A household with a battery, a charging station for an electric vehicle, a heat
pump, an electric boiler and a PV system is analyzed. The static parameters
for the battery, the charging station, the heat pump and the electric boiler
are listed in Tables B.1 to B.4. For the PV system a nominal capacity of
5kW is assumed. The considered grid tariff, fees and surcharges are listed in
Table 4.2.

The LoadProfileGenerator developed by Pflugradt and Muntwyler (2017)
is used to generate a PV production profile, an inflexible electricity load
profile and a domestic hot water load profile for each period. The software
also provides corresponding outdoor temperature profiles. Charging cycles
for the electric vehicle are generated randomly based on usage probabilities
and normally distributed random variables for departure and arrival times
and the distance driven, considering working days and weekends. A summary
of dynamic model parameters for the two periods is listed in Table 4.3.

4.2.2. Markets

For the day-ahead and intraday market historic price data from the European
Power Exchange EPEX SPOT SE (EPEX SPOT, 2020) is used. Figure 4.3
shows a boxplot with the daily day-ahead market prices in the two considered
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4. Business cases of aggregated flexibilities in multiple electricity markets in a

European market design

Table 4.2.: Considered grid tariff, fees and surcharges. In general they consist of an annual

fixed component and a volumetric component in €/MWh. For balancing acti-

vations a reduced volumetric component is charged.

Fixed Regular Reduced
€/a M\€7Vh M$Vh
Grid tariff (SNE-V 2018 - Novelle 2019 2018)
System usage charge 30.00 36.9 0.85
System loss charge 3.36 3.36
Metering fee 28.80
Green electricity subsidy (Okostromférderbeitragsverord-
nung 2019 2018)
System usage charge 4.90 6.90 6.90
System loss charge 0.46 0.46
Green electricity flat rate (Okostrompauschale-  28.38
Verordnung 2018 2017)
CHP flat rate (KWK-Gesetz 2014) 1.25
Electricity tax (Budgetbegleitgesetz 2000 2000) 15.00 15.00
Usage tax (Gebrauchsabgabengesetz 1996 1996) 1.80 2.42 0.25
Total 95.13 65.04 26.82
Table 4.3.: Summary of dynamic household parameters

Parameter Unit Period 1  Period 2
Inflexible electricity consumption kWh 4970 3346
Hot water load kWh 1857 892
PV production kWh 6417 3961
Elcetric vehicle consumption kWh 2989 2111
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4.2. Model setup and empirical scaling

Period 1 Period 2

Price [EUR/MWHh]

0000 0400 0800 1200 1600 2000 0000 0400 0800 1200 1600 2000

Time of day Time of day

Figure 4.3.: Day-ahead market prices in the two periods (Source: EPEX SPOT (2020))

periods.

In the model each four-hour balancing market product is characterized by
two price bids: a bid with low balancing activation price pgn and high acti-

5

vation probability Pg.; and a bid with inverse characteristics. Furthermore

5

res

each bid provides a balancing reserve price p%,. that is paid regardless of bal-
ancing activations. The prices and corresponding activation probabilities are

provided by Flex+?2 research project partner TIWAG?.

With the expected day-ahead price during a product period pg, as opportu-
nity price, the expected profit 7° can be calculated with Equation (4.48) for
negative and Equation (4.49) for positive balancing products.

T = Ppow + Pact - (Pda = Pen) (4.48)
™" = Prow + Pact - (p:n - pda) (4.49)

*nttps://www.flexplus.at/ (Accessed on 8/6/2020.)
Snttps://www.tivag.at/en/ (Accessed on 8/6/2020.)
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4. Business cases of aggregated flexibilities in multiple electricity markets in a
European market design
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Figure 4.4.: Expected profits from balancing market products in the two periods

Figure 4.4 shows the expected profit of daily balancing market products in
the two considered time periods.

Balancing market activations are simulated randomly based on the provided
activation probabilities. For a probability p a random variable from the
Beta (WID’ 5 (1;”)) distribution (Johnson et al., 1994) is generated. The
chosen distributions has an expected value of p and a bimodal probability

density function with modes 0 and 1. Figure 4.5 shows the cumulative density

function of Beta (1—(1)0, 1—(1)0 . (1}'%p)> for selected values of p.

4.2.3. Optimization strategies

To analyze the effects of market integration for households with flexible com-
ponents, first, a simulation with the Baseline optimization strategy is run
considering constant electricity prices and disregarding balancing markets.
Next, this is compared to the Day-Ahead optimization strategy which uses
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4.3. Results
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Figure 4.5.: Cumulative density functions of Beta (Wlov Tio . I_Tp) for selected values of p

Table 4.4.: Considered optimization strategies

Strategy Description

Baseline The technology schedules are optimized considering constant electricity
prices and disregarding balancing markets.

Day-Ahead  The flexible components are used to minimize electricity procurement cost
with day-ahead market prices.

Balancing The technology portfolio has access to the day-ahead market, the aFRR
balancing market and the intraday market.

the components’ flexibility only to minimize the electricity procurement cost
with day-ahead market prices. Finally, the Balancing optimization strategy
provides access to the day-ahead market, the aFRR balancing market and
the intraday market for balancing unexpected activations. It is assumed that
market access is provided by an aggregator. Hence, minimum bid sizes are
neglected in the simulations. The different optimization strategies are listed
in Table 4.4.

4.3. Results

This section provides numerical results of different simulation runs using
the mathematical framwork in Section 4.1 to answer various research ques-
tions. Section 4.3.1 provides the potential total benefits for the optimiza-
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tion strategies presented in Section 4.2.3. In Section 4.3.2 the impact of
the battery’s Levelized Cost Of Energy (LCOE) on its operation and the
PV self-consumption is investigated. Section 4.3.3 investigates the effects
of cost related to unexpected balancing activations and different strategies
to deal with these uncertainties. The individual contributions of different
components to the total cost reduction are identified in Section 4.3.4 and
Section 4.3.5 compares different aggregation levels in the optimization of a
pool of households.

4.3.1. Potential benefits of aggregation and multiple market
participation

Figure 4.6 shows the cost components of the household under investigation for
different optimization strategies in the two considered periods. The total cost
consist of the grid tariff, fees and surcharges, technology-specific cost and cost
from operating on the considered markets. In this setup technology-specific
cost correspond to the LCOE of the battery.

The Day-Ahead optimization strategy increases cost for grid tariff, fees and
surcharges in both periods. However, the cost reduction from day-ahead
market operation yields a total cost reduction of 5% and 4 %.

Similarly, the Balancing optimization strategy yields a cost increase for grid
tariff, fees and surcharges. In Period 1, furthermore, the cost on the day-
ahead market increases. Nevertheless, the profits on the balancing markets
provide significant total cost reductions of 66 % in Period 1 and 18 % in Pe-
riod 2 compared to the Baseline strategy. Comparing the two considered
periods indicates a significant reduction of the economic potential on bal-
ancing markets for residential flexibilities after the electricity market split
between Germany and Austria.

Figure 4.7 shows the quantities traded on different markets for different op-

timization strategies in the two periods. The Baseline optimization strategy
does not consider market signals. Hence, the only way to reduce cost is to
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4.3. Results

Period 1 Period 2
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Figure 4.6.: Total household electricity procurement cost for the optimization strategies
described in Table 4.4 in the two periods

minimize electricity consumption. Thus, it provides the most energy effi-
cient operation. In the Day-Ahead optimization strategy both purchases and
sales on the day-ahead market are increased. This results in a net consump-
tion increase of 3% in both periods. Using the flexibility of components for
balancing reserves in the Balancing optimization strategy further decreases
technical efficiency. This yields a net consumption increase of 7% in Period 1
and 6 % in Period 2.

These results suggest that there is significantly more economic potential for
flexible technologies on the balancing market than on the day-ahead mar-
ket under the assumed price conditions. Market participation has a negative
impact on the energy efficiency of considered components compared to the
Baseline strategy. However, it is important to note that the Baseline strategy
represents a technically optimal operation under perfect foresight. Real-life
operation might be based on simpler heuristics yielding higher total con-
sumption. In that case, introducing market-based optimization and control
of flexible technologies might result in lower consumption increase. Further-
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Figure 4.7.: Quantities traded on different energy markets and net consumption for the
optimization strategies described in Table 4.4 in the two periods

more, even with the increase in consumption and the corresponding increase
in cost for grid tariff, fees and surcharges a significant total cost reduction
was achieved with the Balancing strategy. Section 4.4.1 provides a discussion
of potential approaches to divide the total benefits among the aggregator and

end users.

4.3.2. Battery cycle cost and photovoltaic self-consumption

Batteries have a limited number of charging cycles. To avoid too much in-
crease in battery usage and a related reduction of battery lifetime, battery
operation has to be associated with cost in the objective function of the op-
timization models. The LCOE of a battery can be used for this purpose
as it describes the price at which electricity should be sold to cover all cost
components of the battery (Rahman et al., 2020).

