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Abstract

As the energy transition transforms power systems towards decentralised systems dom-
inated by renewable energy sources, the electrification of other energy vectors drives the
development of integrated multi-energy systems (MESs), especially at the local level. Local
MESs coupling electricity and heat can improve energy efficiency and autonomy, reduce
carbon emissions, and minimise transmission losses by matching local generation and de-
mand. However, during the design stage of local MESs, the technical and economic role
of the coupled thermal vector, particularly for system sizing and leveraging its flexibility
capability to provide ancillary services, remains unclear.

This thesis focuses on the optimal design of local MESs with coupled electricity and
heat. A two-stage stochastic optimisation framework is developed which is adaptable and
comprehensive, allowing to study several important aspects of local MES design: impact
of component modelling choices on electrical storage systems; impact of individual and
interdependent component sizing on technical system flexibility; integration of ancillary
services and their role on optimal design; and uncertainty in future forecasting and mar-
ket prices. Moreover, a novel method was developed that allows for constant flexibility
calculation in relation to a time-varying reference schedule.

The framework is applied to real-world case studies to provide techno-economic in-
sights in local MES design. The explicit modelling of the thermal vector avoids oversizing
of the battery energy storage system (BESS) and reduces overall costs, highlighting the im-
portance of incorporating coupled energy vectors in real-world electrical storage design.
Moreover, the developed framework enables constant flexibility provision based on time-
varying reference schedules, while accounting for internal grid constraints via a convex
relaxation, which represents a suitable compromise between model accuracy and compu-
tational tractability. This allows energy system operators to assess the technical flexibility
potential of their MESs across multiple market products. Furthermore, incorporating mar-
ket participation for local MESs demonstrates their ability to provide multiple grid services,
whose revenues shape the design of the BESS and solar PV. Despite the thermal vector
participating in electricity markets, only modest oversizing of thermal storage is profitable.
Additionally, risk-neutral investment positions favour large BESS capacities, while risk-
averse positions prefer smaller BESSs to limit high-cost tail risks under uncertainty. Finally,
the frameworks are adaptable to be used by system planners of MESs in techno-economic
design studies, and can be extended to incorporate additional energy vectors.






Kurzfassung

Die Energiewende transformiert Energiesysteme hin zu dezentralen Systemen mit ei-
nem hohen Anteil an erneuerbaren Energien. Gleichzeitig treibt die Elektrifizierung ande-
rer Energiesektoren die Entwicklung integrierter Multi-Energiesysteme (MES) voran, ins-
besondere auf lokaler Ebene. Lokale MES, die Strom und Wérmesektoren koppeln, steigern
Energieeffizienz und Autonomie, senken Emissionen und minimieren Ubertragungsverlus-
te, indem sie lokale Erzeugung und Last optimal aufeinander abstimmen. In der Planungs-
phase lokaler MES bleibt die technische und wirtschaftliche Rolle des gekoppelten thermi-
schen Vektors oft unklar, insbesondere in Bezug auf die Systemdimensionierung und die
Nutzung von Flexibilitét fiir Systemdienstleistungen.

Diese Arbeit untersucht die optimale Auslegung lokaler MES mit Strom und Warme.
Hierzu werden zweistufige stochastische Optimierungsmodelle entwickelt, die zentrale
Fragestellungen der Dimensionierung lokaler MES adressieren: den Einfluss unterschiedli-
cher Komponentenmodelle auf Batterieenergiespeichersysteme (BESS); die Auswirkungen
individueller und voneinander abhidngigen Komponentengrofien auf das technische Flexi-
bilititspotenzial; die Integration von Systemdienstleistungen und den Einfluss dieser Ein-
kommensstrome auf das optimale Design; sowie die Berticksichtigung von Unsicherheiten
in zukiinftigen Prognosen und Marktbedingungen.

Praxisnahe Fallstudien liefern techno-okonomische Erkenntnisse fiir die Auslegung lo-
kaler MES. Die explizite Modellierung des thermischen Vektors verhindert eine Uberdi-
mensionierung von BESS und reduziert die Gesamtkosten. Eine neuartige Methodik zur
konstanten Flexibilitatsbereitstellung auf Basis zeitlich variabler Fahrpldne erméglicht die
systematische Bewertung des technischen Flexibilitdtspotenzial iiber mehrere Marktpro-
dukte hinweg. Interne Netzbeschrankungen werden durch eine konvexe Relaxierung ab-
gebildet, die einen Kompromiss zwischen Genauigkeit und Losbarkeit darstellt. Dartiber
hinaus zeigt die Integration von Systemdienstleistungen, dass deren Erlose die Auslegung
von BESS und PV-Anlagen wesentlich beeinflussen. Trotz der Teilnahme des thermischen
Systems an Strommarkten ist nur eine moderate Uberdimensionierung des thermischen
Speichers rentabel. Zudem hédngen Investitionen stark von der Risikobereitschaft ab: risiko-
neutrale Positionen bevorzugen grofSe BESS, wihrend risiko-averse Positionen kleine BESS
wiahlen, um hohe Tail-Risiken unter Unsicherheit zu begrenzen. Die entwickelte Methodik
ist flexibel und kann von Systemplanern in techno-6konomischen Designstudien genutzt
und um zusétzliche Energietrédger erweitert werden.
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CHAPTER 1

Introduction

HIs chapter provides background, context and motivation of this thesis. An outline
T of the research scope is provided below, followed by the key research questions this
thesis intends to address, as well as a description of the major contributions of this work.
Finally, an overview of the remaining chapters of the thesis is presented.

1.1 Background and motivation

The energy transition towards carbon neutrality by 2050 leads to the decommissioning
of conventional electricity generators and the increasing expansion of renewable energy
sources (RES). This transition significantly changes traditional power systems, from a cen-
tralised fossil-fuel-based power system towards a decentralised power system fully relying
on RES generation. The planned immense uptake of RES is depicted in Fig. 1.1 for Ger-
many until 2045, where the projection of installed capacity of photovoltaic (PV) and wind
power is evident. Especially for the solar PV, it can be seen that more decentralised rooftop
PV will be deployed. Due to the time-varying nature of RES and their decentralised in-
stallation, the power system further shifts from a supply-driven system following varying
demand towards an increasingly flexible demand-driven system, which ideally adapts its
consumption based on the available power. In order to balance their time-varying power
generation, battery energy storage systems (BESSs) are increasingly adopted to store sur-
plus renewable energy and discharge in times of low availability.

As part of the energy transition, other energy vectors, such as transportation, gas, heat,
or heavy industry, are also increasingly being electrified to reduce their carbon emissions.
This includes replacing existing fossil fuel-based technologies with electric alternatives. For
instance, the current increase in electric vehicles (EVs) electrifies the transportation sector
from fossil fuels, while the heating sector moves from natural gas and oil towards electric
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Fig. 1.1: Forecast of installed power generation and storage capacity for the scenario technology open in
Germany, own representation adapted from [1].

heat pumps (HPs) and district heating networks [2]. In this context, multi-energy systems
(MESs), integrating multiple energy vectors across different sectors as one overall system,
are increasingly gaining attention, both on a local and a large-scale level. Local MESs are
particularly beneficial, as generated and consumed energy is directly balanced on a local
level, and synergies between energy vectors can be systematically coordinated for an op-
timised overall performance. Through storage systems or the coupling of energy carriers,
local MESs can leverage their inherent flexibility potential to improve their local energy
management or provide support to the upstream power grid [3]. This integrated approach
of multiple energy vectors can improve the economic, technical and environmental perfor-
mance compared to their independent counterparts [4].

Local MESs can be organised within local energy communities (LECs), which are ge-
ographically bound groups of individuals or organisations that collaboratively generate,
distribute and consume energy, typically relying on a high share of RES [5, 6]. LECs are
formally recognised in the European Union’s Clean Energy Package as key features to
involve individual households and value-driven citizen-led initiatives, rather than profit-
driven companies [7]. The interest in LECs or local MESs is driven by several factors, e.g.,
increasing the share of renewable energy in the grid, creating a more decentralised energy
system, attracting sustainable community-driven benefits, and promoting energy efficiency
by reducing transmission losses over long distances [6, 8, 9].

At the level of large-scale power systems, the decommissioning of conventional syn-
chronous generators reduces the overall system inertia, which makes the grid frequency
more susceptible to disturbances and thus might increase frequency instability. Moreover,
conventional power plants typically provide reactive power for voltage stability, which
could face more instability with the phase-out of conventional power plants. Due to
these challenges in frequency and voltage stability, future power systems will require new
providers and might further increase the need for ancillary services (AS) [10, 11]. AS are

deployed by grid operators to ensure a secure and reliable operation of the power sys-
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tem [12]. Two types of AS exist: frequency-related services and non-frequency-related
ones. While frequency-related AS ensure frequency stability via meeting active power de-
mand with generation, non-frequency-related AS focus on non-frequency stability, such as
voltage stability via reactive power provision, black start capabilities or virtual inertia re-
sponse, among others [13]. When equipped with appropriate control and communication
capabilities, local MESs can provide some of these services to the upstream power grid,
e.g., frequency reserve or reactive power support [14-17].

The aforementioned aspects of local MESs, specifically the integration of coupled en-
ergy vectors, their inherent flexibility potential, and their potential to provide AS to the
upstream power grid, are gaining more attention recently, especially during the system op-
eration. However, these capabilities might not only impact the optimal operation of local
MESs, but can significantly impact the optimal sizing, placement and selection of individ-
ual components within the local system. Therefore, it is crucial that grid service provision
and the explicit modelling of coupled energy vectors within MESs are explicitly considered
and integrated within the design stage. Building on these aspects, this thesis investigates
the optimal design of local MESs with electricity and heat, with a particular focus on the
impact of the explicit integration of the coupled thermal vector, multiple modelling choices
for individual components and grid service participation. Through the presented thesis,
this research aims to provide comprehensive modelling guidelines and valuable design
insights to unlock the technical and economic potential of local MESs within future decen-
tralised and decarbonised power systems.

1.2 Scope of this work

This work focuses on the techno-economic design of local multi-energy systems com-
prising the commodities of electricity and heat. A core part of this work is the integration
and modelling of the thermal energy carrier, its impact and the quantification of opera-
tional flexibility during the design stage, and AS that can be provided to the upstream
power grid and their effect on system design.

Note that while LECs and local MESs are related, they differ conceptually. On the one
hand, LECs are social and legal organisations that focus on community ownership, demo-
cratic participation and fair allocation from local energy generation and consumption [6, 7].
On the other hand, local MESs primarily focus on the technical integration of multiple en-
ergy carriers at a local level [3, 4]. While both concepts have similar advantages, such as
improved efficiency, enhanced energy independence and reduced carbon emissions, their
focus differs. This thesis focuses on local MESs, and further provides technical insights
into the optimal design of electricity-heat systems, which might include LECs, but not
exclusively. In the following, the specific scope of this work is presented.
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1.2.1 Design framework for local multi-energy systems

This thesis develops an optimisation-based modelling framework for the optimal de-
sign of local MESs. It explicitly models electricity and the thermal energy carrier, including
their underlying network constraints and individual components. Furthermore, the in-
herent flexibility of local MESs is provided to energy and AS markets. The modelling
framework is based on a two-stage stochastic problem formulation. In the first stage, de-
sign decisions such as placement or component sizing are determined. The second stage
optimises all operational decisions and incorporates future scenarios to account for un-
certainty. A centralised control structure is considered, which coordinates all considered
components within the whole MES. The analysis focuses on residential and commercial
systems on a local level, where electricity and heat are the most common energy carriers.
While the electrification of the transport sector is well underway, the focus of this thesis
lies on stationary energy systems; thus EVs and their associated challenges (e.g., optimal
charging station placement and stochastic human factors [18, 19]) are excluded from the
scope of this thesis. Additionally, as the local MES is assumed as a closed entity, aspects
related to fairness or internal allocation of benefits are not addressed within this work.

1.2.2 Impact of component modelling choice

The coupling of multiple energy vectors, particularly electricity and heat on a local
level, shifts the focus of separate optimisation of each energy vector towards an integrated
analysis for improved technical and economic performance. The computational burden
of modelling integrated MESs typically leads to neglecting or simplifying the connected
thermal vector, especially for design studies. Yet, it is not fully known how the coupled
thermal vector influences design studies in the electrical domain. This work provides a
comprehensive analysis of the impact of modelling choices within local MESs on the op-
timal sizing of a BESS. The component models of interest of the thermal vector include
electric HPs, the thermal building representation, and the heating network. Additionally,
the internal power grid formulation with its inherent constraints plays a significant role
in electrical storage design, thus different formulations are investigated in terms of BESS
sizing and computational tractability.

Besides the detailed component models, the scope of this work extends to other factors
affecting the design of BESSs. While constant electricity tariffs were typically deployed for
small-scale consumers, time-varying tariffs are gaining importance to discourage electricity
consumption at times of high demand, and encourage consumption in hours of excess
RES generation. Comparing a constant tariff with a time-varying one, and analysing their
impact on optimal sizing of BESSs, can reveal how effectively pricing signals can incentivise
electrical storage design.

Through a comprehensive comparative analysis, a deeper techno-economic understand-
ing of different modelling choices within local electricity-heat systems is gained. The scope
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of this work further includes how the modelling choice implicates the computational work-
load. Overall, this work aims to provide practical modelling guidelines for the design of
local MESs with electricity and heat.

1.2.3 Quantification of flexibility under time-varying operation

Electrical operational flexibility of multi-energy systems can be defined as the technical
ability to adjust the operating point dynamically by effectively utilising interconnected en-
ergy carriers, subject to a specific duration and response time. However, this definition does
not account for an operational adjustment over subsequent time steps in relation to a refer-
ence schedule, which may change due to time-varying demand or RES generation. This is
especially important for large consumers such as industrial facilities or virtual power plants
that must submit their operational schedule one day prior to delivery. For the participation
in frequency-balancing markets, the offered bids of negative or positive active power must
remain constant in relation to their time-varying planned schedule, thus requiring a flex-
ibility calculation that incorporates the constant deviation from a time-varying reference
schedule. The scope of this work lies in developing a technical framework that calculates
the maximum constant upward or downward flexibility in relation to a predetermined
time-varying reference schedule over successive time steps. This flexibility calculation is
essential for accommodating constant flexibility offers for a specified duration, which can
be adjusted to any market regulation.

1.2.4 Component sizing for operational flexibility

While the focus of flexibility provision typically lies on the operation, this work extends
the operational aspect by investigating how flexibility provision is affected by individual
component sizing within MESs, for both upward and downward flexibility. The scope of
this work lies in the technical flexibility potential of MESs and the interdependencies be-
tween components, while the economic analysis for utilising flexibility to provide services
to the upstream power grid is conducted at a later stage within this thesis, as described
in Section 1.2.5. The technical analysis includes a comprehensive sensitivity analysis of in-
dividual component sizes to study their impact on the overall system flexibility potential.
To allow for comparison between different designs and components, the system flexibil-
ity is quantified over the operation by aggregating all flexibility values and determining
their mean value. This enables a detailed analysis of individual component size and the
identification of key components that enhance or hinder overall system flexibility. In par-
ticular, the impact of the HP as the key energy vector-coupling component in combination
with its thermal storage is investigated, and the interdependence and an optimal ratio be-
tween HP and hot water storage (HWS) are identified. This allows for a deeper technical
understanding of the electrical flexibility and interactions between MES components.
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1.2.5 Participation in multiple electricity markets under uncertainty

With an increasing electricity price volatility due to the rising penetration of RES, large-
scale BESSs are increasingly adopted to benefit from these price spreads. Additional rev-
enue streams can be generated through AS, which are measures to ensure a secure and
reliable operation of the power system deployed by grid operators [12]. Active power mea-
sures are required to maintain frequency stability, while there are further non-frequency
related AS such as reactive power provision, among others [13]. Besides BESSs, other com-
ponents within local MESs have the technical capabilities to provide AS to the upstream
power grid.