The impact of the LCOE on the operation of the battery is analyzed by
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Figure 4.8.: Battery consumption for different battery LCOE in the two periods

simulating the Baseline, Day-Ahead and Balancing optimization strategy for
the values cgst =0,10,...,200 €/MWh.

Figure 4.8 shows the total battery consumption versus battery operation
cost for different optimization strategies in the two periods. Battery usage
declines with increasing LCOE. The decrease in usage is more uniform for
the Day-Ahead and the Balancing optimization strategy. Both show more
battery usage than the Baseline optimization strategy.

Due to the low activation probabilities, the revenue of actual battery con-
sumption and production is very high in the Balancing optimization strategy.
Hence, the battery is used significantly more compared to the other optimiza-
tion strategies, even for higher LCOE. Figure 4.9 shows the total household
cost with the three optimization strategies for different values of battery
LCOE. Even for LCOE of 200€/MWh the Balancing optimization strategy
yields significantly lower total cost than Baseline and Day-ahead with zero
battery usage cost. Hence, balancing market participation can provide an
additional stream of revenue for flexible components with high operational
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Figure 4.9.: Battery consumption for different battery LCOE in the two periods

cost and improve the economic efficiency of an investment.

For the Baseline optimization strategy a significant change in battery usage
can be noticed at 60€/MWh. 50€/MWh seems to be the highest LCOE
where battery operation for increasing self-consumption is still economically
efficient. This can also be observed in Figure 4.10 showing the household’s
self-consumption share of PV production for different LCOE in all optimiza-
tion strategies and periods. Up to LCOE of 50€/MWh the Baseline op-
timization strategy provides the highest self-consumption share. For higher
values the Day-Ahead optimization strategy shows slightly higher shares, trig-
gered by market signals. The Balancing optimization strategy provides the
lowest shares of PV self-consumption, because for many balancing market
bids the economic benefits in €/MWh of expected battery usage is higher
than the benefit of saving cost for grid tariff, fees and surcharges. In all other
simulations LCOE of 50 €/MWh are assumed to incentivize maximizing self-
consumption in the Baseline optimization strategy.
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Figure 4.10.: PV self-consumption for different battery LCOE in the two periods

4.3.3. Impact of activations and risk management

The risk of extra cost caused by unexpected balancing activations is weighted
with the variance of a binomially distributed random variable defined in
Equation (4.36) in the objective function of the daily optimization models.
In the following this is labelled the neutral approach.

Alternatively, in a more risk-averse approach Equation (4.36) could be re-
placed by Equations (4.50) to (4.53).

Nay;t =Py jeB” (4.50)
Aa{f = (1 - Pt,_j) Tt JjeB” (4.51)
Aaft = (1= BY) - jeB* (4.52)
Aoy = Bl r jeBt (4.53)

Here the maximum deviations from the expected activations are considered
in the component-specific cost in the objective function.
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Figure 4.11.: Quantities traded on different markets and net consumption for different risk
management approaches in the two periods

Finally, a more risk-friendly approach is to optimize the expected cost only,
disregarding any cost from potential deviations from balancing activations.
This can be achieved by replacing Equation (4.36) with Equation (4.54).

Aay] = Aayy =0 jeBseD (4.54)

Figure 4.11 shows the impact of the chosen risk management approach on the
quantities traded on different markets and the total net consumption of the
household. The risk-averse approach adds a higher penalty for unexpected
deviations to the objective function and, hence, increases the cost associated
with balancing market products. Thus, it provides the lowest amount of
balancing market reserves and results in the lowest net consumption increase.
The risk-friendly approach does not consider additional cost for deviations at
all and, hence, provides the most balancing reserves. Furthermore, it selects
significantly more balancing products with higher activation probabilities,
resulting in more balancing activations and intraday market trades. This also
yields the highest net consumption increase of 15 % and 14 %, respectively.
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Figure 4.12.: Total household cost for different risk management approaches with expected
and random activations in the two periods

To analyze the impact of random activations on the total household cost in
the different risk management approaches, 100 scenarios for random activa-
tions are generated and simulated. Figure 4.12 shows the total household
cost for expected and random activations. The risk-averse approach yields
the least cost reduction. With expected activations the highest benefit is
achieved using the risk-friendly approach. However, with random activations
this results in significantly higher cost compared to expected activations. The
neutral risk management approach provides significantly less deviations from
the cost with expected activations. For random activations the cost reduc-
tion with the risk-friendly approach is about the same as with the neutral
approach.

However, the results look different for higher operational cost. Figure 4.13
shows the respective results for the same household with battery LCOE of
100€/MWh. Here the cost with random activations are significantly higher
with the risk-friendly approach. In Period 2 they even exceed the cost of the
risk-averse approach.
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Figure 4.13.: Total household cost for different risk management approaches with expected
and random activations with battery LCOE of 100€/MWHh in the two periods

The risk-averse approach seems to be too conservative. The risk-friendly
approach is too unpredictable with higher operational cost and can even
result in a cost increase. Hence, for all other simulations the neutral approach
is chosen. Note that there are alternatives to the presented risk managment
approaches based on the Value at Risk (VaR) or the Conditional Value at Risk
(CVaR), which might yield better results. Their investigation goes beyond
the scope of this work and is left to future research.

4.3.4. Individual contributions of flexible components

In Section 4.3.1 the potential total benefits of all flexibile components are
presented. To determine the contribution of individual technologies to the
achieved total cost reduction, different household flexibility configurations
are considered and simulated. A household flexibility configuration specifies
for each component if its baseline operation is added to the household’s non-
flexible load or if its flexibility is used for market optimization. To identify the
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4.3. Results

contribution of each flexible component to the benefits achieved on different
markets, the Day-Ahead and the Balancing optimization strategy are simu-
lated for all 32 possible flexibility configurations. Subsequently, the resulting
cost benefits compared to the Baseline optimization strategy are used to cal-
culate the Shapley value (Shapley, 1953) for each component. The Shapley
value describes the average contribution of a component to the total utility.
A comprehensive description of this approach is provided by Schwabeneder
et al. (2019).

Figure 4.14 shows the contribution of each component to the total benefit
achieved compared to the Baseline optimization strategy. In the Balancing
optimization strategy the battery clearly provides the most significant relative
contribution with 65 % in Period 1 and 45 % in Period 2. The battery is the
only component qualified to offer power in both directions, consumption and
feed-in. Furthermore, it is always available. Hence, it can provide the most
balancing reserve.

In contrast, the electric vehicle is not permanently connected to the charging
station. Furthermore, vehicle-to-grid operation was not considered. Hence,
it can offer less flexibility than the battery resulting in a relative contribution
of 15% in Period 1 and 20 % in Period 2.

The heat pump’s and the boiler’s flexibility potential is limited by the de-
mand for space heating and domestic hot water, which is determined by
the user-defined temperature limits and the surrounding temperature. Both
power-to-heat technologies can only consume electricity. This constrains their
availability for flexibility provision. In Period 1 the heat pump adds 8% to
the total cost reduction. In Period 2 the relative contribution of the heat
pump is increased to 21 % because the months July to October are not cov-
ered, where heat pumps usually operate less due to lack of heat demand. The
electric boiler contributes 10 % in Period 1 and 11 % in Period 2.

The only flexibility option for PV systems is curtailment. This option is used
on the balancing market resulting in a relative contribution of 2% in Period
1 and 3% in Period 2.

93



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

M YOU

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

Period 1 Period 2
65
4 Component
Il Battery
~— 500 500 mm Charging station
IQD: B Heat pump
<28 = Boiler
+ PV system
& 400 400
=]
)
o
E
£ 300 300
=
8
=]
2 200 200
=
=1
e}
=
=
=
Q
O

15%
100 10% 100 5%
8%
0%21%
329136%,404 2% 39%41% Lz
o 2 o “ 0 2N 0% 8%

Day-Ahead Balancing Day-Ahead Balancing
Optimization strategy Optimization strategy

Figure 4.14.: Contribution of individual components to the total benefit with different op-
timization strategies described in Table 4.4 for the two periods

For the Day-Ahead optimization strategy the heat pump provides the highest
relative contribution with 36 % in Period 1 and 41% in Period 2. Similar
results can be observed for the charging station with 32 % and 49 %, respec-
tively. With 24 % and 17% even the electric hot water boiler contributes
more to cost reduction than the battery with 8 % and 2 %, respectively. This
can be explained with the high LCOE of the battery, which would require
more economic incentives than the day-ahead market price spreads for flexi-
bility activations. The PV system is not curtailed at all with the Day-Ahead
optimization strategy. Hence, it does not contribute any flexibility to the
total achieved benefits.