Rather than solely focusing on the optimal operational schedule, this work explicitly
considers AS markets as a key factor during the design stage. The design of electrical and
thermal components within local MESs is jointly optimised under energy and AS market
participation. While this approach is applicable to other regions and market structures, this
work is applied to the current German regulations, incorporating two frequency-balancing
reserve markets within the framework. Additionally, it is analysed how potential future
markets, e.g., a reactive power market, can affect the optimal design of local MESs.

The uncertainty faced by decision-makers concerning the price evolution of these mar-
kets must further be incorporated within design studies. The framework enables scenario-
based integration of uncertainty via varying parameters of interest. This allows for evaluat-
ing the optimal design under a wide range of uncertain parameter values. In this case, the
input parameters accounting for uncertainty factor in imperfect foresight, a possible decline
in frequency reserve prices, an increasing volatility in electricity prices, as well as different
values for a location-dependent fee for the BESS grid connection. The goal is to highlight
the importance of incorporating the most relevant market participation options and as-
sociated revenue streams during the design phase, and taking uncertainty in key market
parameters into account for optimal investment decision-making under uncertainty.

1.3 Research questions

The design of local multi-energy systems and their investment decisions pose several
research questions, which this thesis aims to answer:

1. How does the level of modelling detail in local MESs with electricity and heat im-
pact the optimal size of electrical storage?

With the increasing interconnection of various energy carriers within MESs, a de-
tailed modelling of all considered components within design studies significantly
increases the problem complexity. Therefore, a systematic comparison of modelling
choices within local MESs comprising electricity and heat for the optimal design of
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electrical storage systems is required, which will support decision-making in their
planning studies. Some specific questions related to design studies of BESSs within
local MESs are stated below:

(a) How does the exact modelling of electricity and heating components influence
the design of electrical domain components, e.g., electrical storage system?

(b) What is the impact of explicitly integrating the coupled thermal vector on the
design of BESSs compared to an electricity-only system?

(c) What are the implications of different modelling choices on the computational
tractability of the design optimisation?

(d) How does a time-varying electricity tariff affect the BESS design in comparison
to a constant electricity tariff?

2. How can operational flexibility be calculated to ensure constant flexibility provi-
sion across multiple time steps?

Frequency-balancing markets such as frequency containment reserve (FCR) or au-
tomatic frequency restoration reserve (aFRR), which allow for remuneration of active
power flexibility, require bids to offer constant upward or downward deviation from
their reference schedule for a given duration. Existing approaches define flexibility
as a single time-step deviation from the current operating point. However, this defi-
nition neglects time-varying demands or renewable generation within the operating
schedule over multiple time steps. To address this, this research question requires a
framework development which calculates the maximum constant upward or down-
ward flexibility in relation to a time-varying reference schedule over successive time
steps. This framework is designed to the following specific questions:

(a) How can a predetermined time-varying schedule be incorporated into the cal-
culation of operational flexibility?

(b) How should operational flexibility be defined and quantified relative to a time-
varying reference schedule over multiple time steps?

(c) How can the maximum constant upward and downward flexibility be calculated
for a specified duration and response time, while taking inherent component and
network constraints into account?

(d) To what extent can the developed methodology be generalised and applied

across energy vectors?

3. How does the sizing of individual and interdependent components of local MESs
affect operational system flexibility?

Multi-energy systems can provide electrical flexibility by effectively utilising their
interconnected energy carriers. To fully leverage this flexibility, a deeper technical un-
derstanding of how operational flexibility is affected during the investment process is

7



1. INTRODUCTION Research aims and objectives

required. For instance, how much flexibility can be provided by which components,
how can interdependencies between individual components be identified, and how
does the flexibility potential depend on the component sizing? More specifically, the
detailed scope of this work is clarified through the following questions:

(a) To what extent does the explicit integration of the thermal vector affect the over-
all system flexibility potential?

(b) How can operational flexibility be embedded within and quantified at the design
stage?

(c) Which key components in multi-energy systems enable or hinder electrical flex-
ibility provision?

(d) Are there interdependencies or ideal ratios between component sizes over which
no further flexibility can be provided?

4. How does the integration of current and future grid service provision shape in-
vestment decisions in local MESs under uncertainty?

Local MESs could become a key local provider of AS within decentralised RES-based
energy systems. For instance, their controllable assets can adjust their active power
to provide frequency-balancing reserve or adjust reactive power for voltage stability.
When integrating the revenue streams from these markets during the design stage,
uncertainty sources such as market price evolution and forecasting inaccuracy must
be taken into account for informed decision-making. Given the broad research ques-
tion, below are specific questions related to the grid service integration in the design
stage of local MESs:

(a) To what extent is local MES investment shaped by the participation in ancillary
service markets?

(b) How does an increasing volatility in electricity prices affect the design of local
MESs?

(c) Is it economically feasible to invest in oversizing thermal components for addi-
tional ancillary service revenue?

(d) How do key uncertainty sources impact investment in local MESs?

(e) How can a future reactive power market impact controllable assets within local
MESs investment?

1.4 Research aims and objectives

The general objective of this work is to investigate the design of local multi-energy
systems, specifically how the explicit consideration of the thermal vector coupling can lead

8
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to better planning decisions, while grid services can be provided. The specific objectives

are summarised below:

(i) Examine the current state-of-the-art of the design of local MESs comprising electricity
and heat

(ii) Investigate the impact of different component modelling choices on the design of
electrical storage systems within MESs

(iii) Identification of practical modelling guidelines for the design of electrical storage
systems in local MESs

(iv) Develop a framework that calculates operational flexibility over multiple time steps
in relation to a predetermined reference schedule

(v) Determine interdependencies between individual components that enable or hinder
the potential to provide operational flexibility

(vi) Assess and quantify the impact of individual component design on the provision of
operational flexibility within MESs

(vii) Develop a techno-economic design analysis model under energy and reserve market
participation for local MESs considering future uncertainty

(viii) Investigate the impact of frequency-reserve and future reactive power markets on
optimal investment decisions of local MES components

1.5 Novelty and contributions

The outcomes presented in this work contribute to the improved understanding of key
factors that shape and impact the design of local MESs, focusing on the explicit integration
of the coupled thermal vector into the electrical system and its technical and economic im-
plications. Several contributions introduced below have been published in different articles
and proceedings, as outlined in the preface. The key novelties and contributions of this
work can be summarised in the following.

1.5.1 Comprehensive analysis of modelling impact in multi-energy systems

This work presents an extensive analysis of the impact of component model choice
within a local MES with electricity and heat for the design of electrical storage. Within
BESS design studies, previous literature typically employs simplified models or completely
neglects the coupled thermal vector, thus overlooking the impact of the thermal vector on
electrical component sizing. Therefore, this work investigates the impact of modelling

9
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choices of individual components on the BESS design, focusing on, but not exclusively, the
thermal vector. This includes the thermal building representation, the heat pump model,
the district heating network, and the internal power grid representation. Moreover, the
computational workload of these component models is analysed. This novel contribution
is developed and demonstrated in Chapter 3, providing valuable insights into practical
modelling guidelines for designing electrical storage systems in local MESs and under-
standing their computational implications.

1.5.2 Flexibility assessment in relation to time-varying reference schedule

Another contribution of this work is the operational flexibility assessment relative to
a time-varying reference schedule. Existing literature typically calculates operational flex-
ibility relative to the current operating point given certain ramping and duration limits.
However, this approach does not account for a time-varying operating schedule due to fluc-
tuating demand or variable renewable energy generation. This work, therefore, presents a
framework that evaluates operational flexibility in relation to a time-varying reference sched-
ule. This predetermined reference schedule is especially important for large consumers that
need to submit their operational schedule one day in advance in a day-ahead market. The
novel flexibility calculation approach is presented in Chapter 4, enabling the provision of
constant marketable flexibility across multiple time steps.

1.5.3 Framework of operational flexibility assessment within design phase

This work presents a framework that embeds operational flexibility within the design
phase of an MES. A framework is presented that systematically quantifies the influence
of individual component sizing on the operational flexibility potential of local MESs. The
framework identifies key design components that hinder or enhance the technical flexibility
potential, embedding the capability of local MESs to provide flexibility during operation
into the design phase. Through a sensitivity analysis, the precise impact of each component
design on the overall system flexibility can be quantified, and interdependencies between
individual components can be identified. This contribution is developed and demonstrated
in Chapter 4, providing a comprehensive technical understanding of system behaviour
and identifying key components that enable system flexibility. This flexibility can then be
reliably offered to the upstream power grid or utilised to improve internal system efficiency.

1.5.4 Uncertainty-aware design analysis for market participation

Another contribution of the presented work is a detailed uncertainty-aware design anal-
ysis framework which incorporates the participation of several grid service markets. This
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techno-economic framework allows for the detailed assessment of potential market rev-
enues during the design phase of local MESs for electricity and heat components, including
revenues from both energy and reserve markets, as well as future markets such as a reac-
tive power market. Uncertainty can be incorporated into future scenarios by varying input
parameters, with this work focusing on different energy price volatility levels, achievable
revenue limited by imperfect foresight, and varying reserve price levels. This uncertainty-
aware assessment is presented in Chapter 5, allowing for optimal decision-making by quan-

tifying the impact of market participation and future uncertainty on investment decisions.

1.6 Thesis overview

This thesis investigates various aspects of the optimal design of local MESs with elec-
tricity and heat. Fig. 1.2 presents an overview of the thesis, its research questions, and
the connections between individual chapters. Chapter 2 presents the methodological and
modelling foundations required to answer the research questions outlined in Section 1.3.
Chapters 3 to 5 then address these questions by demonstrating the novel contributions
listed in Section 1.5. The remainder of this thesis is structured as follows:

Chapter 2 presents the modelling framework of this thesis by first outlining the model
formulations of the considered components, which include the commodities electricity and
heat. Second, the formulation of the optimisation problem as a two-stage stochastic prob-
lem is presented, which optimises both the design and operation of the system. Moreover,
the aggregation of the time series into representative days is demonstrated, which is crucial
for the computational workload of the optimisation problem. The presented formulations
and time series aggregation are used within the remainder of the thesis.

Chapter 3 presents a comparative analysis of different component modelling choices
in local MESs and their impact on the design and placement of BESSs. The analysis is
applied to an individual building and a community BESS within a local energy commu-
nity. The study focuses on the modelling detail of the thermal vector, and extends it to
the internal power grid. Moreover, different solar irradiance years and electricity tariffs
are investigated. Through this analysis, practical modelling guidelines are provided for
electrical storage design in local MESs comprising heat and electricity, along with their
computational implications.

Chapter 4 presents a technical framework that is capable of quantifying the impact of
component sizing on the electrical flexibility potential in local MESs during their design
phase. The framework further allows for a quantified flexibility analysis over multiple time
steps, which depends on a predetermined time-varying reference schedule. The adopted
case studies, an individual building and a small energy community, highlight the capa-
bilities of the presented framework and its applicability to energy systems with internal
network constraints. Through a sensitivity analysis, the study provides valuable techni-
cal insights, including a comprehensive technical understanding of limiting factors and
interdependencies between components across energy vectors.
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Fig. 1.2: Guiding research questions and structure of the thesis. Chapter 2 outlines the methodological and
modelling foundations of this thesis, while Chapter 3 presents the first contribution listed in Section 1.5.1,
Chapter 4 addresses the second and third contribution outlined in Sections 1.5.2 and 1.5.3, and Chapter 5
demonstrates the fourth contribution described in Section 1.5.4.

Chapter 5 investigates how the explicit integration of ancillary service participation im-
pacts the optimal design of local MESs. The analysis integrates reserve markets, energy
markets and a potential future reactive power market while accounting for varying future
market conditions to support uncertainty-aware investment decisions. The adopted case
study in the German market setup highlights the importance of considering relevant po-
tential market revenues and uncertainty during the design phase, as these revenues can
cause a shift in investment decisions.

Chapter 6 concludes the thesis and gives an outlook for future work.
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CHAPTER 2

Modelling framework

HIs chapter presents the underlying modelling framework, which is deployed in the
T remainder of this work. Additional methodological aspects which are specific to
individual investigations are presented in the respective chapter. This work adopts a
component-oriented modelling approach, which enables scalable and modular energy sys-
tem design and operation. This modularity is particularly important within local MESs,
which typically comprise multiple similar components. It further allows for the inves-
tigation of different model formulations for the same type of component, enabling how
various levels of modelling details impact investment decisions during the planning stage.
Section 2.1 introduces the models of the individual components, which are employed in the
remaining part of this thesis. Section 2.2 outlines the overall problem formulation, focusing
on the two-stage stochastic problem formulation and the time series aggregation, which is
used to balance computational efficiency and model accuracy.

2.1 Component model formulations

In this section, the energy components included in the MES under consideration are
introduced, and their functionalities are briefly presented. This includes the BESS, the
solar PV array, the internal power grid representation, the heating network, the HP, the
thermal building model and the upstream power grid. Chapter 3 presents a thorough
analysis of the impact of the different models on the design of a BESS within local MESs,
with a particular focus on the thermal vector. The identified suitable models are then used
for the remaining studies in Chapter 4 and Chapter 5.
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2. MODELLING FRAMEWORK Component model formulations

2.1.1 Notation

Before introducing the component models, the notation and associated indices used
within the following models are introduced. The operation of the energy system is mod-
elled through a set of representative scenario days s € S. Within each representative sce-
nario, discrete time steps ¢ € 7 are considered. Both of these indices are used consistently
in the following component model formulations. The method used to derive representative
scenarios and time series reduction is described in Section 2.2.2.

2.1.2 Battery energy storage system

The BESS is modelled as a lithium-ion battery system interfaced via a bidirectional
power inverter, which allows for both active and reactive power exchange. The model
accounts for energy losses through distinct charging and discharging efficiencies, incor-
porates a self-discharge rate, and further enforces thermal limits via apparent power con-
straints. The BESS model is governed by the following equations:

SOCbess,s,t+1 = (1 - KbessAt) Socbess,s,t+

(s Pltsoss — Pihss/I8) AL, SE€S, 1T, @1a)

Dposs SOChess < S0Chess st < bhess SOChums/ s€S, teT,  (21b)

Pioin < Pl or < PR, sES,teT, (219

PR < Pt < P, sES, teT,  (21d)

bﬁsss,s,t B brgég <h ligss,s,t < bksgss,s,t M‘;?ssf seS, teT, (2.1e)

(1 bibsss ) Poe < Pittver < (1 bibusss ) Mt SES, teT, (1)
— QP < Qpesst < QR ses, teT, 21y

(Rl = Pier) o Qs < S, s€S,teT, @
it Cinin < s, < st cp, (2.1)

Here, the state of charge (SoC) change is described in (2.1a), where S0Ci,g, s ; denotes the
SoC at operational scenario s and time step ¢, 17&255 and 77et are the respective constant
efficiencies, th;SS,S,, and Pg’eL;;S,t represent the charging and discharging power, and &
denotes the discharging rate per hour. The SoC is bounded by the minimum and maximum
limits SOC[:/ ™ in (2.1b), while upper and lower power limits constrain the (dis)charging
power in (2.1c) and (2.1d), respectively. (2.1e) and (2.1f) prevent simultaneous charging and
discharging via the binary variable bg?ss’s’t and a big-M formulation Mﬁsss to avoid bilinear

terms. The reactive power Qg is limited by Qpeeg in (2.1g), and the apparent power

limit S™ in (2.1h). Finally, the design capacity Ci<. is constrained with upper and lower

bounds in (2.1i), with the binary variable bt indicating whether the BESS is installed.
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2. MODELLING FRAMEWORK Component model formulations

2.1.3 Photovoltaic array

The PV array is modelled as an active power source interfaced with the AC grid via
a DC-AC power inverter, which controls the exchange of active and reactive power. The

governing equations are the following:

0< Poyst <Mpy Apy Gy, seS, teT, (2.2a)
Poyst < P seS, teT, (2.2b)

vars,t S tan((P)PpV,t 7 s e S, te T, (22C)

Pyt + Qaver < S0, seS, teT. 2.2d)

Here, P, denotes the active power generation of the solar PV array at operational
scenario s and time step f, which is constrained by its inherent efficiency 7,,,, the installed

area A, and the global tilted irradiance G;;. ng,’m denotes the installed nominal capacity,

pv/
representing the upper bound for the solar PV array power output. Q. represents the
reactive power of the power inverter, which is limited by a predefined power factor range
for cos¢@. The maximum apparent power limit of the power inverter further limits the

combined active and reactive power generation.