4.3.5. The value and different levels of aggregation

In this work minimum bid sizes for balancing market products are neglected,
because it is assumed that the balancing bids are collected by an aggregator
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4.3. Results

Table 4.5.: Levels of aggregation in the market operation optimization of multiple house-

holds
Level Description
Single Each component is optimized individually without considering other house-

holds, components or non-flexible loads.

Technical  All components of the same type are aggregated to component specific pools
and optimized without considering other component types or non-flexible
loads.

Local All components of a household are aggregated locally and optimized without
considering other households.

Central All components are aggregated and optimized centrally.

Table 4.6.: Flexible component configurations of pooled households

Household 1 2 3 4 5 6 7 8 9 10
Battery v v v v v

Electric car v v v v Vv

Heat pump v v v v v
Boiler v v v Y v v v

PV system v v v v v v v v v Y

and incorporated as part of the bids of a balancing service provider. Hence,
optimization could happen also locally and for each individual component. In
an alternative approach an aggregator could collect all forecasts and technical
data for each component of multiple households and manage the dispatch of
end-user flexibilities centrally. To identify the value of aggregation, in the
following the operation of ten households is optimized for different levels of
aggregation listed in Table 4.5. Table 4.6 provides the flexible component
configurations for each household.

Figure 4.15 shows the total cost of all ten households for different levels of
aggregation with the Day-Ahead optimization strategy. In the Single and
Technical aggregation the components are optimized without any informa-
tion on the actual residual load of the households. Hence, the flexible compo-
nents cannot be used to maximize self-consumption of the households. This
results in a total cost increase of 4 - 7% compared to the Baseline optimiza-
tion strategy, which is simulated at a Local aggregation level but without
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Figure 4.15.: Total cost of all ten households with the Day-Ahead optimization strategy for
different levels of aggregation in the two periods

market access. With the Local and Central aggregation level all household
components and loads can be considered in the optimization, resulting in a
lower cost increase for the grid tariff, fees and surcharges and a total cost
reduction of 4 - 5%. Considering multiple households simultaneously in the
optimization does not provide any further benefit.

The total pool cost with the Balancing optimization strategy in Figure 4.16
show similar results. Technology-specific aggregation results in higher cost
for the grid tariff, fees and surcharges. However, here the profits from the
balancing markets significantly exceed the cost increase in charges. Aggregat-
ing on a household level increases the relative cost reduction by 8 percentage
points compared to technology-specific aggregation in both periods. In Pe-
riod 1 the Central optimization provides a slightly higher benefit over the
Local aggregation. This is caused by at least one balancing market product,
for which at least one households can not provide sufficient reserve individ-
ually.* In Period 2 no further benefit of the Central aggregation over the

4Consider in a simplified example two electric vehicles. One is connected until 19:00,

96



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

blio
nowledge

3
|
r ki

m You

4.4. Discussion

Period 1 Period 2
12 12
mm Grid tariff
mm Fees & surcharges
mmm Technology-specific cost

10 10
B Day-ahead market
Balancing market
o Intraday market
8 8 Total cost

T4
H I J|‘I |J 1|

Total cost [KEUR]

il
(I

)
> |
_—
> |

2
0 |-53% -53% -61% -62% 0 I I-g% |-9% I-17% I-17%
Basellne Single Technical Local Central Baseline Single Technical Local Central
Aggregation level Aggregation level

Figure 4.16.: Total cost of all ten households with the Balancing optimization strategy for
different levels of aggregation in the two periods

Local aggregation can be observed.

Considering the complexity of solving a optimization problem for hundreds
or thousands of customers centrally the Local aggregation, corresponding to
de-centralized optimization at a household level, seems like a more pragmatic
approach. For scalable practical implementations data-driven machine learn-
ing models might pose a sensible alternative to linear programming.

4.4. Discussion

Section 4.4.1 proposes possible business model and tariff design options based
on the quantitative results in Section 4.3.5. Section 4.4.2 discusses the value

the other starting from 17:00. Individually, neither can provide reserve for the balancing
products between 16:00 and 20:00. However, in a global optimization the required reserve
can be achieved by both vehicles together.
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4. Business cases of aggregated flexibilities in multiple electricity markets in a
European market design

of intraday market access in the presented optimzation and simulation frame-
work. In Section 4.4.3 the major barriers for business models related to the
aggregation of residential flexible components are explained.

4.4.1. Business model considerations

For simplicity it is now assumed that a single aggregator is supplying the end
users with electricity and offering market optimization for flexible compo-
nents.® In general, end users do not pay the hourly electricity market prices.
Instead they are offered a supply tariff. This can be a constant or dynamic
rate in €/MWh, a flat rate or a combination thereof. The simulation models,
however, optimize the aggregator’s operation on multiple markets, addition-
ally considering customer grid tariffs, fees and surcharges. There are various
ways to incentivize customers to provide their component’s flexibilities for
this purpose. The aggregator can provide a flexibility remuneration to the
end users. This can be in the form of an annual or monthly flat rate or paid
per flexibility activations or per balancing reserves in €/MWh. Another ap-
proach is to forward the benefits from flexibility optimization on different
markets to the end users in a transparent manner. In that case the end users
can pay a fee for the service of market access, either flat or based on flexibility
activations or balancing reserves, respectively.

To illustrate the differences, consider the following tariff configurations. In
the Simple tariff setup the households are charged a constant energy tariff
chosen as the weighted average day-ahead market price plus 20€/MWh. The
aggregator can use the flexibility of household components and remunerates
the customers with a flexibility rate in €/MWh charged per MWh of balanc-
ing reserve provided. Here the flexibility rate is chosen as half of the total

5Business models that provide market access to end user flexibilities require a supplier,
a balancing responsible party, a market participant operating on balancing markets and an
aggregator responsible for the optimization and communication of household components.
In theory there can even be multiple aggregation. For example technology manufacturers
can already equip flexible components with the necessary technologies for data exchange and
remote control and offer market optimization as a service to their customers. Conversely,
one market participant can take up multiple of the required roles.
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4.4. Discussion

Table 4.7.: Summary of rates in different tariff setups for the two periods. All rates are
provided in €/MWh

Dynamic rate”  Constant rate  Flexibility rate™"

Period 1
Simple 55.74 -8.76
Transparent Ddat (35.74) 20.00 8.76
Period 2
Simple 71.21 -3.98
Transparent Pda,t (51.21) 20.00 3.98

- Pda,t is the hourly day-ahead electricity market price. The mean value weighted with
the customers’ total residual load profile is provided in brackets.

™ The flexibility rate is charged per MWh of balancing reserve provided by the house-
holds. Negative values correspond to payments from the aggregator to the customers.

benefit achieved in € divided by the total balancing reserves in MWh.

Alternatively, in the Transparent configuration customers are charged the
hourly day-ahead price plus 20€/MWh. The benefits from balancing market
operation are directly forwarded to the households, who pay the flexibility
rate in €/MWh for balancing reserve to the aggregator for providing the
market access. Table 4.7 shows the values of the supply tariffs and flexibility
rates for the Simple and Transparent setup in both periods. Both tariff
configurations yield the same cost with the Baseline optimization strategy.

Figure 4.17 shows the total cost of all ten households for different tariff se-
tups. With the Balancing optimization strategy cost for the grid tariff, fees
and surcharges increase. In the Simple tariff configuration supply tariff cost
increase, too. However, due to the flexibility rate a total cost reduction of
15 % in Period 1 and 3% in Period 2 is achieved. With a Transparent setup
the energy supply component of the end user bill decreases significantly. In
Period 1 it is even negative. The additional cost for the flexibility rate paid
to the aggregator yields a total cost reduction of 22 % in Period 1 and 6 %
in Period 2.

Figure 4.18 shows the aggregator profit for different tariff setups. The ag-
gregator can achieve substantial benefits on the day-ahead and balancing
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Figure 4.17.: Total household cost for different tariff configurations

markets with the balancing optimization strategy. Note that additional cost
for market access, ICT infrastructure and software and data management are
not considered here. With the Simple tariff configuration the revenues from
electricity supply increase, too. Considering the additional cost from the
flexibility rate paid to the customers still yields a significant profit increase
of 226 % in Period 1 and 80 % in Period 2. In the Transparent tariff setup
the benefits from flexible market operation are passed on to the end users in
the supply tariff. However, with the extra revenue from the flexibility rate
profit increases by 183 % in Period 1 and 59 % in Period 2.

Both tariff setups result in win-win situations among the aggreator and the
customers. However, they do not ensure by construction economic benefits
for individual ened users. Designing tariffs that ensure win-win situations
among the aggregator and each individual customer is a difficult task and
subject to future research. Nevertheless, economic benefits might not be the
only incentive driving the decisions of end users. Contributing to the electric-
ity system’s flexibility and, consequently, to the integration of variable RES
and the reduction of greenhouse gas emissions can also motivate customers
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Figure 4.18.: Aggregator profit for different tariff configurations

to participate in business models related to the aggregation of residential
flexibilities.