214 Heat pump

The implemented HP model represents a water-to-water system, extracting thermal en-
ergy from a district heating network at the evaporator side and supplying it to the building
energy system at higher temperatures via the condenser. In the following, two models
are presented: the non-convex model in Section 2.1.4.1, explicitly modelling the reduced
efficiency of the compressor under low utilisation, and the linear model in Section 2.1.4.2,
which includes the part-load behaviour by minimum part-load limit.

2.1.4.1 Non-convex detailed model

The HP is modelled as a component with two ports, one at the condenser and one at
the evaporator. Each port is characterised by a supply temperature, a return temperature,
and an associated mass flow rate. The coefficient of performance (COP) of the HP varies
non-linearly, particularly under part-load conditions, due to enhanced heat transfer and
cycling losses. This non-linearity is captured through a detailed model based on previous
work by our research group [20]. The part-load characteristics are represented using a
Glover reformulation as proposed in [21, 22], resulting in a quadratic formulation of the
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HP efficiency. The governing equations are as follows:

Prpst = Qhprot — Qhpst / seS, teT,  (23a)
Qe =i e, (T;lg:f;‘ - T;fg;f;“t) , sES, teT,  (23b)
QR = o cp - (Tomem — Teomi), seS, teT, (230
Tcon,out __ revaout
pl o hp,s,t hp,s,t - con
Prp i Thp - Thpst = <con,out ) “Qhps,t 7 seS, teT, (2.3d)
Th s,t
P,S,
con,out _ con,out eva,out
Php,s,f ' Thp,s,t ! r]hp = ( hpst Thp,s,t ) '
(0.029 QR BP +0993 Q;;’g“) . seS teT,  (23e)
Ot < Ope, seS, teT,  (23f)
Qhp,s,t = tan (@np) * Pap st / seS, teT. (2.3g)

Here, P, denotes the electric power consumption of the HP. The thermal power at

the condenser and evaporator are represented by Qpp; and Qg s, respectively, with their

Teva,in/out and Tcon,in/out

hp,st hp,sit , and mass flow

corresponding input and output temperatures
rates mﬁ;{ :°". The overall efficiency is modelled as the product of the constant device effi-
ciency #,, = 0.6 and a part-load efficiency nﬁ;rs,t. The part-load efficiency is integrated into
max
hp

the operation of the HP. To reduce model complexity, a fixed temperature difference of

(2.3e) based on the maximum thermal output Qi and a binary variable b}?g,s,f indicating
AT = 10K is assumed at the evaporator. Discontinuous operation of the HP is allowed,
without time-coupling minimum operational or shutdown time constraints, following [23].
The coefficients in (2.3e) were calibrated to experimental data representing the part-load
efficiency of water-to-water HPs from [22].

2.1.4.2 Linear model

The linear model of the HP assumes a constant efficiency independent of its utilisation.

The lower part-load efficiency is included by a minimum part-load limit Pﬁgm, leading to

the following governing equations:

Qhprst = hpst Phpst - seS, teT, (2.42)
Mhpst = Thpss My seS, teT, (2.4b)

Thpes

carnot __ P,S,
hpst = Tout o seS, teT, (2.4¢)

hp,s,t = ‘hpst

bﬁgs’t Pip" < Php st < bﬁﬁ,s,f P, seS, teT, (2.4d)
Qs < Qg SES, teT, (2.4e)
Qnp,s,t =tan (¢np) * Popst » seS, teT. (2.4f)

Here, one temperature at the evaporator Ty, and at the condenser Ty,03; is assumed,
carnot

respectively, which determine the COP of the HP via the Carnot efficiency #np; -
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The COP, which is equivalent to the efficiency of the device 1y, ¢ 4, is depicted in Fig. 2.1
for both models. The quadratic model shows a decreasing COP with a lower relative load,
whereas the linear model has a constant COP. To represent the decreasing COP with lower
utilisation for the linear model, a minimum relative load of 0.25 can be assumed.

o
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§ 5
3 / /
s4T7
[a WY
T3 — 60°C
L — 65°C
S 2 70°C
% 75°C
01

0.2 0.4 0.6 0.8 1.0

Relative load

Fig. 2.1: Coefficient of performance (COP) of the HP depending on the load utilisation for the detailed
non-convex model (solid lines) and the linear model (dashed lines) for different condenser temperatures for
an evaporator temperature of 33 °C.

2.1.5 Thermal storage systems

In this work, two types of thermal storage systems within a building are considered:
the HWS as a storage buffer, and the thermal capacity of the building dwellings.

The HWS serves as a supply-side buffer by storing heated water for space heating,
while the building dwellings act as a passive thermal storage by internally absorbing, stor-
ing and releasing heat over time, which mitigates indoor temperature fluctuations caused
by external conditions [24]. These two elements can be combined into a single lumped pa-
rameter, referred to as the thermal energy storage (TES) within this work. In the following,
the models for both thermal storage systems are presented.

2.1.5.1 Building thermal energy storage

The building TES is characterised by its building capacity K4, with the following gov-
erning equations:

dT.,. Sin _ Aout
gotl,s,t _ Qtes,s,tK tes,s,t’ se S, te 7—, (2.5a)
bd
To™ < Togey < To™, seS, teT. (2.5b)

The temperature T4, represents the indoor temperature of the building, which is
min

constrained within the comfort limits Tpy" and Thy ., assumed to be between 19°C and
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22°C. The building TES is heated by the thermal input power Qi‘e‘slslt and supplies its
thermal output power Qtes st to a deterministic heat demand (HD).

2.1.5.2 Hot water storage

The HWS works together with the HP to act as a storage buffer for space heating. It
is assumed without mixing effects with an allowed temperature difference of 30 °C. The
governing equations are as follows:

Sochws,s/tJrl = (1 - KhwsAt) SOChws,s t+

(st = 1/ Qiss ) A, SES, LET,  (262)

SOC™ < S0C e < SOC, seS, teT,  (26b)

Qe < Qs < Qnn, seS, teT, (2.6¢)

bimvsst Qi < Otsst < i st Miwss s€S, teT, (2.6d)
Qb < Qs .t < Otes, seS, teT, (2.6¢)

(1 bimssr ) Ot < Ot < (1= s ) M seS, teT, (26
with 0 < [SOCI‘J;;‘;, SOCI‘:;;’;} < s (2.68)

Here, (2.6a) describes the SoC between two time steps, which depends the previous
time step, as well as the self-discharge rate x;,,,, and the respective input and output heat-
ﬁx: ! W/SOS” ! Simultaneous

charging and discharging is avoided by the binary variable bhws,s,t and the big-M formu-

ing power Q with their corresponding (dis)charging efficiencies 77}11

lation Mﬁ}‘:,s. Even though the (dis)charging efficiency of the HWS depends on the tem-

perature [25], temperature-specific efficiency rates are not incorporated for computational
efficiency.

2.1.6 Energy vector balancing

To create an MES, its components must be interconnected. For this purpose, the respec-
tive energy vectors of the components within the MES are connected and balanced.

For each energy vector v € V, a balancing-node constraint ensures that at every time
step t and for every representative scenario s, the total generation and consumption of the
respective energy vector across all components c € C is balanced. The energy balancing
constraint is formulated as follows:

Evcls,t =0, veV,seS, teT, 2.7)

ceC

where the set of energy vectors is defined as V = {P, Q,Q}, with P denoting active power,
Q reactive power, and Q thermal heating power. Both imports and exports of active and

reactive power are incorporated in the component-specific contribution v, ;.
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As an alternative to balancing nodes, dedicated components can be created to represent
energy networks and their underlying equations. This is explicitly implemented for the
energy vectors active power P and reactive power Q to represent the power grid, with
different formulations as described in Section 2.1.7, as well as for the heating power Q via
the heating network presented in Section 2.1.8.

2.1.7 Power grid

Three different power grid formulations are presented: the exact nonlinear AC optimal
power flow (AC OPF) formulation in Section 2.1.7.1, the convex second-order cone pro-
gram (SOCP) formulation in Section 2.1.7.2, and the linear distribution flow (LinDistFlow)
equations in Section 2.1.7.3. Note that the single-phase representation of the balanced three-
phase AC electrical network is considered in this work, with the branch ik € £ connecting
electric bus i € B with electric bus k, with B; denoting the set of all buses connected to bus
i. j = +/—1 is the imaginary unit in the complex domain.

2.1.7.1 Exact AC optimal power flow formulation

The original nonlinear trigonometric terms of the polar voltage representation of the AC
optimal power flow (OPF) formulation are implemented in rectangular coordinates, i.e., the
complex voltage V; at the electric bus i consists of a real part E; and an imaginary part F;.
This implementation allows for a bilinear, non-convex quadratic formulation, which can be

solved with Gurobi [26]. The governing equations are implemented as follows [27]:

Vist 1>t+] ist s ieB,seS, teT, (2.8a)

Poi=Y Pist icB seS teT, (2.8b)
keB;

stt Zszst/ iGB,SGS, tET, (2.8C)
keB;

2 2 2

Pis = Sikik(Eisy + Fist)
*8ikaik(EistEkst +F tcht)
— bt (FistEst — EistFis s

)
Qik,s,t:_ ik (Ezst+ ( ik T lk)

+bikaik( zstEkst+Fzststt)
)

, ikeLl,seS,teT, (2.8d)

- gikaik(Fi,s,tEk,s,t 1s tstt ’ ik € ‘C/ s € S, te T/ (2.88)
Pi s + Qs < (SE™)?, ikeL seS, teT, (2.8f)
(VN2 < B+ FRy < (V)2 ieB seS teT. (2.8g)

Here, (2.8a) presents the voltage in rectangular coordinates. P;;; and Q;; in (2.8b) and
Eq. (2.8¢c) denote the active and reactive power injected at bus i during operational scenario
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s and time step t, while Py ., and Qj ,, denote the active and reactive power transfers

across a branch ik from bus i to bus k, respectively, as defined in (2.8d) and Eq. (2.8e).

bj is the branch susceptance, g is the branch conductance, b,sl? is the shunt susceptance,

and a;;, represents the transformer voltage tap ratio with a default value of 1. V™" and

V"™ in (2.8g) are the lower and upper voltage magnitude limits, which are implemented

as functional inequality constraints [27]. The apparent power of each branch is limited by
T in (2.81).

2.1.7.2 Second-order cone program approximation

For the convex SOCP relaxation, the two new operational variables W; = |V, \2 and Ay =
|I;:|* are introduced. This representation does not explicitly enforce Kirchhoff’s voltage law,
i.e., the voltage angles around a loop are not enforced to sum to zero. However, for radial
networks, this angle requirement is not needed, thus no information is lost [28]. The power
flow constraints (2.8) are replaced by the following convex set of equations [29]:

Poi=Y Py, i€B,s€S, teT, (29a)
keB;
Qisi= Y Quker s i€cB,s€S, teT, (29b)
keB;
Pyt + Prist = TixNikst » ikeL,seS, teT, (29¢)
Qikst T Quist = XikNikss - ikelL,seS, teT, (29d)
Wist = Wist — 2(riPik st + Xk Qites t)
+ (F + X5) Aiksyt 5 ikeLl,seS, teT, (29)
(VM2 < Wi, < (V)2 ikel,seS, teT, (299
Aoy < (IF™)?, ikeL,seS, teT, (29g)

T .
H [zpik,s,t/ 2Qik,s,t/ Aik,s,t - Wi,s,t] HZ < Aik,s,t + Wi,s,t ’ ik € E/ LAS S, teT. (29h)

Here, (2.9a) and (2.9b) denote the active and reactive power balance at each electric bus
i, while (2.9c) and (2.9d) represent the active and reactive power losses across branch ik,
with 7 being the branch resistance and x;; being the branch reactance. (2.9e) represents the
voltage drop across each branch, while (2.9g) limits the current via its maximum current

1. (2.9h) denotes the relaxed convex Euclidean norm.

2.1.7.3 Linear distribution flow formulation

The linear distribution flow (LinDistFlow) equations are a linear representation of the
AC power flow equations applying to radial medium and low-voltage networks, which do
not consider losses, but include the voltage drop across lines. The governing equations

20



2. MODELLING FRAMEWORK Component model formulations

based on [30] for a directed graph are the following:

Y Pisr = Piisi+ Pigs s icB,seS, teT, (2.10a)
ki—k

Z Qik,s,t = jS,S,t + Qi,s,t , ie B, EES S, te T, (2.10b)
k:i—k

Wk,s,t = Wi,s,t - z(rikpik,s,t + xiink,s,t)/ ik € ‘Ck/ s € S, te T/ (2-10C)

(V™) < Wigp < (VP i€BseS teT,  (210d)
|Pis il + |Qitse| < V2SE™, ike Ly, seS teT,  (210e)
Pl Q] < [SE™, 550, ike Ly, seS, teT. (2100

Here, i, j and k represent electric buses, where j is the unique upstream parent of bus
i, and k € £y is a downstream bus of bus i. Similarly to the SOCP formulation, W is an
auxiliary operational variable defined as the square of the voltage magnitude Vj, while r;;
represents the branch resistance, and x;; is the branch reactance. The voltage drop across
lines is integrated with (2.10c), the voltage magnitude at each bus is kept within its limits
by (2.10d), while (2.10e) and (2.10f) constrain the active and reactive power flow across
lines. Note that these equations do not consider losses but include line voltage drops.

2.1.8 Heating network

The considered heating network is a low-temperature district heating (LTDH) system,
supplied by low-temperature waste heat (WH) from sources such as industrial processes or
high-performance computers. The LTDH network transports this heat to connected build-
ings, where HP elevates the temperature level to meet the required indoor temperature
level. All buildings receive the same inlet temperature at the evaporator side of their HP.
The governing equations of the LTDH network are as follows [20]:

Mg, se = ) m;,;aspt , seS, teT, (211a)
bdeB
2 fl
Qloss,s,t = (Tlthd,s,t - Tgr) : hloss A+ (Tﬁ(ffd/s,t - Tgr) . hloss A, RS S/ te T/ (211b)
Ap - m
Ppump,s,t :w seS, teT. (2.11C)

4
Mpump * PH,O

Here, ritygy, 5, denotes the mass flow rate of the LTDH network, while m;‘;ipt represents
the mass flow rate of the HP at the evaporator side of the respective building bd. Tltt]dh,s,t
and Tﬁffh,srt denote the flow and return temperature of the network, respectively, while
T, represents the ground temperature surrounding the network pipes. The heat transfer
coefficient is denoted by hy, the surface area of the pipes is represented by A, and the
pressure drop of the pipe network is denoted as Ap, which are used to calculate the network
losses by a heat loss correlation in (2.11b). The active power consumption of the heating
network pump is denoted as Poymp,s,t Mpump 18 its efficiency and py,o is the water density.
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2.1.9 Upstream power grid

The upstream power grid is connected to the local MES under investigation at the point
of common coupling (PCC). It is characterised by separate feed-in and consumption limits
and prices, respectively, with the following governing equations:

0 (1= b)) Bt < Bpee "™ €8, teT, 212)
0 < b Precs < Prac™™, sES teT. (213)

. . N . . pfeedi
Here, the binary variable b;‘;gss,t avoids simultaneous consumption Plggg %+ and feed-in Ppecec/ iy

while the maximum values Po.*™"* and P:,iidin’max can limit the maximum respective active
power flows. The price for consumption nsfl Y. and the remuneration an,lsl,t for feeding into
the grid typically differ due to network charges or constant feed-in tariffs [31, 32]. More

details on the price assumptions are presented in the data input section of each chapter.

2.2 Optimisation problem formulation

There are several optimisation methods to tackle the design and operation of energy
systems under uncertainty. Robust optimisation (RO) aims to minimise the worst-case
scenario of integrated predefined uncertainty sets without constraint violations, and thus
its solutions are conservative and feasible [33, 34]. Chance-constrained (CC) optimisation
aims to limit the probability of violating a certain constraint below a certain threshold value,
i.e., its solutions allow for a specific amount of constraint violations and are therefore less
conservative [35-37]. Stochastic programming (SP) is particularly suited for optimisation
problems with uncertain parameters, as it allows for the consideration of multiple scenarios
simultaneously to account for the uncertainty of future stages during earlier stages [38, 39].
SP can be applied to the design and operation of an energy system through a two-stage
problem formulation, with the design as the first stage and the operation as the second
stage [40]. The operation and its uncertain operational parameters can be integrated as
multiple scenarios during the second stage, and thus SP is a suitable approach to optimise
the design and operation of an energy system within one holistic problem formulation. In
the following, the structure of the two-stage stochastic problem is presented.

2.2.1 Two-stage stochastic problem formulation

A two-stage stochastic problem formulation is adopted, where design decisions such as
component sizing or placement are determined in the first stage, while all decisions related
to the operational conditions are optimised in the second stage. In order to account for
uncertainty during the operation of the energy system, different scenarios can be generated
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which can integrate the uncertain nature of various parameters, e.g., demands, prices or
solar irradiance. The design decisions during the first stage are subject to the operational
decisions in the second stage, and likewise, the operational decisions are subject to the
design decisions in the first stage [36, 40]. This problem formulation allows for investment
decision-making under uncertainty, as future scenarios can be integrated and weighted
within the second stage. The mathematical formulation of the two-stage stochastic problem
is as follows [40]:

min q(y) + g wf (y,5) (2.14a)
s.t.g(y) <0, (2.14b)
h(y) =0, (2.14c)
with f(y,s) = n}cinf(y,xs) (2.14d)
s.t.g.(y,x;) <0, (2.14e)
hy(y,x;) =0. (2.14f)

Here, y € ) denotes the design decision vector in the first stage, while x, represents the op-
erational decision vector during the second stage for each scenario s, which are associated
with an occurring probability w,, with }  csw, = 1. The set of constraints g, h, g, and h;
determine the set of feasible design and operational variables. Furthermore, the objective
function of the first stage consists of the total costs of the design decisions g, typically the
investment costs of the system, and the expected costs of optimally operating the system f,
typically the total operating costs minus the total revenue [41]. While the objective function
typically reflects the economic performance of the energy system, it could also incorporate
other metrics, such as environmental impact, energy autonomy or loss minimisation. The
two-stage stochastic approach allows for a flexible problem formulation which can be ad-
justed to various planning and policy goals. The detailed structure and assumptions of the
objective functions are described in the corresponding sections of each chapter.

2.2.2 Time series aggregation

To reduce the computational complexity of the optimisation problem, time series ag-
gregation is a common approach that allows for a compact and representative formulation
of time-dependent input data [42-44]. One effective method to first identify and then ag-
gregate operational data with typical representative time series is k-medoids, which has
been proven to be an effective algorithm for aggregating time series data in energy systems
[43]. Therefore, this work adopts the k-medoids clustering approach to identify a set of
typical representative days from a full year of operational data, following the methodology
adapted from [45]. These representative sets of data can be integrated within the two-stage
stochastic problem formulation as scenarios during the operational stage.

In this method, the original time series is first segmented into daily profiles. The orig-
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inal time series comprises different types of data, such as power demand, heat demand,
solar irradiance, and several electricity market prices. Each of these time series is indi-
vidually normalised to a range between zero and one. Subsequently, a weighting factor
is assigned to each input variable to reflect its relative importance in the clustering pro-
cess, with the total of all weights equalling one. The clustering problem is formulated as
a mixed-integer linear problem (MILP), minimising the weighted sum of Euclidean dis-
tances between each original day and its assigned representative day across all data sets.
This problem formulation explicitly quantifies the time series aggregation error introduced
by representing the original time series with a limited number or representative days. The
clustering objective value is expressed as follows:

& N
min ) Y w, (2.15)

e=1n=1

ge,n - ée,s (n)

7
2

where . ,, denotes the normalised daily profile of data set € on day n, 4 es(n) 18 the repre-
sentative day s assigned to day n, and w, the weighting factor of data set €, which are all
chosen to be equal. A and £ represent the total number of days in the original time series
and the number of data sets, respectively. After solving the optimal time series aggregation,
each day of the original data set is assigned to one representative day, resulting in a weight
for each representative day. Note that a single number of representative days is used for
all datasets to maintain temporal alignment and preserve interdependencies between time
series. The cluster weights are then used in the energy system optimisation model to weigh
each representative scenario day accordingly, with the sum of all weights equal to one.

Finding an appropriate number of representative days is typically a trade-off between
modelling accuracy and computational burden. A high number of representative days
yields high accuracy in representing the original time series, while a low number of rep-
resentative days results in fewer variables and constraints, and thus a model that is com-
putationally easier to solve. A useful visualisation of the accuracy of the representative
days is duration curves, which arrange the values of the data set in descending order. The
difference in the duration curves for each original data set can be calculated depending on
the number of representative days, as depicted in Fig. 2.2 for the four sets of input data of
the district-scale MES presented in Chapter 3.

Electric demand

<
o
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— Heat demand

Solar irradiance

=
=

—— Electricity price
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Error duration curve
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w
Clustering objective value
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Number of representative days Number of representative days

Fig. 2.2: Error duration curves (left) and objective value of k-medoids clustering optimisation (right)
depending on the number of representative days for the local district case study in Chapter 3.
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A significant drop in the error duration curve of the electricity price can be seen for
four representative days, followed by a shallow further decline of all data sets. Due to
the increased computational burden with an increasing number of representative days,
four representative days are chosen. Additionally, the objective value of the clustering
optimisation is presented on the right of Fig. 2.2, representing the minimal sum of all
Euclidean distances of all data sets, which is decreasing with an increasing number of
representative days.

Fig. 2.3 depicts the duration curves for the four input data sets: electric demand, heat
demand, solar irradiance and electricity price. The non-dashed line represents the duration
curve of the original data set, while the dashed line represents the duration curve of the
clustered data set for four representative days. As the time series aggregation depends on
the input data and the complexity of the considered problem, the input data is collected for
each optimisation problem, and its time series is aggregated. This enables adaptive han-
dling of different input data, which depends on the considered complexity of the problem.
The (error) duration curves and the clustering objective value for the respective studies are

depicted in Appendix C and Appendix D, respectively.
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Fig. 2.3: Duration curves for the local district case study in Chapter 3 for four representative clustering
days, with the non-dashed line representing the original data set, while the dashed lines depict the duration
curves of the clustered data set.

2.2.3 Assumptions and justifications

This work assumes a centralised controller that controls the overall local MES and its

components. Unlike local control systems that focus on individual components, a cen-
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tralised coordinated control system optimises the operation of the entire MES, accounting
for all integrated energy carriers and their interactions. Such a systematic approach enables
the coordinated integration of distributed RES, electrical energy storage systems, and the
interaction among different energy vectors.

All optimisation problems are solved on a 1.8 GHz Intel Core i7-1265U CPU with 32 GB
of RAM, using Gurobi 11.0.2 [26].
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CHAPTER 3

Impact of the thermal vector and component model choice on the design

of battery energy storage systems

HIs chapter presents the optimal design and placement of a BESS within a local MES. In
T particular, the focus lies on the modelling choice of several MES components, specifi-
cally the internal power grid formulation, the heating network representation, as well as the
HP model and the thermal building representation. Moreover, constant and time-varying
electricity tariffs are investigated in terms of their impact on the optimal BESS capacity.
Additionally, the computational workload of the incorporated models is investigated and
applied to two case studies, a residential building and a real-world district-scale MES, for
which the location and size of a community BESS are retrofitted. The presented work
aims to provide valuable insights into practical modelling guidelines for MESs and their
computational implications.

3.1 Introduction

Local MESs, which couple several energy sectors at a district level, are becoming more
prominent as other energy carriers, such as heating or transportation, are increasingly
electrified. By an integrated approach of coupled energy vectors, operating costs [46] can
be reduced through exploiting synergies between energy carriers [47], e.g., surplus RES
generation can heat buildings [48], or waste heat from industrial processes can supply
district heating [49]. Nevertheless, design studies of one energy carrier often simplify
models of the other coupled energy carriers, despite their interconnection and possible
impact on each other. Therefore, this part of the work aims to answer the question of
how the thermal vector and component model choices impact the optimal sizing of a BESS
within a local MES.

The remainder of this section is structured as follows: Section 3.1.1 presents design
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studies of local MESs and community BESSs within, followed by an outline of different
methodological approaches in Section 3.1.2. A summary of the existing literature and the
identified gap is presented in Section 3.1.3.

3.1.1 Design of local multi-energy systems

Significant research has been conducted regarding the optimal design and operation
of local MESs. In this context, an important objective is minimising economic costs and
the impact of global warming on greenhouse gas emissions. Both economic and ecological
objectives have been investigated in several studies through a multi-objective optimisation
aiming to minimise both objectives, e.g., for sustainable district energy systems [50], an
urban multi-energy hub [51], or an MES considering residential buildings, electric mobility
and industrial applications [52]. Another objective to consider for planning local MESs
is reliability or resilience. In [53], an integrated energy system was planned considering
resilience indicators to account for energy interruption scenarios such as the uncertainty
of natural disaster occurrence or component failure. Furthermore, this study highlights
the capacity of RES to limit load loss and storage systems to reduce durations of energy
disruptions.

There are a significant number of studies regarding the optimal placement, sizing, and
economic benefits of BESSs in local energy systems. On a local level, the adoption of a BESS
is a common way to increase the self-sufficiency of LECs or a building equipped with local
RES such as solar PV arrays [54, 55]. Within both single buildings and energy communi-
ties, BESSs can reduce the peak power of the electricity import and export, increase the
self-consumption rate of the energy system combined with RES, and reduce annual costs
[56-58]. Additionally, BESSs can mitigate over-voltages arising from extensive rooftop PV
feed-in or under-voltages induced by increasing loads of electric vehicles in distribution
networks [59]. Within energy communities consisting of several residential or commercial
buildings with rooftop PV arrays, one central community BESS has been identified as the
most promising solution to exploit the full potential of energy systems [60]. Compared
to individual household BESSs, shared energy storage is beneficial in terms of electricity
cost savings, energy storage utilisation and self-consumption rate compared to individual
BESSs [57, 61, 62]. The optimal size of one community BESS is only two-thirds of the
aggregated optimal sizes of individual household BESSs due to the common sharing of
the BESS. Moreover, each kWh of the community BESS is significantly more effective at
reducing exports, thus increasing the self-sufficiency of the energy community compared
to individual household BESSs [63].

Identifying the optimal location of the community BESS has been the topic of several
studies. The optimal placement within the power grid was studied in [64]. Its findings
reveal that placing the BESS at the head of the feeder reduces grid congestion of distri-
bution grids and is economically the optimal location. Another study found that within
small distribution systems, the BESS should be placed at the same electric bus as the local
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distributed energy resources (DER) generation for an overall cost minimisation [65]. From
a reliability enhancement perspective, the optimal BESS location within radial distribution
networks is at the end of the feeder [66].

There are several options for the operation of a shared community BESS: capacity shar-
ing allocates a fixed capacity per user who can operate their share of the BESS indepen-
dently. Another alternative involves an independent operator who invests in the shared
storage and provides storage services to the users based on their requests [60]. Alterna-
tively, an aggregator controls the entire system and coordinates the capacity allocation and
the stored energy distribution according to an overarching objective, e.g., cost minimisa-
tion of the whole community. In the present work, the latter is assumed, i.e., a centralised
coordinated control system that optimises the operation of the overall community, includ-
ing the interaction of different energy vectors with each other. This systematic approach
enables the coordinated integration of BESSs, RES and the interaction between different

energy vectors.

3.1.2 Methodological approaches

Model-based optimisation is a suitable tool for the operation and planning of energy
systems [67]. However, the design and operation of MES can be technically challenging
due to the integration of multiple technologies and interdependent commodities. Since the
design of components determines the optimal operation of a multi-energy system, energy
flows between sources, conversion units, and storage options must be jointly coordinated
during their design stage [4, 68]. This leads to complex optimisation problems that re-
quire detailed multi-energy models, which can be computationally expensive. To address
these challenges, existing work often adopts iterative solution approaches or employs MILP
models to balance model accuracy and computational tractability.

MILP models are widely used for the optimisation of both design and operation of
distributed MESs within a single holistic problem formulation [69, 70]. In these models,
nonlinear behaviour of energy components, such as the power grid or heating network,
is linearised. This linearisation approach is applied across various studies, including sea-
sonal storage systems [71, 72], large-scale transmission and investment planning [73, 74],
and the representation of an MES as an energy hub that models the conversion of differ-
ent energy carriers as multiple input multiple output components [75]. For instance, this
concept is used in the optimal capacity design and operation of islanded energy hubs in-
tegrating electricity, heat, gas and hydrogen [76]. The study employs chance-constrained
optimisation and robust counterpart formulations to incorporate stochastic RES generation
and load uncertainty while balancing robustness and cost efficiency. Both gas and electri-
cal networks are explicitly modelled, with the electrical network represented via the linear
DC power flow approximation. While this approximation is accurate for high-voltage net-
works, it is not valid for medium- and low-voltage networks. Similarly, [77] presents a
MILP formulation combined with energy hubs for the integrated design and operation of
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DER and optimal heating network layouts. While these approaches offer valuable insights
into the optimal design and operation of energy hubs, they often overlook BESS sizing
and rely on linearisations of physical component and network behaviours. However, ne-
glecting nonlinear effects or power grid losses may lead to suboptimal design choices. In
another study, [78] investigates the optimal design and operation of PV-battery systems
that are coupled with HPs. Their MILP model highlights the impact of increased HP pene-
tration on the returns of PV-battery systems, but does not consider the electrical or heating
network explicitly.

Another option to mitigate the computational burden of modelling local MESs that in-
clude energy networks is an iterative optimisation approach [79, 80]. These approaches
typically employ an iterative two-stage process: in the first stage, a linear operational op-
timisation of the components without energy networks is performed. Based on the output
of the first stage, the second stage then simulates the nonlinear operation of the energy
networks and identifies power losses and possible network constraint violations. Subse-
quently, these deviations are linearised and incorporated into the next iteration of the lin-
ear optimisation model. This process is repeated until the violation error has fallen below
a predefined convergence threshold. Several studies have employed iterative methods for
the operational optimisation of MESs integrating electricity, heat and gas networks [79, 81].
However, these approaches either assume linear behaviour of networks and components,
or focus exclusively on the system operation, while neglecting component sizing.