4.4.2. Intraday market access

Most contributions to literature presented in Section 2.3.3 use a scenario-
based multi-stage stochastic modeling approach to evaluate business models
of aggregators operating on balancing markets. However, they do not con-
sider unexpected activations, their impact on components’ state-of-charge
levels or the intraday market as an option to balance unexpected state-of-
charge deviations. This section explains the benefits of the approach chosen
in this work using a simplified example.

Consider the household’s battery bidding on the balancing market. For sim-

plicity assume that it has no conversion losses and it bids the same size b~
and b for all six four-hour products of a day and that both negative and
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Figure 4.19.: State-of-charge limits of the battery without (i) and with (ii) access to the
intraday market

positive products have the same activation probability.

If no access to the intraday market is available the battery has to meet all ac-
tivations with the state-of-charge at the beginning of the day. In the extreme
case of 100 % positive activations and zero negative activations 24 - b= MWh
would be discharged from the battery. Conversely, for negative activations
only, 24 - b= MWh would be fed into the storage. With a state-of-charge
of 50 % at the beginning of the day and no other planned operation for the
battery, at most b~ = b+ = &

48
sponding state-of-charge limits are illustrated in subplot (i) of Figure 4.19 for

MW can be offered for balancing. The corre-

day 1. Assume now that the battery is already providing balancing reserve
during the day when the bids for the next day are placed. In that case at mar-
ket closure time the state-of-charge at the end of the day is known within some
range only. This uncertainty further reduces the maximum balancing market
bid sizes for the next day. Subplot (i) of Figure 4.19 illustrates the state-of
charge limits in this scenario for days 2 and 3. The corresponding maximum
balancing market bid sizes are shown in subplot (i) of Figure 4.20.
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Figure 4.20.: Maximum balancing market bid sizes of the battery without (i) and with (ii)
access to the intraday market

If intraday market access is available the battery can react on activations and
balance deviations from the planned state-of-charge immediately subject to
the intraday market lead time. With a lead time of one hour this means that
at each time step, state-of-charge reserves for the activations of the follow-
ing hour only have to be considered. However, additional power has to be
reserved for potential intraday market activations. Hence, the maximum bid

L. min{ PBat pBat ) ]
size is given by % where PBat and PBat are charging and dis-

m
charging power limits of the battery. Thus, in that case the limiting factor is
not the battery’s capacity but its power. Furthermore, a fixed state-of-charge
can be assumed at the end of the day every day since all unexpected activa-
tions are balanced within one hour. The state-of-charge limits with intraday
market access are illustrated in subplot (ii) of Figure 4.19. Figure 4.20 shows
that significantly more balancing market reserves can be offered if access to
the intraday market is available. A detailed description of reserves for the

intraday market with this strategy is provided in Section 4.1.3.2.

The approach chosen in this work uses the first possible intraday product to
balance unexpected reserve market activations. The economic results might
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be slightly improved by performing a rolling optimization for the intraday
market as well. Furthermore, periodic intraday optimization can be used to
react on forecast errors, which are not considered here.

4.4.3. Barriers and challenges

Minimum bid sizes can constitute a major barrier for aggregators of flexible
end user components (Poplavskaya and Vries, 2019).

In this work cooperation with a balancing market participant controlling
large-scale power plants is assumed to overcome this barrier. Without this
assumption a large number of households is required for a single balancing
market bid. With local aggregation in the optimization, individual house-
holds might find optimal schedules that can not be placed as market bids
because in total the minimum bid size can not be achieved. For global
aggregation the optimization models might become to complex to solve in
reasonable time.

Regardless of the level of aggregation in the optimization a large amount
of communication and data transfer is required. In the simulation models
it is implicitly assumed that individual small-scale household components
provide operation schedules and that the evidence of balancing energy pro-
vision is determined by the deviation from these schedules. This approach
requires continuous measurement and extensive data exchange with the sys-
tem operator, which is a challenge for real-life implementation. Furthermore,
costumers might raise privacy concerns taking into account the required data
communication for these business models.

The simulations in this work assumed perfect foresight for load, generation,
temperature or market prices. Hence, a real-life implementation of the pro-
posed optimization strategy will yield less optimal results. Especially on a
single household level forecasting of non-flexible loads is a difficult task. A
rolling intraday market operation might be a suitable tool to deal with day-
ahead load forecast errors. This work only considers the uncertainties in
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4.5. Résumé

terms of balancing activations. Analyzing the impact of forecast errors and
developing methods to handle these uncertainties in the presented framework
are left to future research.

For metered households the grid tariff often includes a peak component that
is charged for the maximum load within a month or year, respectively. Due
to the short optimization period of 24 to 48 hours in the rolling optimization
approach this cannot be included exactly into the model’s objective function.
Not considering it at all might yield increased household cost. Considering
the full peak component or part of it in each daily optimization might result
in using too much flexibility to restrict the maximum load. There might be
higher peaks on different days and unnecessary peak load reduction reduces
flexibility for market optimization. Developing and analyzing different strate-
gies to include a peak component of the grid tariff into daily optimization is
a task for future research.

4.5. Résumé

A modular mathematical framework to model the operation of energy ag-
gregators on day-ahead, balancing and intraday markets is presented. It has
proven to be effective to tackle a variety of research questions related to the
flexibility provision of end users.

Based on the quantitative analysis of a specific case study the following gen-
eralized conclusions in the context of aggregators operating on multiple elec-
tricity markets can be drawn:

e Under the considered price conditions, balancing market participation
provides significantly higher economic potential than optimizing with
respect to day-ahead market prices only.

e The cost reduction achieved on balancing markets allow business model

and tariff designs resulting in win-win situations among the aggregator
and the end users.
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e Balancing market participation results in a reduction of PV self-consumption
share. However, battery operation on balancing markets is economi-
cally feasible for higher LCOE than battery usage for self-consumption.

o Both neglecting the risk of additional cost through unexpected balanc-
ing activations and assuming the worst case scenario in the objective
function yields suboptimal results. Hence, the introduction of a more
elaborate risk measure to the optimization models is recommended.

o Batteries can provide the highest contribution to balancing market op-
eration and achieved benefits due to their permanent availability and
symmetry in consumption and production. However, on the day-ahead
market the heat pump, the electric vehicle and the electric boiler achieve
higher contributions because of the batteries’ high LCOE.

e Optimizing components individually or aggregated to a technology-
specific pool yields suboptimal results. Considering the computational
complexity for large pool sizes, a local optimization on a household level
through an energy management system is recommended.

o Considering the intraday market to react on balancing market activa-
tions allows to offer significantly more balancing markets reserves.

Future work may investigate further risk management approaches to handle
the uncertainties of balancing activations. Furthermore, it is planned to in-
clude methods to handle forecast errors in the presented framework. Another
direction of future research might investigate tariff design for aggregator busi-
ness models and its implications on individual customers in greater detail.
Finally, the development and analysis of different approaches to handle peak
tariff components in daily optimization is left to future work.
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4.6. Nomenclature

Sets

B’ Indices for possible price bids for each balancing mar-
ket direction

D Balancing market directions (D = {—, +})

P°  Indices for balancing products considered for each di-
rection in the optimization

Topt  Considered time steps for the optimization

Tsim Considered time steps for the simulation

ia Time steps of the ¢th balancing product
Parameters
At Step length in hours

bal Reduced grid tariff for negative balancing in €/MWh
The8 Regular grid tariff in €/MWh
pgcm,j Balancing activation price bid for balancing bid j of

product ¢

Dda,t Day-ahead market price at time ¢

pfesﬂ-’j Balancing reserve price for balancing bid j of product
i

Pi‘fj Activation probability for balancing bid j of product

i
Pt‘fj Activation probability of price bid j at time ¢

r&in7i7j Minimum bid size for bid j of product ¢
Vhal Balancing market volume

Model expressions and variables
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Charging schedule of a component at time ¢
Discharging schedule of a component at time ¢
State-of-charge of a component at time ¢

Total expected profit

Expected balancing market profit

Day-ahead market profit

Binary variable indicating whether a bid is placed for
bid j of product @

Total cost

Operational cost of a component

Expected grid tariff costs

Balancing market bid size of bid j for the ith product
Total balancing market reserve for bid j at time ¢
Balancing market reserves of a component for price
bid j

Input schedule of a component at time ¢

Output schedule of a component at time ¢

Total day-ahead market schedule at time ¢
Day-ahead market buying schedule of a component

Day-ahead market selling schedule of a component
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5. Discussion and synthesis of results

This chapter provides a synthesis of the findings from previous chapters.
Section 5.1 relates the results from the analyses in Chapters 3 and 4 to the
research questions of the thesis defined in Section 1.2. Section 5.2 discusses
weaknesses of the chosen methods and provides a SWOT analysis of business
models for aggregators of distributed flexibility options operating on multiple
markets. Section 5.3 examines aspects related to the transferability and
upscaling of these business models and discusses their impact from a system
perspective.