3.1.3 Summary

The presented literature shows the benefits of a shared community BESS within local
energy systems. However, due to the computational complexity associated with detailed
models, simplified models are frequently employed due to their computational benefits
and faster computation times. Depending on the main focus of the study, the models of
other energy sectors are often simplified or neglected. In MESs comprising electricity and
heat, the thermal vector is often completely disregarded, or only included within so-called
all-electric demands, which implicitly considers the electricity consumption of the heating
sector [82, 83]. Nevertheless, with the increasing adoption of electric HPs, the thermal vec-
tor plays a more prominent role in the power system, and thus is crucial for investment
decisions in the electrical system. Therefore, Chapter 3 investigates the impact of the mod-
elling choice of several MES components on the electrical storage design. More specifically,
this chapter analyses how different levels of modelling details impact the decision-making
at the planning stage and the computational workload of solving the problem, with a spe-
cific focus on the coupled thermal vector and the power grid formulation. The optimal
placement and sizing of a community BESS are retrofitted for a real-world district-scale
MES, considering the commodities of electricity and heat. This chapter aims to provide
valuable insights into practical modelling guidelines for MESs and their computational

implications.
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The remainder of this chapter is structured as follows: Section 3.2 presents the method-
ology, followed by outlining the two case studies in Section 3.3, namely an individual
building and a local MES. Section 3.4 presents the impact of explicitly considering the ther-
mal demand on the optimal BESS capacity, and further investigates how different mod-
elling choices of the HP, the power grid and the heating network influence the location and
placement of a community BESS. Finally, a summary in Section 3.5 concludes this chapter.

3.2 Objective function

In this section, the objective function for this analysis is presented, as well as the calcu-
lation of the global warming impact (GWI), which is analysed within this chapter as well.
Note that the presented component models, as described in Section 2.1, are investigated
regarding the optimal BESS design and their implications on the computational workload.

3.2.1 Design and operational objective

This study aims to determine the cost-optimal capacity of a BESS for an existing MES.
The optimisation is conducted by minimising the total annualised cost (TAC) of the MES,
which is incorporated as follows:

TAC = Cinv + Cfix + Cvar[ (31)

. . ;
where C"™ represents the investment costs, C"

denotes the fixed costs including mainte-
nance, and C'™ represents the variable operating costs. Note that for both case studies,
all the components, i.e., PV arrays, heat pumps, thermal energy storage, power grid and
heating network, are already installed, except the BESS. Therefore, only the investment
cost for the BESS is included in the optimisation objective at the design stage, yielding the

following objective function:

min{ (Cgelz‘s]s : kgggs + n{:i:ss . Ci)relz‘sls) + Z Wg Z n:,?r *O0gt - AT} ’ (32a)
seS  teT
kanni (1+r)n T

ith BChariniey
wi 1+r)" —1

(3.2b)

Here, the overall investment cost ngs, the annual fixed cost 7'(&;(55 as a relative per-
centage of the investment cost, and the variable operating cost 7ry; are considered. o,
represents the value of an operational quantity with associated cost, e.g., electricity or heat,
for a scenario day s and time step t. w, represents the weight accounting for the number
of days assigned to each representative scenario day, At represents the chosen time step

duration in hours, and f,,, is the annuity factor of approximately 0.103 per year, consider-

31



3. BESS DESIGN Case studies

ing a lifetime # of 12 years and an interest rate i of 6 %. Note that the investment cost for
small-scale BESS is higher than for large-scale ones. More details on the price assumptions
are listed in Section 3.3.3.

3.2.2 Global warming impact

The GWI quantifies the contribution to climate change by aggregating the greenhouse
gas emissions, typically expressed in CO,-equivalents [84]. It includes the emitted green-
house gases from the BESS capacity production and the consumed electricity from the
upstream grid. Note that the GWI is not directly included within the objective, but it is
further calculated to assess the impact of the expected annual GWI. The expected annual
GWTI is included within this study as follows:

Cdes
GWI= Y w, ) GWIS At + GWIyee 2. (3.3)
seS teT Npess

Here, GWI | is the hourly average GWI of the external power grid and GWIj,., represents

the GWI per capacity of the installed BESS size Ci<s, over its lifetime 7.

3.3 Case studies

In this section, two case studies are introduced: a single building and a district-scale
MES. Each case study is modelled both as a multi-energy system and as an all-electric
system, with the latter serving as a benchmark approach for comparison. Finally, the input
data used for both two case studies is presented. Both case studies consider an existing
energy system for which a BESS is to be retrofitted. Therefore, only the investment cost
of the BESS is considered. A perfect energy management system is assumed, which can
centrally control the optimal operation of the MES.

3.3.1 Single building

The single building case study represents an office building and considers two mod-
elling approaches: the multi-energy building model and the all-electric building model, as
depicted in Fig. 3.1. The multi-energy model incorporates the HD and the TES, and allows
for flexible operation of the thermal vector. The TES in the multi-energy model represents
a lumped parameter that combines both the HWS and the thermal inertia of the building
dwellings. The HP can be modelled using a detailed non-convex formulation, a linear rep-
resentation with part-load constraint, or a linear model without part-load considerations,
as described in Section 2.1.4. The HP output supplies the TES, which in turn supplies the
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Multi-energy building model All-electric building model

Fig. 3.1: Internal structure of the multi-energy and all-electric building models: The system includes solar
photovoltaic (PV) array, electric demand (ED), heat demand (HD), thermal energy storage (TES), heat
pump (HP), and a battery energy storage system (BESS) which is to be sized and installed. Electricity
flows are depicted in yellow, hot water in red and cold water in blue. Arrows indicate the direction of
energy carrier flows.

HD of the building. The building has an external connection to both the power grid and
the district heating network.

In contrast, the all-electric model represents the thermal vector solely from an electrical
perspective, i.e., the heating demand is directly converted into a fixed electric load profile
for the HP, and any operational flexibility of heating components is neglected. The key
distinction between the two models lies in the active power consumption of the HP: it is
an operational variable in the multi-energy model, and a fixed parameter for the all-electric
model directly determined by the HD.

Both models comprise an electricity balancing node that ensures electricity demand
from the electric demand (ED) and the HP is met by the solar PV array, the BESS and the
power grid. While active and reactive power are balanced independently within the build-
ing, the yellow energy carrier flows in Fig. 3.1 represent electricity without distinguishing
between active and reactive power. The solar PV array can generate active power, and con-
sume or inject reactive power. Note that this modelling framework can be adapted to any
building type or component configuration.

3.3.2 District-scale multi-energy system

The second case study represents a real-world district-scale MES which is located at
Forschungszentrum Jiilich in Germany. The system comprises the commodities electricity
and heat. Fig. 3.2 provides a schematic representation of the case study, including the
single-phase diagram of the internal power grid and its integration with the district heating
network. The district-scale MES is connected to the external power grid at the 110kV
level. The voltage is transformed to 35kV and subsequently to 10kV, from where it is
distributed to two bus bars. Each bus bar supplies one feeder with several buildings. A
single shared community BESS is to be sized and installed at the electric bus of one of
the seven buildings, which include office and laboratory buildings. These buildings are
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connected to the internal grid at 400V via transformers, with buildings two (Bd2) and
three (Bd3) sharing a common bus at 10kV. Additionally, a large-scale solar PV array is
connected directly to the upper bus bar.

Bd1

—

LBdZ BdSJ Bd4

—

| g ()
ir)

Bd5 Bdé Bd7

Fig. 3.2: District-scale energy system comprising seven buildings (Bd), which are interconnected via an
internal power grid and a low-temperature district heating network supplied by waste heat (WH). Each
building is equipped with a rooftop solar PV array.

Similarly to the single building case, the district case study is represented as a multi-
energy district model, and as an all-electric district model. For the multi-energy model, each
building is represented by the multi-energy building model introduced earlier in Fig. 3.1.
All buildings are connected to a LTDH network that is supplied by WH from a high-
performance computing facility. The evaporator mass flow of the HP in each building is
connected to the district heating network, enabling the exchange of warm and cold water
with the network.

The active and reactive power at each electrical bus is determined by the aggregated
active and reactive power consumption and generation of the connected building. In par-
ticular, active power is determined by the sum of the active power consumption of the ED
and the HP, and the power generation or consumption of the BESS and the solar PV array.
The ED is implemented as a fixed time series, while the active power of the HP, the solar
PV array and the BESS are operational variables determined within the optimisation. The
same approach is applied to reactive power. The reactive power consumption of the ED
is based on a constant power factor. In contrast, the reactive power contributions of the
HP, the BESS and the solar PV array are optimisation variables that determine the overall

reactive power at each bus.

In the all-electric district model, only the electricity domain is considered, while the
thermal vector is integrated from an electrical perspective. All buildings are represented
using the all-electric building model depicted in Fig. 3.1, while the LTDH network and the
WH are omitted. The HD is implicitly integrated through the electrical consumption of the
HPs, which is included as a fixed deterministic time series from the HD profile.
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3.3.3 Input data

The representative scenario days for ED, HD, solar PV irradiance, ambient tempera-
ture and electricity price are derived from historical data. PV irradiance time series were
generated for the location of Jiilich, Germany, based on [85]. Electrical and heat demand
profiles are based on measurement data collected at Forschungszentrum Jiilich. Follow-
ing the methodology time-series aggregation and k-medoids clustering as described in
Section 2.2.2, representative scenario days are identified, alongside their respective weight
representing the number or days assigned to the cluster. For the single-building case study,
six representative days are used, whereas four representative days are selected for the
district-scale case study, both with a time step length of one hour. The weights of the
representative scenario days are given in Tab. 3.1.

To ensure that no energy can be transferred between representative scenario days, the
state of charge (S0C) of the BESS and the indoor building temperature are constrained
to be equal at the first and last time step of each representative day, while the specific
values can be varied for each day. Both case studies evaluate a time-varying and a constant
electricity price tariff. The time-varying tariff incentivises load shifting towards off-peak
periods with lower electricity prices, which can lead to peak shaving and economic benefits
for buildings with batteries [86]. The constant tariff is set to the mean of the time-varying
price. The input parameters for the BESS, the solar PV data and the electricity tariff values
are listed in Tab. 3.2.

The seven buildings in the district-scale MES vary in size and construction year (1960 -
2011), with thermal storage capacity ranging from 100 kWh/°C to 600 kWh/°C, depending
on building mass and material. The buildings are divided into two groups with design
supply temperatures of 85°C and 70 °C, which are corresponding to the temperature re-
quirements for an ambient temperature of —12°C. These temperatures are implemented
as the condenser output temperature of the respective HP.

BESS maintenance is incorporated as a fixed annual cost of cpeg fix = 2.5 % of the annu-
alised investment cost [87], with the investment cost for the BESS being based on [88]. The
data for the GWI emissions of the external power grid is based on licensed data from the
ecoinvent database 3.9.1 as implemented in [89]. The data for the GWI emissions of the
BESS production is based on the lifecycle assessment of a rechargeable, prismatic LiMn204
lithium-ion battery [90].

Tab. 3.1: Weights of the representative days for the building-scale multi-energy system (MES) and the
district-scale MES.

L Day 4 48 174 223 231 319
Building-scale MES  weioht 37 69 60 93 64 42

o Day 48 180 231 317 - -
District-scale MES Weight 84 152 62 67 - _
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Tab. 3.2: Key input parameters for the considered components.

Component Description Parameter Value

PV High irradiance year capacity factor  15.2%

PV Medium irradiance year capacity factor  14.0%

PV Low irradiance year capacity factor  12.6 %
BESS charging efficiency 7 95 %

BESS discharging efficiency 77,5’;‘;5 95 %

BESS self-discharge rate Thess 0.5%/h
BESS maintenance coefficient Ceix 2.5%

BESS (large-scale)  Investment cost cinv 457 € /kWh
BESS (small-scale) Investment cost cinv 700€/kWh
Grid Average time-varying tariff ﬁ:l;y 29.78 ct/kWh
Grid Feed-in tariff iy 5ct/kWh

3.4 Results

In this section, the results for both case studies are presented. Section 3.4.1 presents
the findings for a single building, focusing on the operational results of the multi-energy
building compared to the all-electric model, which implicitly considers a non-flexible elec-
tricity consumption of the thermal vector. Moreover, the impact of the modelling detail of
the thermal vector is investigated, and a constant electricity tariff is compared to a time-
varying tariff. Subsequently, Section 3.4.2 presents the results for the local MES, focusing
similarly on the comparison between constant and time-varying tariffs, as well as the rep-
resentation of electrical and thermal networks, the impact of the solar irradiance and the
computational implications of different modelling choices. Finally, Section 3.5 summarises
the chapter.

3.4.1 Case study I: Single building

3.4.1.1 Design results for electricity tariffs and building models

The BESS sizing results for the single-building case study are presented in Tab. 3.3, com-
paring the multi-energy and the all-electric models. For the time-varying electricity tariff,
the optimal BESS capacity is significantly larger for the all-electric building (52.4 kWh) than
for the multi-energy model (33.7 kWh). For the constant electricity tariff, the optimal BESS
capacities for both models are substantially reduced due to a lack of economic incentives
for load shifting from price differences. However, the all-electric building model results in
a larger BESS capacity compared to the multi-energy model.

The reduction in BESS capacity for the multi-energy model, particularly for the time-
varying tariff, can be attributed to the integration of the TES, which is coupled to the
electrical system via the HP. The thermal inertia of the building, represented by the TES,
provides additional flexibility that can replace part of the electrical flexibility otherwise
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Tab. 3.3: Optimal BESS capacity, total annualised cost (TAC) and global warming impact (GWI)
emissions for both the all-electric and the multi-energy building models, for both time-varying and constant
electricity price tariffs, respectively.

Electricity tariff Building model BESS capacity TAC GWI
T . Multi-energy 33.7kWh 16.4k€/a  30.0tco,/a
UMENVATYNg - All-electric 52.4kWh 186k€/a  31.0tc,/a
Multi-energy 2.5kWh 17.2k€/a  352tco,/a
Constant All-clectric 55kWh 196k€/a 389tco, /a

offered by the BESS. Consequently, the integrated MES relies less on electrical flexibility,
resulting in a smaller BESS capacity.

The TAC of the multi-energy model is 13.4 % to 14.0 % lower than that of the all-electric
building model. This highlights the economic benefits of explicitly modelling the opera-
tional flexibility of the thermal vector. Moreover, the TAC for the constant electricity tariff
increases by 4.9 % to 5.4 % compared to the corresponding case of the time-varying tariff.
These overall cost increases highlight the inability to capitalise on time-varying tariffs and
benefit from shifting demand to low-price periods.

3.4.1.2 Operational results for building models

The operational schedule for the all-electric building is depicted in Fig. 3.3a and for the
multi-energy building in Fig. 3.3b. Positive values represent consumption, while negative
values denote generation. Active power is depicted with the SoC of the BESS, and for the
multi-energy building model, heat is depicted with the indoor temperature of the building.

It is evident from the top part of Fig. 3.3a that the heat output of the HP directly fol-
lows the heat demand, which creates a deterministic active power profile of the HP for the
all-electric model in the bottom part of the figure. Charging the BESS corresponds to active
power consumption and thus positive values, while BESS discharging represents an inter-
nal power generation and thus negative active power values. The BESS is fully charged and
discharged at least once during each day, taking advantage of the price fluctuations during
each representative day and the electricity generation of the solar PV array. The BESS is
typically charged during periods of low electricity prices or high solar irradiance hours
and discharged during periods of high electricity prices to maximise energy arbitrage.