5.1. Findings referring to the research questions

The investigations and results in both Chapters 3 and 4 contribute insights
to different research questions defined in Section 1.2. This section dicusses
these findings for each research question.

Research Question 1. How do market characteristics impact the profitabil-
ity of DR?

Section 3.3.1 shows that for energy-only markets the key factor for the prof-
itability of DR is the market price spread. Depending on the charcteristics
of the considered flexibility this mostly means the short-term price spreads
within a day or a couple of hours. Since DR flexibility is the option to modify
the load profile and shift demand along different time steps, it is expected
that the difference in market prices determines the economic potential.
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5. Discussion and synthesis of results

The comparison of different market areas in Section 3.3.1 suggests that mar-
kets with a high share of flexible hydro power, like reservoirs and especially
pumped storages, in their power plant portfolio have less variability in prices.
The flexibility of large-scale storage technologies is already optimized for ex-
pected market prices. This also affects system demand, because load is in-
creased during hours of low prices and decreased during hours of high prices.
Consequently, market prices are also affected resulting in less price variabil-
ity. Hence, markets that already have a high share of flexibility in their power
plant portfolio provide less incentives for additional flexibility options from
distributed technologies.

Furthermore, the results in Section 4.3.1 suggest that balancing markets pro-
vide significantly more incentives for distributed flexibility than energy-only
day-ahead markets. Indeed, this is related to the market price assumptions in
the investigated use case. However, the product structure of balancing mar-
kets in a European electricity market design is favorable for flexibilities with
high operational costs. The products typically consist of a reserve price that
is paid for balancing reserves and an activation price that is paid per MWh
of activated energy only. Hence, flexibilities with high operational cost can
bid with high activation prices and expect some remuneration for balancing
reserves and high remuneration in case of actual activations. For example,
Section 4.3.2 shows that balancing market participation of batteries is prof-
itable for significantly higher LCOE than battery usage for self-consumption
increase.

Research Question 2. What is the effect of DR on COy emissions?

The results in Section 3.2.2 do not allow definite conclusions about the effects
of DR on COs emissions. As discussed in Section 3.3.2 they depend on the
underlying power plant portfolio. The merit-order curve sorts power plants
by their short-run marginal cost, but not necessarily by their fuel emission
factors. Hence, load shifts to cheaper hours do not automatically yield load
shifts to hours with lower system emissions.

However, with increasing COq prices the marginal cost for power plants with
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5.1. Findings referring to the research questions

high fuel emission factors increase too. This may result in a resorted merit
order curve with monotonically increasing emission factors. In that case, load
shifts to cheaper hours always yield load shifts to hours with lower marginal
system emissions.

In general, this is not true for average system emissions. Hours of low RES
production and low demand may exhibit higher average system emissions
than hours with high RES production and high demand, even though the
prices and marginal system emissions might be lower in the former case.
Section 3.2.2 shows that the choice of the indicator for the evaluation of
CO, emissions has a great impact on the results. For some countries average
system emissions and marginal system emissons yield opposite findings in
qunatifying the impact of load shifting on CO4 emissions.

Both, average and marginal system emissions can be justified as a suitable
indicator depending on the perspective, as discussed in Section 3.3.2. On
the one hand, from a system perspective, load shifts increase the operation
of the marginal power plant in one hour and decrease the operation of the
marginal power plant in another hour. Hence, marginal system emissions are
the correct indicator to evaluate the effects of DR on system COs emissions.
On the other hand, average system emissions are better suited to evaluate
the carbon footprint of individual loads. If all loads were evalueated with
marginal system emissions, total emissions associated to demand would in
general be higher than total system emissions. Thus, for different research
questions and use cases different indicators for system emissions should be
selected depending on the respective perspective.

Research Question 3. What is the impact of different flexibility character-
istics and the contribution of individual flexible technologies to the profitability
of DR?

With a generic flexibility description for load shifting restricted by the du-
ration, the number, the power and the shift time of load modifications, the
impact of different constraints on the profitability of load shifting can be eval-
uated. Section 3.2.3 shows that the maximum power provides the greatest
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5. Discussion and synthesis of results

impact and the maximum shift time provides the least contribution. Hence,
doubling the power of load shifting flexibilities provides more economic ben-
efits than doubling the number of allowed load shifts, the duration of load
modifications or the allowed time, by which loads can be shifted. The rea-
sons for this and the relation to market price spreads are comprehensively
described in Section 3.3.3.

In Chapter 4 a more practical approach for describing flexibility is chosen.
The distributed flexibility options are represented by households consisting of
portfolios of flexible technologies. The considered technologies are batteries,
electric vehicles, heat pumps, electric boilers and PV systems. Section 4.3.4
shows that for balancing market participation, batteries clearly provide the
highest contribution to the economic benefits achieved by flexibility optimiza-
tion. In contrast to the other considered technologies, batteries can provide
both load increase and decrease and are generally always available.

However, for load shifting triggered by day-ahead market prices, electric ve-
hicles, heat pumps and electric boilers contribute more, because price spreads
do not provide sufficient incentives for the high LCOE associated with battery
operation. The other technologies are subject to must-run conditions result-
ing from mobility, heat or hot water demand and can contribute through
load shifting and optimal dispatch. For both balancing and day-ahead mar-
kets, flexibilization of PV systems contributes least to the economic benefits,
because their only flexibility option is production curtailment.

Research Question 4. What is the economic potential of business models
for the aggregation of distributed flexibility options?

The results in Section 4.3.1 show that business models for aggregators of
distributed flexibility options exhibit significant potential for cost reductions
on balancing markets. In comparison, the economic potential on day-ahead
markets is minor. The analysis only considers operational electricity procure-
ment cost, but does not consider investments for required ICT infrastructure.
Hence, low economic potential is expected for aggregator business models
considering the day-ahead market only, with current price conditions.
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5.2. Synthesis of results and limitations

Furthermore, the analysis of different levels of aggregation in the optimiza-
tion routines in Section 4.3.5 shows that it is crucial for day-ahead market
optimization to correctly consider the complete end user electricity bill. If
grid tariffs and fees are not depicted correctly, flexibility optimization may
yield cost increase for end users. Thus optimization of individual technologies
without considering a household’s complete portfolio and residual load is not
recommended.

However, if balancing market and day-ahead market participation is co-
optimized and the intraday market can be used to balance unexpected ac-
tivations, significant cost reductions can be achieved by the optimization of
distributed flexibility options. The importance of intraday market access in
this setup to allow higher balancing market bid sizes is discussed in Sec-
tion 4.4.2. Unexpected balancing market activations can result in additional
technology operation and grid tariff costs. Hence, proper risk management
as discussed in Section 4.3.3 is advised. Section 4.4.1 presents two different
business model and tariff design options that result in win-win situations
among the aggregator and its customers.

5.2. Synthesis of results and limitations

For a comprehensive analysis and interpretation of model-based results it
is important to be aware of the weaknesses of the chosen methods and the
overall investigation process. Section 5.2.1 discusses the limitations of the
methodological approaches used in this thesis. A synthesis of the findings
related to business models for the aggregation and market integration of
distributed flexibility options is presented in Section 5.2.2 in the form of a
SWOT analysis.
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5. Discussion and synthesis of results

5.2.1. Model limitations and methodological weaknesses

Models can only provide a simplified representation of complex real-life in-
teractions. Therefore, it is important to be aware of the complexity reducing
assumptions as well as their implications for model results and their inter-

pretation.

The mathematical models used in this work to evaluate the economic poten-
tial of distributed flexibility options in different electricity markets assume
perfect foresight with respect to market prices, PV production, non-flexible
electricity loads, mobility demand, hot water demand and outdoor temper-
ature. The balancing market activations in Chapter 4 are the only uncer-
tainties considered in the methodoligical framework and the effects of uncer-
tainty are discussed in Section 4.3.3. In real-life implementations forecasting
techniques have to be used to predict the remaining parameters at least day-
ahead. This introduces forecast errors that affect the results. Hence, the
economic potential of the investigated use cases for the market integration of
distributed flexibility options is overestimated.

A very simplified representation of the underlying merit-order curves is used
in the evaluation of the environmental impact of demand response in Chap-
ter 3. This neglects the different efficiencies and carbon emission factors of
various power plants of the same type. Furthermore, the potential must-run
conditions of conventional power plants are not considered in this approach.
In reality, these conditions may cause situations where demand response
causes a reduction in renewable production while fossil-fuel-fired power plants
continue to operate. Considering these effects would require detailed mar-
ket models for all the analyzed countries. However, the investigation in this
study using a simplified approach, based on production data from ENTSO-E
(2019), clearly shows that demand response does not necessarily reduce COq
emissions and that the choice of system emissions indicator has a significant
impact on the results.