For the multi-energy building shown in Fig. 3.3b, a notable difference can be observed
in the operation of the HPs. Rather than directly following the heat demand, the HP pri-
marily operate during periods of low electricity prices and high solar irradiation. By charg-
ing the TESs during these hours, the HP leverages the thermal inertia of the buildings by
heating before high-price periods as indicated by the increasing building temperature, and
thus reducing the need for heating during high-priced periods. This pattern of heating
during high-solar irradiance and exploiting the thermal storage during evening hours is
particularly evident on the representative days 174, 223 and 231, which represent warmer
months with low heat demand and high solar availability. Moreover, the HP mainly oper-
ates at full load as its efficiency increases with a greater load utilisation. While the BESS
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Fig. 3.3: Operational results of heat (top) and active power (bottom) for a time-varying electricity tariff.
Positive values represent demand, while negative values represent generation. For conciseness, electric
demand (ED) and heat demand (HD) are referred to as demand (DEM).

for the multi-energy building model is significantly smaller than for the all-electric model,
its operating pattern remains similar. This suggests that the key driver behind the larger
BESS capacity in the all-electric building model is the lack of thermal flexibility. By explic-
itly modelling the heating system and integrating the flexibility offered by the TES in the
multi-energy building, investing in additional electrical flexibility by a large BESS capacity
is not required. Instead, the thermal domain provides substantial flexibility, which can be
effectively exploited by considering the coupling between electricity and heat.

3.4.1.3 Impact of thermal modelling detail and electricity tariff

The impact of using different HP models as well as the impact of considering the ther-
mal vector on the optimal BESS capacity are depicted in Fig. 3.4. Note that the "detailed HP
model’ refers to the previous multi-energy model incorporating the detailed non-convex
quadratic model, while the "all-electric demand’ refers to the all-electric building model.

The difference in BESS size between the detailed HP model and the linear model is
marginal for the time-varying tariff, with a change in BESS size from 33.7 kWh to 30.9 kWh
as depicted in Fig. 3.4a. Simplifying the HP model further by omitting the minimum part-
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Fig. 3.4: BESS capacities (top) and TAC (bottom) for the detailed HP model, the linear HP model with
minimum part-load (PL) limit, the linear HP model without PL limit, for the all-electric demand model,
and without considering heat demand, for both time-varying and constant electricity tariff, respectively.

load limit results in identical BESS capacities for both tariffs. For the presented local MES,
the level of detail in the HP model does not significantly impact the BESS size. However,
in case studies featuring an overloaded or unbalanced power grid, precise HP modelling
could affect BESS sizing, which could specifically be utilised to mitigate peak loads and
thus not overload electrical lines or transformers. Nevertheless, as described above in Sec-
tion 3.4.1.2, neglecting the thermal building flexibility by modelling an all-electric demand
results in a significantly BESS oversizing to compensate for the lack of thermal flexibility.

Moreover, Fig. 3.4b depicts the TAC for the different HP and thermal building models
for both electricity tariffs. The constant tariff leads to a TAC increase by 3.9 %—6.1 %. For
the three HP models, the TAC remain within a range of 0.3 %, indicating that the varying
efficiency of the detailed HP through its COP is negligible in terms of overall costs for the
presented local MES. Moreover, the inflexible all-electric demand significantly increases the
expected TAC by around 13 % for both electricity tariffs, respectively. Finally, it is evident
that completely ignoring the heating sector by not modelling any heat demand or electricity
consumption of the HP results in unrealistically low TAC.

The presented findings indicate that the heating sector and its accompanying ther-
mal inertia must be considered for electrical storage design within an individual building,.
While the different HP models only slightly impact the BESS sizing and annualised cost
estimation, the explicit modelling of the thermal inertia has the biggest impact on BESS
size and overall costs, and thus should be included in design studies within local MESs.
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3.4.2 Case study II: District-scale multi-energy system

In this section, the results for the design of the community BESS within the district-
scale MES are analysed. First, Section 3.4.2.1 presents the design and operational results
depending on the chosen electricity tariff and building model. Second, Section 3.4.2.3
investigates the impact of the power grid formulation and heating network inclusion on
the optimal community BESS design. Third, the impact of different solar irradiation years
is analysed in Section 3.4.2.2. Finally, Section 3.4.2.4 analyses the impact of the different
component models on the computational performance of the optimisation problems.

3.4.2.1 Design and operation

For the local district-scale energy system, both the multi-energy model and the all-
electric model for the thermal building representation were implemented, similarly to the
individual building. Here, the multi-energy model further includes the explicit modelling
of the heating network, and the SOCP formulation for the internal power grid. The shared
community BESS is to be sized and located at the electric bus of one of the seven buildings.
The optimal size and location of the BESS, as well as the corresponding TAC and GWI, are
listed for both electricity tariffs in Tab. 3.4.

Similarly to the building case study, the all-electric community BESS is oversized by
81.8 % compared to the multi-energy model for the time-varying electricity tariff. For the
constant electricity tariff, the BESS capacity for the all-electric model is oversized by 68.9 %
compared to the all-electric district model. These results show that the explicit considera-
tion of the heating sector coupled with the electricity sector significantly impacts the BESS
design capacity. The modelled TESs enable a more flexible HP operation, which directly
impacts the electricity sector and the BESS sizing. The optimal location of the community
BESS for the all-electric models is located at building 6 for the time-varying and building
2 for the constant electricity price, respectively. Without thermal storage, the community
BESS is primarily located to shave local demand peaks, which are most dominant in build-
ing 6, as it can be seen in Tab. A.2. By placing the BESS at the bus bar of the building with
the highest fluctuation and peaks in electric demand, the peaks are smoothed with mini-
mal losses, particularly during high price periods. In the absence of price-demand shifting
incentives, the location is rather chosen by physical network factors such as minimising
load losses or maintaining voltage magnitudes, resulting in the bus bar at building 2 for

Tab. 3.4: Optimal building (Bd) bus bar location and size of the community BESS, total annualised cost
(TAC) and global warming impact (GWI) for both the multi-energy and all-electric district models, as well
as for the time-varying and constant electricity price tariffs, respectively.

Tariff District model =~ Location BESSsize TAC GWI
. . Multi-energy ~ Bd 5 346kWh  308.6k€/a 443.5tco,/a
Time-varying a1 ojectric Bd 6 629kWh  3414k€/a 472110, /a
Multi-energy Bd 5 302kWh 311.0k€/a 445.0 tCOZ /a
Constant All-electric Bd 2 510kWh  3456k€/a  479.2tc0, /a
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Fig. 3.5: Operational results of heat (top) and active power (bottom) for the multi-energy district model.
The values for demand (ED and HD), solar PV generation and indoor temperatures are aggregated from
all buildings within the district-scale MES.

the constant electricity tariff. For the multi-energy model, the strategic location at the head
of the feeder at the bus bar of building 5 enables the community BESS to control the voltage
magnitudes of the whole downstream feeder and minimise losses more effectively. More-
over, the TAC for the all-electric district model is between 10.6 % and 11.1 % higher than
for the multi-energy model, despite excluding the operational cost of the LTDH network
in the all-electric case. Additionally, the annual GWI of the district-scale MES increases
by 7.6 %—10.1 % when the heating sector coupled to the electrical system is not explicitly
modelled.

The operational results of the multi-energy district system are presented in Fig. 3.5a
for the time-varying electricity tariff, and in Fig. 3.5b for the constant tariff. Apart from
the community BESS, the depicted values are aggregated across all buildings. In both
modelling approaches, the HPs operate in a way that leverages the thermal inertia of the
buildings, following a similar pattern. A notable difference between the electricity tariffs
is evident for day 14/11, which represents a typical winter day with high heat demand
and low solar PV generation. For the time-varying electricity tariff, the BESS charges in
the morning when electricity prices are low, and discharges during the early evening hours
when prices peak. In contrast, for the constant electricity tariff, the BESS remains at its
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lower SoC limit as there is no financial incentive for load shifting, and the solar PV gener-

ation directly supplies parts of the ED.

3.4.2.2 Impact of solar irradiance

The influence of different solar irradiance years on BESS sizing is presented in Fig. 3.6.
For all cases, the same input data is used, except for the variation in solar irradiance pro-
files. Regardless of the selected modelling approach or electricity tariff, lower solar irra-
diance results in smaller optimal BESS capacities, whereas higher irradiance levels lead to
larger BESS capacities. In years with high solar irradiance, the increased electricity gener-
ation from solar PV arrays incentivises investment in larger BESS, enabling energy storage
during surplus generation periods and discharge during times of low solar irradiance or
high electricity prices. Across all three solar irradiance scenarios, the multi-energy models
consistently result in smaller BESS capacities compared to their all-electric counterpart for
the same tariff. This again highlights the additional flexibility provided by the integrated
modelling of the thermal system. Furthermore, the bottom row of Fig. 3.6 indicates that the
contribution of the BESS to the annual GWI is negligible compared to that of the external
power grid import. The overall GWI decreases with higher solar irradiance levels, as the
additional power generated by solar PV with low CO, emissions replaces the higher CO,
emissions of the external power grid.
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Fig. 3.6: BESS capacity (top), total annualised cost (TAC) (middle) and annual global warming impact
(GWI) emissions (bottom) for the multi-energy all-electric models, as well as for time-varying and constant
electricity tariffs for the district-scale MES.

The results show that higher solar irradiance levels lead to larger BESS capacities, re-
duced TAC, and lower annual GWI. This is especially the case for the all-electric model,
which lacks thermal storage and thus relies entirely on the BESS to store excess PV energy.
For the high solar irradiance year, this results in large BESS capacities for both electricity
tariffs. For the low solar irradiance year, surplus PV generation is limited, which reduces
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the opportunity and the economic value of electrical storage. The role of the BESS shifts
towards energy arbitrage, charging during hours of low electricity prices and discharging
during high-price hours. Therefore, the difference in BESS sizing between time-varying
and constant tariffs is more pronounced for low solar irradiance years, which aligns with
existing literature [91]. Conversely, in high solar irradiance years, both electricity tariffs
result in similar BESS capacities for the all-electric model. While the time-varying tariff
still deploys energy arbitrage, it plays a secondary role, as the main driver for BESS sizing
becomes storing excess PV energy.

For the multi-energy building, the need for electrical storage is significantly lower than
for the all-electric demand due to the availability of thermal storage. As solar irradiance
increases, the difference in BESS capacity between electricity tariffs becomes more signif-
icant. While the time-varying tariff enables additional revenue through energy arbitrage,
which outweighs the higher investment cost of the BESS, the constant tariff solely offers PV
self-consumption, which is economically not sufficient to justify a larger BESS investment.
These findings highlight that besides electricity tariffs and thermal building model, the
economic value and the sizing of the BESS are significantly impacted by solar availability,
and thus various solar irradiance years should be considered during the design stage of
electrical storage systems.

3.4.2.3 Impact of internal network representation

In this section, the representation of both the internal power grid and the heating net-
work is analysed in terms of optimal BESS sizing. Fig. 3.7 depicts the optimal BESS capac-
ities for the three implemented internal power grid representations. While the light-blue
bars represent the model with the explicit modelling of the district heating network (with
the detailed HP model), the remaining models assume an energy balance vector for the
heating network while adjusting the HP model.
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[ Detailed HP model ~ B Linear HP model (no PL)
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Fig. 3.7: Optimal BESS capacities for three power grid representations: linear distribution flow (LinDist-
Flow), convex second-order cone program (SOCP) approximation, and exact AC optimal power flow (OPF)
formulation.

It can be seen that the BESS capacities are very similar for both LinDistFlow and for
SOCP. When explicitly modelling the district heating network, the optimal BESS size is
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slightly smaller than deploying only the detailed HP model. This can be explained by the
thermal and operational constraints of the heating network, which may limit the flexible
operation of the connected HPs in response to time-varying prices. Additionally, the elec-
tricity consumption of the electric pump in the district heating network is relatively con-
stant. The inflexible additional electricity consumption combined with the reduced thermal
volatility introduced by internal heating network constraints, reduces the requirement and
economic benefit of a larger BESS. Therefore, both LinDistFlow and SOCP result in slightly
smaller community BESS when explicitly modelling the district heating network.

The modelling choice of the HP model also impacts the optimal BESS size. When sim-
plifying the detailed model with a linear HP model including a minimum part-load con-
straint, the BESS capacity increases by around 7 %. This can be attributed to the assumed
fixed COP, which differs from the variable COP of the detailed HP model. Depending on
the load, the fixed COP under- or overestimates the efficiency and thus the electricity con-
sumption of the HPs. Removing the minimum part-load limit results in a slight reduction
in BESS capacity. While it can be seen that the detailed HP model affects the optimal BESS
capacity, its impact is not significant when compared to general uncertainty within design
studies, e.g., thermal and electric demand profiles, or specific user behaviour.

Moreover, for both linear HP models and the detailed model, the exact AC OPF equa-
tions result in almost identical BESS sizes. However, the difficulty in finding a solution for
a large non-convex problem formulation is evident in the explicit modelling of the district
heating network in combination with the exact AC OPF formulation. No feasible solu-
tion is found within five days of computation, highlighting the challenges of non-convex
problems. More information on the computational time and tractability of the different
formulations is presented in the following in Section 3.4.2.4.

3.4.24 Computational assessment

In this section, the computational workload of the deployed models is assessed for both
heating and electrical networks, and the heat pump representation.

Power grid and heating network

Fig. 3.8 depicts the computational time and the corresponding optimality gap for the
three different power grid formulations. Note that the computational time is on a logarith-
mic axis, with the scales between Fig. 3.8a and Fig. 3.8b being different. Fig. 3.8a represents
the energy balance model for the heating network. It can be seen that the global optimality
for the AC OPF formulation can not be proven due to its non-convexity, evident by its
optimality gap of 41 % after three days. The linear LinDistFlow formulation reaches the
optimality gap of 0.01 % the quickest, while the SOCP formulation finds the optimal solu-
tion within three minutes. These findings show that both LinDistFlow and SOCP present
suitable alternatives for closely representing the physical grid while maintaining compu-
tational tractability. As the LinDistFlow neglects power losses, the SOCP is more suited if
the computational workload allows.
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Fig. 3.8: Computational time and optimality gap for three power grid representations: linear distribution
flow (LinDistFlow), convex second-order cone program (SOCP) relaxation, and exact AC optimal power
flow (OPF) formulation. The detailed HP model, the multi-energy building demand model and the time-
varying tariff are deployed.

Conversely, Fig. 3.8b shows the explicit modelling of the district heating model. The
non-convex formulation of the heating network adds computational complexity to all mod-
els, with the LinDistFlow and SOCP not reaching the optimality gap within several hours.
Note that the optimisation problems for both LinDistFlow and SOCP were performed for
five days, but no significant decrease in the optimality gap was achieved after one hour and
eight hours, respectively. Moreover, the combination of a non-convex heating network with
an exact, non-convex AC OPF poses significant computational challenges, as no solution
was found within five days.

Heat pump representation

The computational impact of employing different HP models is investigated in the
following. The SOCP is used for the internal power grid, the heating network is represented
via an energy balance approach, and the multi-energy building model is deployed. It
is evident from Fig. 3.9 that the detailed HP model with its non-convex equations takes
significantly more computational time to solve to global optimality than for the linear
HP models. Nevertheless, for design studies like the presented work, all three HP are
computationally easy to solve, despite the detailed HP model also comprising non-convex
constraints.

The difference between the complexity of the non-convex constraints of the HP model
and networks lies in the coupling of the network constraints across the whole energy sys-
tem. Since the thermal and electrical networks interconnect all buildings, their non-convex
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Fig. 3.9: Computational time and optimality gap for three different HP models (with the SOCP grid
approximation, and the multi-energy building model): detailed non-convex model, linear HP model with
minimum part-load (PL), and linear HP model without minimum PL limit.

constraints couple all nodes, which significantly increases complexity and leads to con-
vergence or computational tractability issues. Nevertheless, it is essential to represent the
physical behaviour of underlying networks accurately. Therefore, it is crucial to find a bal-
ance between accurately representing the physical behaviour and computational workload
and tractability.