Further simplifications are made in the model description of flexible com-
ponents. Constant efficiency curves are assumed for batteries and electric

114



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5.2. Synthesis of results and limitations

boilers. For the description of the heat pump demand the room temperature
is considered as a single state. Similarly, the electric boiler model only consid-
ers a single temperature value to describe the energy content of a hot water
storage. Hence, the technology operation profiles resulting from the opti-
mization models do not necessarily guarantee the temperature limits in real-
life applications. For all technologies, a more realistic model representation
could be designed by considering multiple states and introducing nonlinear-
ities. However, this would significantly increase computiational complexity
and might not be solvable in reasonable time for the technology portfolio
of an aggregator. Furthermore, this work does not focus on providing the
most sophisticated and realistic models for individual technologies but on
general effects of market integration, aggregation and the related economic
potential.

The models in Chapters 3 and 4 implicitly assume that flexible demand is a
price taker. This means that the traded quantities on electricity markets are
assumed to be sufficiently low to not affect market prices. For individual end
users or even individual aggregators this is a sensible assumption. However,
a high penetration of flexible demand can have an affect on market prices.
Consider the energy-only day-ahead market with uniform pricing. If a signif-
icant amount of demand is shifted to an hour with lower expected electricity
prices, additional power plants with higher marginal cost may have to be acti-
vated yielding higher prices during the respective hour. Conversely, a demand
reduction in expected expensive hours might cause the presumed marginal
power plant to not be activated. This could lead to lower market prices dur-
ing these hours. Similarly, with many aggregators of distributed flexibility
options entering the balancing markets, increased competition might reduce
the economic potential for these business models. The optimization models
used in this thesis take the private perspective of aggregators or individual
end users and cannot quantify these effects.
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5. Discussion and synthesis of results

5.2.2. Strengths, Weaknesses, Opportunities and Threats analysis

The model based analyses in Chapters 3 and 4 show that there are poten-
tial business cases for distributed flexibility options in electricity markets.
However, there are also challenges and barriers for their implementation.
This section presents a Strengths, Weaknesses, Opportunities and Threats
(SWOT) analysis of business models for the aggregation and market integra-
tion of distributed flexibilities based on the approach used by Fleischhacker
(2019). SWOT is a strategy planning technique that helps to identify crucial
factors determining the success of a project. It differentiates along two dimen-
sions between helpful and harmful as well as between internal and external
factors. Strengths and weaknesses are considered internal while opportuni-
ties and threats are considered external factors. Table 5.1 gives a summary
of the SWOT analysis.

A key strength of flexibility optimization on electricity markets is that it
creates economic value. Shifting demand to hours with lower market prices
and production to higher prices or offering balancing reserve in return for
financial remuneration reduces electricity procurement cost for end users or
creates additional revenue streams and, thus, yields operational monetary
benefits. These benefits may be shared among involved market participants,
mainly the aggregator and its customers, as described in Section 4.4.1. Fur-
thermore, these business models promote active end user engagement in the
electricity system. By providing market access to small-scale distributed flex-
ible technologies they contribute to the democratization of the energy system.
Active engagement of end users in electricity markets raises awareness about
their electricity consumption, energy efficiency and the value of flexibility for
the electricity system. Although active participation is encouraged, the busi-
ness models mostly rely on automation and digitalization and, thus, do not
necessarily require behavioural changes of customers. Personal preferences
and comfort levels, like room temperature limits for heat pumps, the avail-
ability of electric vehicles or the usage of batteries for maximizing PV self
consumption can be set by the user and are respected in the optimization
algorithms of aggregators. Aggregator business models activate otherwise
unused potential of flexible technologies. Firstly, this improves the Return
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5.2. Synthesis of results and limitations

Table 5.1.: Overview of the SWOT analysis of business models for aggregators of distributed

flexibility options on multiple electricity markets.

Helpful Harmful
Internal Strengths ‘Weaknesses
e Reduction of electricity pro- e High business model com-
curement cost plexity
e Active end user engagement — High number of in-
_ Raise awareness volved market partic-
i t
— Democratization  of 1p.an ° )
the electricity system — Different markets with
different characteris-
o Consideration of personal tics
interest of end users
— High data transfer re-
e Increasing ROI of small- quirements
scale flexible technologies — Privacy concerns
e Increasing flexibility of the — Computational com-
electricity system plexity of optimiza-
tion models
e Suboptimal energy effi-
ciency
o ICT investment cost
External Opportunities Threats

o Increasing market price sig-
nals for flexibility
— More price variability
caused by increasing
shares of VRES
— More demand for bal-
ancing reserve
— New market products
for flexibility and an-
cillary services

e Increasing number of tech-
nologies with ICT capabili-
ties

e Harmonization of European
electricity markets

o Market access barriers
— Minimal bid sizes
— Prequalification crite-
ria
— Baseline definition

o Balancing market saturation

o Self-cannibalism of flexibil-
ity
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5. Discussion and synthesis of results

on Investment (ROI) of small-scale flexibilities and may incentivize further
investments. Secondly, it provides more flexibility for the electricity system
and may foster additional installations of clean VRES.

A major weakness and barrier for the implementation of aggregator business
models for the market access of distributed flexibilities is their complexity.
As discussed in Section 2.2.2, in general, they can involve a multitde of dif-
ferent market participants, including the aggregator, end users, energy sup-
pliers, BRPs, DSOs and TSOs. This may require a lot of communication,
legal coordination and data transfer. However, from an end user’s perspec-
tive a simple business model interface with a single contract is preferrable
and beneficial for a widespread adoption. Furthermore, privacy concerns
may arise among customers for business models with such high amounts of
data exchange. Section 4.3.1 shows that operation in multiple sequential
markets provides the highest economic potential. This introduces a further
dimension of complexity, because different markets have different product
characteristics, time intervals and market access criteria. Furthermore, the
optimization of a high number of distributed flexibility options on multiple
markets yields a high level of computational complexity. The results in Sec-
tion 4.3.5 suggest that local optimization might be favourable, because too
much simplification in the optimiziation models can significantly diminish
economic benefits. Compared to optimal dispatch of flexibility options in
terms of energy efficiency, market driven optimization yields an increase in
annual electricity demand as shown in Section 4.3.1. If the operation of a
flexible technology is preponed or delayed it may face higher standby losses.
Note, however, that flexibility dispatch based on market prices with higher
consumption still yields economic benefits. The increase in demand and the
results on COy emissions in Section 3.2.2 indicate that market driven opti-
mization of flexible technologies might not necessarily yield environmental
benefits. The analyses in this thesis only consider operational procurement
cost. Investments in ICT infrastructure can pose an economic barrier for the
considered business models.

The expansion of VRES in electricity production will increase the demand

for system flexibility. This will probably lead to increasing price signals
and economic opportunities for flexible technologies. This could manifest
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5.2. Synthesis of results and limitations

in higher price spreads, more demand for balancing reserves, more liquid
intraday markets or new products for flexibility and ancillary services. In
addition, increasing COq prices helps to internalize external environmental
effects in market prices. Hence, market price signals will provide better in-
centives for ecological dispatch of flexibility options. This can help to ensure
that flexibility optimization also results in environmental benefits. Further-
more, new flexible technologies often come with the necessary capabilities for
communication and smart control. This can reduce the investments in ICT
infrastructure required for the implementation of aggregator business models.
The European Commission has added "rules regarding demand side flexibil-
ity, including rules on aggregation, energy storage and demand curtailment
rules" to the priority list for the development of Network Codes (European
Commission, 2020). Thus, Schittekatte et al. (2021) expect that the regu-
latory framework for aggregator business models will be harmonized across
European countries and that market entry barriers will be resolved. Con-
sequently, the transferability of aggregator business models across different
European countries and markets will probably be improved.

Nevertheless, existing market entry barriers pose a threat for business models
of distributed flexibility options. Minimal bid sizes in the range of 1 MW to
5 MW on electricity markets require aggregators to accumulate a sufficiently
large portfolio of flexible technologies. Furthermore, balancing markets acti-
vations have to be conducted very short-term. Hence, technical prequalifical-
tion criteria have to be fulfilled by participating power plants. These criteria
can be hard to achieve or may not even be defined for different small-scale
distributed flexible technologies. One particular issue in this context is the
definition of a baseline operation. Conventional power plants submit planned
operation schedules to the TSO. These can be used to prove balancing mar-
ket activations by inspecting deviations from the planned schedules. The
analysis in Chapter 4 assumes the same approach for distributed small-scale
technologies. However, in practice this may be infeasible, because schedules
of individual customers cannot be predicted that accurately and it would
require a significant amount of additional data transfer. Ziras et al. (2021)
discuss issues with baselines in local flexibility markets and find that capacity
limitation services might be better suited in this case. Section 4.3.1 shows
that balancing markets provide the highest economic potential for business
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5. Discussion and synthesis of results

models for distributed flexibility options. However, the required capacity for
the different balancing markets is fixed and limited. Hence, a wide adoption
of business models for balancing market participation of aggregators may
reduce balancing market prices and result in market saturation. In general,
distributed flexibility may suffer from similar self-cannibalism regarding price
signals as PV (Lopez Prol et al., 2020) or storage (Dallinger et al., 2019).
This means that an increase of flexibility options in electricity markets will
probably reduce price spreads and make the market participation of flexible

components less economic.

5.3. Transferability, Upscaling and System Perspective

Considering business models for the market integration of distributed flexi-
bilities, transferability can be discussed along (at least) two dimensions. The
first dimension refers to transferability across different technologies. From
a methodological perspective this thesis contributes to the transferability
across different technology types with the generic storage interface presented
in Section 4.1.3. It is used to model the operation of PV systems, batteries,
heat pumps, electric vehicle charging stations and electric hot water boilers
and can be easily extended for additional technologies. In practical terms the
ICT interfaces between different flexible components, an energy management
system and the aggregator pose a challenge. However, open standards and
protocols like ANSI/CTA-2045, SunSpec Modbus, SAE J3072, IEEE 2030.5-
2018 or OpenADR have been developed that will enable the communication
across devices for aggregator business models (Obi et al., 2020) and improve
their technical transferability.

The second dimension refers to transferability across different countries, mar-
kets and regulatory frameworks. In general, the electricity market design
of sequential short-term markets, described in Section 2.2.3, is very similar
across European countries. Some aggregators, like Next Kraftwerke (Lehm-
bruck et al., 2020), are already operating in different European countries and
the ongoing harmonization of market rules will improve the transferability of
aggregator business models (Schittekatte et al., 2021).
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5.3. Transferability, Upscaling and System Perspective

Section 5.2.1 mentions that the optimization models in Chapters 3 and 4
are not able to depict the effect of DR on market prices endogenously. A
widespread adoption of business models for the market integration of dis-
tributed flexibility options can result in significant quantities of electricity
demand being shifted to different hours. Hence, demand during hours with
expected low prices will increase and, consequently, the prices will increase.
Conversely, demand during hours of high prices will decrease, potentially re-
ducing price peaks. Thus, increasing market integration of flexibility options
will reduce market price spreads and, hence, the economic market potential
of flexibility. The fact that countries with higher shares of flexible hydro
power in their power plant portfolio exhibit lower price spreads, as discussed
in Section 3.3.1, supports this proposition. Analogously, the market value
of flexibility in balancing markets might decrease with increasing competi-
tion. Hence a similar self-cannibalism on electricity markets as for RES and
storage applies for flexibility.

An increasing deployment of business models for the market integration of
flexibility can also affect the COs emissions produced by the electricity sys-
tem. Section 3.2.2 shows that flexibility optimization based on current market
incentives does not necessarily yield a reduction of COy emissions. The rea-
son for this is that the external effects of electricity production from power
plants are not sufficiently internalized in production cost and market prices.
Hence, the merit-order curve of power plants or power plant types is sorted
by the marginal cost of electricity production, but not necessarily by their
environmental impact. With increasing COq prices this will change and mar-
ket prices will also provide incentives for environmental dispatch of flexibility
options.

From a system perspective, the market integration of distributed flexible
technologies provides a cost-effective way to increase overall system flexibil-
ity. Flexibilization of the demand side will increase the potential uptake of
additional VRES like wind and solar. Hence, electricity production from
fuel-based thermal power plants can be replaced by production from RES.
This can mitigate CO2 emissions associated to electricity production.
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6. Conclusions

The market integration of distributed flexibility options provides an oppor-
tunity to increase the flexibility of the electricity system. This thesis con-
tributes to this topic by comprehensively investigating various characteristics
of different types of flexibility options and their impact on the profitability of
related business cases. One of the most general characterizations of flexibility
options is the description as energy storage functionality. This work provides
a generic interface for this representation and a methodoligical framework to
optimize and simulate its operation on various electricity markets. The mod-
ularity of the framework allows considering several combinations of different
electricity markets and arbitrary technology portfolios of energy aggrega-
tors, including PV systems, batteries, EV charging stations, electric boilers
and heat pumps, grouped into households with corresponding electricity load
profiles. Hence, it might be useful for other researchers to investigate a mul-
titude of different business cases and business model designs in the context
of distributed flexibility aggregation.

Due to their similarity to energy storage functionalities, the profitability of
distributed flexibility options is influenced by the same market characteristics.
On energy-only markets the short-term price spread is the most important
parameter determining the economic potential. Hence, flexibility options,
in general, face the same issue of market self-cannibalism as energy storage.
Each new flexible market participant reduces the economic potential for all
flexible market participants. In a European market design, balancing markets
might provide better opportunities for distributed flexibility options, in par-
ticular, for technologies with high operational cost. Their product structure
with reserve and activation price allows to monetize idle component reserve
with low activation probability. However, the market size of balancing mar-
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6. Conclusions

kets is limited. Analogously to energy-only markets, increased competition
through the market entrance of new flexibility aggregators will reduce the
economic potential for all market participants.

Market integration of distributed flexibility options does not necessarily re-
sult in environmental benefits. Market prices are an instrument for coordi-
nation and the information about the demand for and the scarcity, internal
and external cost of resources (Erdmann and Zweifel, 2010). Market-driven
optimization of distributed flexibility options only considers the information
provided by cost and market prices. Thus, proper incentives for an envi-
ronmentally friendly operation of flexibility can be guaranteed only if the
external cost of the environmental impact are sufficiently internalized, for
example through COs prices. With market prices from the years 2016 to
2018 this could not be achieved in several European countries. However,
considering international climate targets and ambitions for CO9 reductions,
incresing COg prices can be expected. Furthermore, a higher share of VRES
in the electricity system will increase the demand for flexibility and provide

more appropriate incentives for its activation.

Nevertheless, real-life implementations of business models for aggregators of
distributed flexibility options still face barriers. Besides market entry hurdles
or the lack of regulations, the most challenging barrier of such business mod-
els is their inherent complexity. They can involve a lot of different market
participants and, hence, require numerous contracts. Furthermore, for the
optimization and control of distributed flexibility options, a lot of data ex-
change is necessary to communicate information about individual technology
state and availability, market prices and control signals. Additionally, opti-
mizing a multitude of individual flexibility options is a complex task, both
concepually and computationally, especially if multiple markets and stochas-
tic activations have to be considered. Economic results are very sensitive to
different bidding and risk management strategies. It is crucial to consider
local cost components of customers to achieve benefits that can result in
win-win situations for both the aggreggator and customers. The multitude
of business model and tariff design options to allocate the benefits among
the participants provides a further dimension of complexity. This complex-
ity and a reduction of self-consumption by market participation may impair
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customer acceptance. Hence, the customer interface of the business model
should be as simple and automated as possible.

The quantitative simulation and optimization methods used in this thesis
considered stochastic balancing market activations. However, perfect fore-
sight was assumed for market prices, PV production, inflexible household
consumption and the outdoor temperature. This is not a realistic assump-
tion and results in overestimating the economic potential of the investigated
business cases. Real-life implementations face the additional challenge of find-
ing short- to medium-term forecasts for these parameters. Future research
might investigate the impact of forecast quality on the economic potential
of aggregator business models. Furthermore, different bidding and risk man-
agement strategies for the optimization on multiple markets can be analyzed.
Examining the allocation of market benefits among business model partici-
pants more comprehensively and investigating the relation between local and
system objectives provide further interesting areas of research.
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A. Input data for load-shifting
optimization

This section provides some additional illustrations of input data used for the
analyises in Chapter 3. Figure A.1 shows the three different load profiles

considered in Chapter 3 in a higher resulotion for a single week in May.

Food
1.0
0.8
Z 0.6
= 04
0.2
0,0
2016- 05- 09 2016- 05- 11 2016- 05- 13 2016- 05- 15
Metallurgy
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2016- 05- 09 2016- 05- 11 2016- 05- 13 2016- 05- 15

Figure A.1.: Load profiles for one week in higher resolution

Figure A.2 shows the installed hydropower capacity grouped into run-of-river,
storage and pumped storage of the countries considered in Chapter 3.
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A. Input data for load-shifting optimization
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Figure A.2.: Installed capacity of hydropower for different countries in 2018. Data source
ENTSO-E Transparency Platform ENTSO-E, 2019
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B. Implementation of different
components in the generic
component interface

This section provides a brief overview on how different components are im-
plemented in the generic component interface.