3.4.3 Key findings & discussion

The two adopted case studies, an office building and a district-scale MES, explored
the impact of different modelling choices within local MESs on the optimal sizing of BESS.
One of the key findings is that explicitly modelling the thermal vector, including its thermal
storage, avoids BESS oversizing. By exploiting the thermal building inertia via the coupling
between electricity and heat, investment in additional electrical flexibility via a larger BESS
capacity is not required. Additionally, the TAC and the GWI are reduced when explicitly
modelling the thermal vector, which highlights the economic and environmental benefits
of integrated modelling of MESs.

A time-varying electricity tariff leads to larger BESS capacity and lower costs, as it en-
ables demand shifting into low-price hours besides the benefits of complementing solar PV
generation, which outweighs the higher investment costs. Different HP models only show a
slight impact on the BESS sizing and annualised costs, thus the findings suggest that linear
models for the HP are suitable. The value and sizing of BESSs are significantly impacted
by solar availability, thus various solar irradiance years should be considered. Incorporat-
ing the heating network within the design study reduces the BESS capacity slightly, but
it increases the computational workload due to its non-convex model formulation. The
internal power grid formulation significantly impacts the computational tractability and
time, especially the exact non-convex AC OPF formulation, where the solution might get
stuck in a local minimum, or does not find a feasible solution at all. Therefore, the SOCP
formulation proves to be a suitable alternative for closely representing the physical grid
while maintaining computational tractability.
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However, there are various factors not considered that influence the BESS sizing and
thus the generalisation of the presented findings. The adopted heating network model
only considers operational constraints and heating losses, but it does not account for stor-
ing thermal energy within its pipes. The specific impact of heating network storage on
the design of BESSs should be investigated in future work. While the impact of different
levels of PV irradiation on the optimal BESS capacity is demonstrated, the influence of
climate types, as well as energy consumption patterns, could further affect the BESS siz-
ing. The heating demand in colder climates is significantly higher compared to warmer
climate regions, which could in turn increase the influence of the coupled thermal vector
on the sizing of the BESS capacity. Furthermore, the particular building characteristics,
e.g., the construction materials or the insulation levels, affect the overall thermal inertia of
the building, which might further influence the BESS sizing. Moreover, uncertainty in the
input data for the heat demand, the power demand, the time series for electricity prices or
solar PV irradiance, is another potential limitation of the investigated planning problem.
The presented findings are thus limited to the assumed input data and the specific loca-
tion. Finally, while the GWI emissions of the BESS production and instalment are taken
into account within this study, it is important to acknowledge that other factors such as
recycling processes or disposal, also contribute to their overall environmental impact. For
a greenfield design study, the GWI associated with other component installations, such as
a solar PV array or HP, must be considered as well.

3.5 Chapter Summary

This chapter investigated the impact of component modelling choices on the optimal
sizing of a BESS within local MESs comprising electricity and heat. Besides focusing on dif-
ferent models of the coupled thermal vector, the internal power grid and heating network,
time-varying and constant electricity tariffs were compared, and the influence of differ-
ent solar irradiance years on the optimal design of a BESS was analysed. Additionally,
the computational workload and tractability of the different models were further assessed.
Through two real-world case studies, this chapter highlighted the importance of integrated
multi-energy modelling and further provided practical modelling guidelines for electrical
storage sizing in local MES with electricity and heat. These guidelines can be summarised
as follows: explicitly model the thermal vector and the thermal building capacity to avoid
BESS oversizing; use the SOCP relaxation of the internal power grid for a suitable compro-
mise between model accuracy and computational tractability; deploy a linear HP model
which is sufficient for optimal BESS sizing; and do not explicitly model the heating net-
work, as its substantially increased computational workload outweighs the slight reduction
in optimal BESS capacity.
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CHAPTER 4

Component design assessment for electrical system flexibility quantification

HIs chapter investigates the impact of individual component design within local MES
T on its overall operational flexibility capabilities to the upstream power grid. By em-
bedding operational flexibility provision in the design phase of local MES, the proposed
framework presents a quantitative assessment of how the sizing of individual and interde-
pendent components affects technical flexibility. By identifying key components that either
enhance or reduce the flexibility of MESs through a sensitivity analysis, this chapter aims
to provide a deeper understanding of limiting factors and interdependencies between com-
ponents across energy vectors. The framework is applied to a residential building and a
district-scale MES, highlighting the capabilities of the framework and its applicability to
energy systems with internal network constraints.

4.1 Introduction

Due to the increasing share of time-varying RES in electricity generation, the need
for flexibility in power systems is growing to ensure a reliable and secure power supply
[92-94]. This flexibility can be provided either by electrical assets or by assets from in-
terconnected energy vectors within MESs [4]. As demonstrated in Chapter 3, explicitly
considering the thermal vector has a significant impact on the optimal design of a com-
munity BESS. It was shown that the thermal vector plays a crucial role in optimally sizing
a community BESS, and that explicitly modelling the coupled thermal vector significantly
affects the optimal community BESS capacity.

Based on these findings, this chapter aims to answer the question of how the thermal
vector quantitatively influences electrical operational flexibility. It further investigates the
technical constraints and inherent interdependencies within MESs comprising electricity
and heat. By identifying components that might hinder or enable flexibility potential, the
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framework merges the design aspect of MESs with their technical capabilities to provide
operational flexibility.

The remainder of this section is structured as follows: Section 4.1.1 presents the concept
of operational flexibility. Section 4.1.2 presents studies regarding operational flexibility
provided by MESs in Section 4.1.2, followed by related work of integrating flexibility during
the design phase Section 4.1.3. Finally, Section 4.1.4 presents a summary of the existing
literature and the identified gap.

4.1.1 Concept of operational flexibility

The general concept of operational flexibility in power systems has been defined as the
"technical ability of a component to regulate its power exchange with the grid" [95]. Fur-
ther metrics such as response time and cost have been included [96]. In a comprehensive
work about the characterisation of flexibility from DER in [97], an optimisation-based nodal
operating envelope (NOE) modelling framework for power systems was presented. Here,
the operational flexibility of DER was modelled and characterised through key flexibility
metrics (notice time, response time, duration length, maximum cost) and the application
to market services was demonstrated. Furthermore, different types of dynamic flexibil-
ity were defined, the most important being capability (virtually aggregated flexibility),
feasibility (including power network constraints), dynamic flexibility (including ramping
and duration constraints), economic flexibility (including costs for deviating from the op-
erating point), and market-specific flexibility (including market-specific techno-economic
constraints).

Besides flexibility assets in the electrical domain, such as reservoir-based hydropower
and pumped storage plants [98], conventional power plants or BESSs [93], a comprehensive
analysis of interconnected energy vectors within MESs can provide further electrical flexi-
bility [4, 99]. In particular, DER that are connected via various energy networks can provide
flexibility to the power system by shifting generation and demand across energy vectors
[3]. Following the definitions of [3], key examples of electrical flexibility that are enabled
by interconnected energy vectors are: i) replacing an input energy vector with another one,
for instance by providing heat either by a gas-fired boiler or by an electric HP ii) converting
one energy vector to another one, for instance by converting surplus electricity into hydro-
gen via electrolysis or heat via electric HP iii) making use of multi-energy storage systems
for temporal shift, for instance by charging a thermal energy storage via an electric HP and
storing the heat until heat demand is needed. This electrical flexibility range of MESs at a
given time instance can be quantified through operating envelopes and offered to external
grid providers through certain ancillary services, e.g., load shifting, demand response or
frequency-balancing services [97, 100] (see Chapter 5). In this chapter, dynamic flexibility
is investigated, which can be applied to different markets by adjusting the market-specific
techno-economic constraints as required.
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4.1.2 Electrical flexibility of multi-energy systems

The operational flexibility provision of MESs has been investigated within various case
studies. The real-time provision of electrical flexibility for a local energy community com-
prising residential households is demonstrated in [15, 101]. The individual buildings first
serve their own individual objective, and second serve the wider grid of the LEC by in-
creasing its self-consumption and self-sufficiency. Additionally, the LEC, supported by a
community BESS, provides ancillary services to the external power grid by providing load
flexibility and sharing battery capacity using model-predictive control (MPC). A framework
for distributed MESs was developed to analyse the technical and economic potential of dis-
tributed MESs providing electrical flexibility and its monetisation. This framework was
applied to a real innovative multi-energy district that provided its flexibility through vari-
ous business cases with different price signals [14]. Similarly, the aggregation of bottom-up
services provided by households through individualised, time-varying operating envelopes
were analysed for more efficient short-term planning of distribution networks while ensur-
ing network integrity [102]. It is important to note that internal energy networks can either
enable greater flexibility by using them as an inherent storage system (thermal or gas net-
works) [103], or limit the aggregated flexibility due to their underlying constraints [97, 104].
Focusing on the role of multi-energy networks that enable or restrict flexibility, a compre-
hensive framework on the flexibility modelling, provision and application of distributed
multi-energy systems is presented [3]. Further electrical flexibility for the power system
can be enabled by integrating hydrogen into energy systems, e.g., by injecting it into exist-
ing natural gas networks, as hydrogen electrolysers can be operated as flexible loads [104].
Even though the operating conditions of the gas network can limit the flexibility contri-
bution of hydrogen electrolysers, power-to-gas units such as electrolysers can significantly
increase power system flexibility.

Besides energy communities comprising individual households or commercial build-
ings, non-residential entities such as the industry sector also incorporate multiple energy
vectors. Therefore, they can be considered as MESs that can operate flexibly, e.g., shift-
ing energy from high electricity periods to low electricity periods for cost minimisation
[105-109]. On the one hand, this has been investigated within overarching studies, e.g.,
regarding general power-intensive process industry such as air separation, cement produc-
tion or aluminium [106], or regarding the overall potential of energy-intensive industries
to provide demand-side management (DSM) in electricity and balancing markets in 2030
[108]. On the other hand, studies looked at the the demand response potential of indi-
vidual processes, e.g., specifically for the energy-intensive industrial copper process [107],
as well as the demand-response flexibility of a cement production process that can be
utilised to minimise bid cost in sequential energy markets [110]. Additionally, the impact
of network tariffs and regulations on the demand response provision was investigated for
the chlor-alkali process on day-ahead and reserve markets, finding that network tariffs on
peak-demand are hindering new investments in flexibility [109].

Several studies have further developed advanced methodologies for assessing opera-
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tional flexibility of both industrial processes and distributed MESs. For instance, [111]
developed a flexibility assessment tool which quantifies the feasible operation regions of
industrial processes for the provision of ancillary services during operation. Similarly, [112]
evaluated the flexibility potential of distributed MESs comprising electricity, natural gas
and heat in the process industry. Through a projection-based vertex enumeration method,
integrated flexible regions are identified. Their findings demonstrate that accounting for
energy conversion in the energy supply and production adjustments of the industrial loads
enhances flexibility of the system, indicating the necessity of an integrated system approach
for flexibility optimisation. Based on this study, uncertainty from production fluctuations,
renewable variability and equipment failures was integrated into the flexibility assessment,
which reduces the available flexibility by around 50 %. This demonstrates the importance
of realistic, uncertainty-aware flexibility assessments [113]. Furthermore, time-coupling ef-
fects between multi-energy production processes and energy storage were captured within
high-dimensional convex flexible regions, enabling improved multi-period dispatch strate-
gies and market participation [114].

4.1.3 Integrated flexibility during design stage

Besides the presented studies above, which incorporate flexibility during operation,
several works have already considered electrical flexibility during the design and planning
stage. Typically, these studies focus on the economic feasibility of their investment and
the subsequent operation of the system. For residential buildings, typical energy flexi-
bility technologies were evaluated based on the levelized cost of energy flexibility index,
which describes the total cost per unit of energy flexibility capacity during its lifetime at
the design stage. According to their study of typical demand-side technologies provid-
ing grid services, heating, ventilation and air conditioning (HVAC) systems are the most
cost-effective technologies for grid services [115]. In another study, the technical and com-
mercial flexibility of a virtual power plant (VPP) was quantified, which simultaneously
participates in multiple markets and provides grid services. As a further step to its oper-
ation, a sensitivity analysis was conducted regarding the sizes of a gas generator, a BESS
and different price scenarios, which demonstrated the economic benefits of multi-market
grid service participation of the VPP and the robustness to electricity price variations [116].

Within the industrial sector, there are several works that investigate economic invest-
ment decisions during the design stage for the subsequent flexibility provision at certain
markets during operation. For an industrial plant, the economic potential of BESS and
solar PV array investments was evaluated for several market streams and under different
market conditions. The results indicate that BESS investment is attractive when a primary
frequency market exists, whereas the PV investment depends on the solar irradiance [117].
The study concludes that future price developments and policy significantly impact the
flexibility opportunities of industrial plants. [118] analysed the value of flexibility in de-
carbonising a manufacturing company with electricity and heat. Investments in energy
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storage systems and utilising sector coupling enable flexibility and thus reduces decarbon-
isation costs and total annual costs. The study emphasises the importance of integrating
flexibility at the design stage of MESs, and highlights inherent MES flexibility as a key
factor for cost-effective decarbonisation. A system-wide study analysed whether flexibil-
ity investments driven by monetary aspects reduce the residual load in Germany, using a
generic process model for load shifting [119]. Its findings indicate that existing price fluctu-
ations do not incentivise investments in storage capabilities for bridging up to 24h, which
would be required to reduce the residual load. All these studies demonstrate the economic
benefit of incorporating flexibility during the design stage, typically driven by arbitrage in
market prices. However, these tools provide limited technical insights into how operational
flexibility is impacted during the design phase. In particular, they do not quantitatively as-
sess which components contribute how much flexibility, how changes in component sizes
affect flexibility, or identify the interdependencies between individual components.

414 Summary

On the one hand, studies on the operational flexibility of both power systems and MESs
define flexibility with respect to the current operating point. Technical feasibility regions
are then calculated relative to this operating point, given certain ramping and duration
limits. However, in industrial process plants and MESs with fluctuating demand and inte-
grated variable RES, the operating schedule varies over time. Therefore, operational flexi-
bility should rather be evaluated in relation to a time-varying reference schedule. This allows
for constant marketable flexibility offers across multiple time steps, which is particularly
important when the flexibility is offered within ancillary service markets. Therefore, the
flexibility available for market participation must be evaluated against this time-varying
reference schedule. On the other hand, existing studies on integrating operational flexibil-
ity within the design or retrofitting stage focus on specific use cases while assuming a fixed
market framework for remunerating flexibility provision. As a result, their design decisions
are heavily influenced by market prices and regulations. However, no study has systemat-
ically investigated how the design of individual components impacts the overall flexibility
potential of an energy system from a technical perspective. Moreover, interdependencies
between individual components and their effect on flexibility remain unexplored.

The contribution of Chapter 4 is twofold: First, a novel methodology that calculates
operational flexibility in relation to a predetermined time-varying reference schedule is pre-
sented, which accommodates constant flexibility offers for a given duration. Second, the
impact of individual component design on the provision of operational flexibility by MESs
is quantified through a sensitivity analysis, and interdependencies between components
are identified. The remainder of this chapter is structured as follows: Section 4.2 presents
the integrated design and flexibility analysis framework, including the calculation of the
flexibility in relation to a reference schedule. Section 4.3 outlines the case studies, while
Section 4.4 presents the results. The chapter is concluded by the key remarks in Section 4.5.
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4.2 Methodology

The methodology described in this chapter builds on the modelling framework for
optimisation-based NOE for power systems, which was introduced in [97]. With this part
of the thesis, this approach is further developed by integrating the assessment of flexibility
into the design stage within MESs, thus investigating the impact of component design on
operational flexibility. Moreover, this work investigates the provision of flexibility over
multiple time steps relative to a predetermined reference schedule of the MES, while also

incorporating intertemporal constraints of electrical and heat storage systems.