B.1. Batteries

Batteries provide the highest flexibility. They are the only component type
allowing power output and being available all the time. Table B.1 lists the
parameters characterizing a battery. The methods defined for a battery B
in the generic component interface are given in Equations (B.1) to (B.9) in
terms of these parameters.

Smax (B, t, At) = RB (B.1)
out (B,t,At) = out (B.2)
SOCmax (B, t, At) = C’ (B.3)
™ (B,t,At) = (B.4)
n°" (B, t,At) = Out (B.5)
Min (B, t, At) = AP (B.6)
U (B, 1, Al) = gy (B.7)
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B. Implementation of different components in the generic component interface

Table B.1.: Parameters describing batteries

Parameter  Default Unit  Description
pBat 0.0064 MW  Nominal input power
pBat 0.005 MW  Nominal output power
CBat 0.01152 MWh  Storage capacity
nBat 0.944 Charging efficiency
Towt 0.922 Discharging efficiency
\Bat 0.01 1/h  Standby loss
chat 50 €/MWh Levelized cost of energy
CB
SOCstart (B, t, At) =5 (B.8)
CB
SOCstop (B,t, At) =5 (B.9)

B.2. Electric Vehicles

Electric vehicles are included via charging stations. A charging station is
characterized by a set of charging cycles, describing when an electric vehicle
is connect, when it will be disconnected, the state-of-charge at connection
time and the required state-of-charge at disconnection time. Furthermore,
all parameters describing a battery can be specified. Table B.2 lists all pa-
rameters characterizing a single charging cycle.

Let C; denote the ith charging cycle of a charging station C'. The interface

function « is given in Equation (B.10).

131G <t <&
a(C,t,At) = on = off (B.10)

0 else

The charging cycle available at time ¢ is written as Cy. The interface functions
sin L sOUt i Ut N\, and ¢t for the input (C,t, At) are defined as the
corresponding parameter of C; in Table B.2 analogous to Equations (B.1)

to (B.7) if a(C,t, At) = 1, and zero otherwise.
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B.3. Heat pumps

To consider the connection and disconnection of different electric vehicles in
the state-of-charge variables, the external storage input function geyt defined
in Equation (B.11) is used.

socgrﬁ t= tgi
Goxt (C, 1, At) = {socSt ¢ =t — At (B.11)
0 else

Accordingly, the function socmax is given by Equation (B.12).

COr S <t <t5h — At

S0Cmax (C, t, At) = (B.12)

0 else

If charging cycles go beyond the optimization time frame, start and stop
values for the state-of-charge are interpolated linearly between the connection
and disconnection state-of-charge. For t$! < mint < tgftf the start state-of-
charge socCstart (C, t, At) is set to

¢, , min f— At — ¢S

on Ct Cy
socgt oG, : (socoﬁ —so¢ ) . (B.13)
toff — ton

otherwise it equals zero. Similarly, socstop (C’, t. At) defaults to zero except

for t¢ < maxt < tgftf — At. In that case it is given by

maxt — t&t
Orp —~ on, (sococftf - socgﬁ) . (B.14)

soc
C C
o — ton

on

B.3. Heat pumps

Domestic heat pumps are characterized the nominal input power, temper-
ature limits, a conversion factor, efficiencies, loss factors and the building’s
living area. Furthermore, a vector storing the outdoor temperature at each
time step is required to calculate the building’s temperature losses. Table B.3
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B. Implementation of different components in the generic component interface

Table B.2.: Parameters describing charging cycles of charging stations

Parameter  Default Unit  Description

tSyele Time of connection to the charging station
tSyele Time of connection to the charging station
socSyete MWh  State-of-charge at connection time

socggde MWh  State-of-charge at disconnection time
povete 0.011 MW  Nominal input power

pSyce 0 MW Nominal output power

CCyele 0.04 MWh Storage capacity

noyere 0.953 Charging efficiency

nSyete 0.953 Discharging efficiency

\Cyele 0.01 1/h  Standby loss

cSyele 0 € Life cycle cost of one charging cycle

lists all parameters describing heat pumps and their default values. The de-

HP

HP copllP ) MIP and AP were derived using a linear

fault values for cop lin const

regression on measured data for electric power, thermal power, indoor and
outdoor temperature of a real heat pump. The interface functions overloaded
for a heat pump H are given in Equations (B.15) to (B.20).

simnax (H7 2 At) = Plf (B.15)

77m (H7 t At) = ﬁ{r{ (B.lﬁ)
AH A H

¢ (H,t,At) = e — cof){;; T, (B.17)

s0Chase (H,t, At) = T, (B.18)

Aconst (H, t, At) = NI (B.19)

Min (H. t, At) = M, (B.20)

If the state-of-charge limits are fixed to TH —and T

e xs the optimization

model can become infeasible for extreme outdoor temperatures. Hence,
they are adapted based on the outdoor temperature profile to ensure fea-
sibility, respecting the provided temperature limits whenever possible. For

this purpose, a functions T/ and T8% are introduced in Equations (B.21)
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B.4. Electric boilers

and (B.22) calculating the minimum and maximum potential indoor temper-
atures in the next time step.

T (H, T, A8) = T — At (A + ML - (T - 1) (B.21)
) ,7_H . pH
T (H T, A0) = Tt (HL T 6, ) + At s (B.22)

With these auxiliary functions, the generic interface methods for socyax and
SOCmin are given in Equations (B.23) and (B.24). Note that only ¢ is explicitly
written in the equations. The input parameters H and At are omitted.

S0Cmax (t) = max { T, Thl% (socma (¢ — At) ¢ = At)} (B.23)
SOCpin () = min {Tnlfin, Toosy (socmin (t — At) , t — At)} (B.24)

Finally, the start and stop values for the state-of-charge are defined in Equa-
tions (B.25) and (B.26).

R TH TH
SOCstart (H,t, At) = w (B.25)

SOCstop (H, t. At) = SOCmin (maxf) (B.26)
(B.27)

B.4. Electric boilers

Electric boilers are characterized by a load profile for domestic hot water
demand, the nominal input power and the charging efficiency. Furthermore,
the hot water storage is described by its volume, temperature limits and
losses. The corresponding parameters are listed in Table B.4. With the
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B. Implementation of different components in the generic component interface

Table B.3.: Parameters describing heat pumps

Parameter  Default Unit  Description

fg}; °C  Vector of outdoor temperatures

PP 0.00278 MW  Nominal input power

AHP 100 m? Living area

THE 20 °C  Minimum indoor temperature

THD 25 °C  Maximum indoor temperature

niP 1 Charging efficiency

copfi{rl‘) 0.05 MMWVZ:TC Outdoor temperature dependent part of coefficient
of performance

coptP 3.5 %ﬁ: Constant part of coefficient of performance

P 0.00444 Mo\gh Conversion factor between thermal energy and room
temperature change

NP 0.00176 1/h  Linear building temperature losses

MIP -0.0178 °C/h  Constant building temperature losses

approximate values for the density p = 0.99kgL~' and the specific heat

capacity ¢ = 4.18J g~ ' K~! Tipler and Mosca, 2007 of water, the interface

functions for an electric boiler B are given in Equations (B.28) to (B.35).

Smax (B, 1, At) = P (B.28)
7 (B, t, At) = 775 (B.29)

6 (Bt Al = 66>'<p106 VB (B.30)
s0Cmin (B, t, At) = T (B.31)
SOCmax (B, t, At) = Trfin (B.32)
SOChase (B, t, At) = Trﬁom (B.33)
et (B, 1. A1) = — Bﬁf’ A L (B.34)
Ain (B, t, At) = AP (B.35)
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B.5. Photovoltaic systems and non-flexible loads

Table B.4.: Parameters describing electric boilers

Parameter Default Unit Description

[Boiler MW  Vector of domestic hot water loads

pBoiler 0.0066 MW  Nominal input power

y/ Boiler 300 L  Water storage volume

TBoiler 40 °C  Minimum water storage temperature

TBoiler 95 °C  Maximum water storage temperature

TBoiler 20 °C  Surrounding room temperature for the water storage
pBoiler 0.99 Charging efficiency

\Boiler 0.01 1/h  Linear water storage temperature losses

B.5. Photovoltaic systems and non-flexible loads

PV systems are characterized by a schedule of production values SPV in MW
and a Boolean value 6V indicating if it is allowed to be curtailed. The
only interface functions overloaded for a PV system P are given in Equa-
tions (B.36) and (B.37).

sout (Pt At) = S (B.36)
0 =1

s (P t, At) = (B.37)
SE sP =0

Non-flexible loads are described by a schedule of consumption values GLoad

in MW. They do not offer any flexibility but are important to consider,
because they affect the grid tariff, fees and surcharges if they share a grid
connection point with other flexible devices. The interface functions defined
for a non-flexible load L are given in Equations (B.38) and (B.39).

some (L, t, At) = Sf (B.38)
souin (Lo t, At) = SF (B.39)
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