4.2.1 Integrated design and flexibility analysis framework

The flowchart for the proposed algorithm is depicted in Fig. 4.1, which consists of two
main parts: the reference case and the sensitivity analysis. In the preprocessing phase, the
input data is clustered into representative scenario days, which serve as the input for the
reference case. Based on the representative days, investment costs, and the objective func-
tion, an integrated design and operational optimisation of the MES is performed. Given
the operational schedule, the specified response time and flexibility duration, the maxi-
mum upward and downward active and reactive power values at the PCC at each time
step are determined, respectively.

In the second stage, a sensitivity analysis is conducted by varying the design sizes of
each component individually, while keeping the other component sizes fixed based on the
reference case. Using the same method as for the reference case, the maximum upward
and downward active and reactive power values are computed for the specified response
time and duration for each time step. It is important to mention that these values are de-
termined relative to the optimal schedule for the fixed design previously optimised in the
respective iteration of the sensitivity analysis. The detailed flexibility calculation, which en-
sures constant flexibility provision over multiple time steps, is described in Section 4.2.2. In
the post-processing stage, the determined flexibility values across all scenario days are ag-
gregated for each component design variation. This aggregation enables a comprehensive
analysis of the relationship between component sizing and achievable system flexibility.

Additionally, NOEs are derived to visualise the technically feasible ranges of active
and reactive power at specific time steps. NOEs define safe operating regions through
time-varying active and reactive power limits at the PCC, while incorporating constraints
such as network limitations, response time, and flexibility duration [120]. For each time
step, a separate NOE is calculated by iterating over the allowable reactive power values
from the minimum to the maximum limits at the PCC, following the methodology in [97].
These reactive power values are fixed as constraints, and the corresponding minimum and
maximum active power values at the PCC are determined, resulting in a two-dimensional
NOEthat defines the feasible range of active and reactive power for each time step.
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Fig. 4.1: Flowchart of the proposed framework that incorporates operational flexibility in the design stage
while calculating flexibility in relation to a time-varying reference schedule.

4.2.2 Operational flexibility integration

Within this thesis, flexibility is referred to as the technical ability to dynamically ad-
just the operating point by effectively utilising interconnected energy carriers. Specifically,
this is applied to electricity, which defines the technical capability of adjusting the active
power and reactive power at the PCC of an energy system. Existing literature typically
considers the transition from one operating point to another for a given response time
and duration [97, 104, 111]. However, approaches assessing flexibility for an individual
operating point do not take time-varying consumption or generation of energy systems
into account. Subsequent time steps may deviate significantly from the current operating
point due to variable loads or RES output. This is especially important for large actors like
virtual power plant (VPP) or large energy systems, which are required to submit their op-
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erational schedule one day ahead of delivery. In order to accurately estimate the technical
flexibility potential over multiple time steps, this work defines flexibility in relation to a
predetermined reference schedule, taking into account variable operational schedules.

4221 Conceptual illustration of flexibility provision

The methodology of the constant flexibility provision over multiple time steps is illus-
trated in Fig. 4.2 for the example of active power. This illustration visualises the calculation
of upward and downward flexibility, which is presented in detail in Section 4.2.2 for both
upward flexibility (4.1) and downward flexibility (4.2). In Fig. 4.2, the predetermined ref-
erence active power schedule is represented by the black line, while the bars indicate the
upward and downward active power flexibility over a required duration of four time steps.
The flexibility provision available at time step ¢ depends on the subsequent time steps T
within the required flexibility duration. In the presented example, it is assumed that the

P w) 4
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PV Ppcc,ref
pec,ref pec,ref . T=t+4
: P Pl HP+HWS
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------------------------------------------------------------ 2
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N Flexibility at time step tfor
duration of 4 time steps
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Fig. 4.2: lllustrative visualisation of the active power flexibility optimisation over multiple time steps.
Based on a predetermined reference schedule, the bars indicate the available upward and downward active
power flexibility at time step f and t 4 1, respectively, considering a flexibility duration of four time steps.

solar PV array is dispatched completely, thus the solar PV array does not contribute to
upward flexibility. However, if the PV array were to be curtailed, it could also provide up-
ward active power flexibility by increasing its active power generation. Only the BESS and
the HP in combination with the HWS can provide upward active power flexibility. Since
a constant flexibility provision is required for a specified duration, the flexibility potential
is limited by the smallest flexibility value among all time steps over this duration. This is
particularly important since the flexibility potential at each time step varies based on the
operational schedule of the individual components. To maximise the constant flexibility
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provision over the whole flexibility duration, the optimisation shifts the active power flex-
ibility of storage systems to time steps with the lowest inherent flexibility potential. This
flexibility potential shift of storage systems is particularly evident for downward flexibility
in the illustrated example. For T =t 4 2 and 7 =t + 3, potential PV curtailment enables
large downward flexibility potential compared to T =t. Consequently, the optimisation
of the maximum downward flexibility enhances the downward flexibility by charging the
BESS and charging the HWS via the HP. Both of the storage systems enable an increased
electricity consumption at T = ¢, and thus a larger constant downward flexibility potential
over the specified duration.

4.2.2.2 Operational flexibility calculation

As outlined in Section 4.2.1, the flexibility calculation builds upon the previously deter-
mined system design and optimal operation of the MES. In this context, flexibility refers to
the technical ability of the investigated energy system to adjust its operating point dynami-
cally by effectively utilising interconnected energy carriers. Specifically, upward flexibility is
defined as the capability to increase generation or decrease consumption of the flexibility
vector relative to a predetermined reference schedule, while downward flexibility denotes a
decrease in generation or an increase in consumption in relation to the reference schedule.
The flexibility assessment is parameterised by the response time 1, representing the time by
which the adjusted operating point must be reached, and the flexibility duration d, which
defines the time interval over which the operational deviation must be provided. Both up-
ward and downward flexibility must be constant during the specified duration relative to
the time-varying reference schedule.

For each time step ¢, two optimisation problems are solved to quantify the upward and
downward flexibility provision at the PCC, which are subject to the given response time
and flexibility duration. This flexibility calculation is applied to both the reference case
and to all component size iterations of the sensitivity analysis. Note that these flexibility
calculations require a predetermined operational schedule as an input, as shown in Fig. 4.1.
While a general formulation for the flexibility vector is presented below, in the remainder
of this thesis, the focus lies on active power flexibility. However, the methodology is equally
applicable to other energy vectors, such as reactive power or heating power.

Upward flexibility

The upward flexibility for the flexibility vector f at each time step t of scenario day s is
maximised as follows:

Jax . o (4.1a)
st fOPI < plle s€S, teT, Te€T(d),  (41b)
Hox = freerel — g, s€S, TET(d), (410
=Y fou seS, teT.(d). (4.1d)

ceC
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Here, f € F = {P,Q} denote the electrical flexibility vector, with F C V, where V is the
set of the considered energy vectors. For a given flexibility duration d, the set of time
steps for which the flexibility must be provided is 7.(d) C 7, which is defined as T €
[t,t+1,...,t + n—1], with d = n - At. Here, At is the time step size. The variable fsﬁpld
denotes the maximum feasible upward flexibility at the representative scenario s and time
t for a given duration d. fs}frcc’ref is the value of the flexibility vector for the reference
schedule, while ffr° denotes the energy vector variable at the PCC for scenario s and time
7, which is constrained by power flow equations presented in (2.10a)-(2.10f), or by the
balancing-node equation of the energy vector given in (2.7). To account for electrical losses,
an efficiency factor 7P is included in the proposed approach. Since internal building
losses have a negligible impact on the system flexibility, a constant efficiency of one is
assumed throughout this work.

In the presented formulation, the objective function in (4.1a) maximises upward flexi-
bility at scenario day s and time step t for a given duration d. Constraint (4.1b) ensures
that the upward flexibility at time ¢ does not exceed the feasible flexibility at any time step
T during d. Constraint (4.1c) defines upward flexibility as the difference between the fixed
reference value determined in the previous schedule optimisation, and the variable flexi-
bility value at the PCC. The resulting upward flexibility at time step t equals the smallest
maximum upward flexibility of all time steps across the duration d. Finally, (4.1d) en-
forces the balancing-node constraint of the flexibility vector by incorporating the constant
efficiency factor.

It is important to differentiate between t and time steps T € 7, over which the flexibility
must be sustained. For example, for a specified flexibility duration of d = 1h with a time
step size At=0.25h, then 7 € 7, =130,31,32,33] for t = 30. Similarly, a new set of T € T, is
determined for each time step ¢.

Downward flexibility

Similarly to the upward flexibility calculation, the downward flexibility formulation is

as follows:
. down |d
4.2
serg,lth st ( a)
st foonld s gl SES teT, TET.(d),  (4.2b)
Rox = freerel - fEe, sES, TET(d), (4.2¢)
=Y fou s€S, TET(d). (4.2d)
ceC

The calculation of downward flexibility differs from that of upward flexibility in that
downward flexibility values are negative. Consequently, the objective function in (4.2a) is
formulated as a minimisation problem, which reflects a decrease in power generation or
an increase in consumption. Accordingly, the inequality constraint in (4.2b) is adjusted to
a greater equality sign to reflect the reversed direction of flexibility provision.
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4.2.2.3 Ex-post processing and visualisation

Flexibility value aggregation

To establish a connection between the calculated flexibility per time step as described
above and the design choices for the components, the calculated flexibility values for all
time steps across the entire operation are subsequently aggregated as follows:

up\d |7—| Z qup\dl (4.3)
s€S  teT
fdown\d |7-| st tZT down\dl (4.4)
se €

This aggregated data set can be visualised in a box plot, and the mean over all time
steps T weighted with the weight w, of the respective scenario day quantifies the overall
flexibility for a given system design, thus linking the system design and the overall op-
erational flexibility. For the given energy system, the maximum upward and downward
flexibility values can be calculated for the energy vectors active power, heating power and re-
active power (not traditionally an energy vector). The focus in the remaining sections lies on
the active power P, and to some extent on the reactive power Q, as there will be a reactive
power market in the upcoming years in Germany [121, 122].

Nodal operating envelope calculation

For each time step, a NOE can be calculated to visualise the PQ-capability of the local
MES at the PCC. The algorithm, which is based on [97], is briefly described here. First,
the minimum and maximum values of active and reactive power at the PCC are calculated
using Eq. (4.1) and Eq. (4.2). Then, the range of feasible reactive power values is discretised
into K equidistant points. For each fixed discrete reactive power level Q.. at the PCC,
the corresponding minimum and maximum feasible active power values Pocly and Pyey at
the PCC are determined via an optimisation. This algorithm generates 2K boundary points
in the PQ-space. By linearly connecting these boundary points, the NOE represents the
technically feasible region for the respective time step.

4.2.3 Objective functions

As this part requires several different optimisations (see Fig. 4.1), different objective
functions apply. On the one hand, an integrated design and operational optimisation is
carried out, aiming to minimise the TAC. Based on this operational schedule, four different
optimisations are carried out to determine the active and reactive power flexibility at the
PCC.
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4.2.3.1 Design and operational objective

For the design and operational optimisation, the following objective applies:

min { Y (ci“v K i ci“v) + Y w Y o, AT} , (4.5a)
ceC seS  teT
147)"%.
with k2™ = % (4.5b)

Here, the total annualised cost (TAC) are minimised, accounting for the initial invest-
ment cost Cinv of all components ¢ € C, their annual fixed costs nﬁix, and their variable
operational costs 7133 . 0y, refers to an operational parameter value which has costs as-
sociated, e.g., the value of active power or heating power. The annualisation factor k™

annualises the investment costs for the lifetime #, of component c and interest rate 7.

4.2.3.2 Flexibility objective

As described in Section 4.2.2, the operational flexibility is calculated based on the design
and operation previously determined. Given this predetermined optimal schedule, for each
time step ¢ given a specified duration d and response time ¥, the maximum upward and
downward flexibility for both active and reactive power are calculated, respectively, leading
to four different optimisations as follows:

, pupld. (4.1) with f, =P, .
» plownld (42) with f,, = P,,.
> Q. (4.1) with £, , = Q, ;-
» Qdownld, (42) with for = Qs

This results in values for maximum upward and downward values for both active
power and reactive power for each time step. If desired, this can be applied for differ-

ent time durations and response times as well.

4.3 Case studies

To present the capabilities of the presented framework, two case studies are presented
in the following, namely an individual building and a district-scale multi-energy system.

4.3.1 Individual building

The structure of the individual building is depicted in Fig. 4.3, which represents a
residential or commercial building with both demands for electricity and heat, as well as
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the components BESS, solar PV, HP and HWS which are to be sized. The BESS is integrated
using (2.1), the solar PV array is modelled via (2.2), the linear HP model is implemented
using (2.4), and the HWS using (2.6). Note that the energy vectors are internally balanced
through (2.7).

Fig. 4.3: Structure of the individual building case study, with electric demand (ED) and heat demand (HD),
and the dashed-lined components to be sized battery energy storage system (BESS), solar photovoltaic
(PV) array, heat pump (HP) and hot water storage (HWS).

4.3.2 District-scale multi-energy system

For simplicity reasons, it is assumed that the three buildings depicted in Fig. 4.4 are the
same building as described in Section 4.3.1 with identical sizes, in order to illustrate the
impact of the power grid on the flexibility of the district-scale MES at the PCC. Note that for
a design optimisation where all components could be sized independently of each other,
they would likely differ due to the impact of the internal grid constraints. Other factors,
such as different demand data, also impact the optimal sizing. However, in this study,
the focus lies on the impact of the internal grid on the flexibility provision. Therefore, the
respective components of each building are sized identically to illustrate the effect of the
internal power grid on the flexibility at the PCC when the component sizes are increased.
The same model component constraints apply as above for each building. Additionally,
the LinDistFlow equations are integrated using (2.10).

4.3.3 Input data

The input data for ED and HD is derived from a residential apartment building [123],
while solar irradiation data is used for the year 2022 based on [124]. As described in
Section 2.2.2, all time series were normalised, aggregated and clustered into four represen-
tative scenario days. For more information on the (error) duration curves of the time series
aggregation, the reader is referred to Appendix C. A time step length of Jt = 15min is
assumed. Furthermore, import and export prices for electricity are assumed constant, with
= 0.30€/kWh for consuming active power at the PCC, and

a variable operating cost of u*"
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Fig. 4.4: Structure of the district-scale multi-energy case study, which includes an internal low-voltage
power grid and a district heating (DH) network. The buildings are interconnected via 400V electrical
cables, while the point of common coupling (PCC) is at medium voltage of 10kV. Note that components
of the same type are identically sized across all buildings.

a remuneration of 0.05€/kWh for exporting active power to the upstream power grid. For
the district-scale energy system, all electrical cables are limited to an apparent power rating
of 32kVA, while the transformer between PCC and the low-voltage distribution grid has
an apparent power limit of 40 kVA.

Tab. 4.1 lists the lower and upper limits of each design component, as well as their
respective investment costs C™ and relative maintenance costs 7"~

Tab. 4.1: Techno-economic component parameter values for both case studies.

Parameter 2h-BESS Heat pump  Solar PV array HWS
Lower limit 4kWh 6kWy, 4kWp 8kWh
Upper limit 10kWh 15kWy, 12kWp 20kWh
Investment cost C™  909€/kWh 1300 €/kWy, 941€/kWp 97€/kWh
Maintenance cost 77 2.5% 1.1% 1.0% 1.0%
Sources [88, 125] [125, 126] [88]  [125,127]

The flexibility capabilities of the electricity-consuming components in the PQ-space are
illustrated in Fig. 4.5. The BESS is constrained by the thermal limit of its power inverter,
while the solar PV array in combination with its inverter operates within its power factor
limit of 0.9. The HP is modelled with a constant inductive power factor of 0.9. Although the
internal compressor control might limit the ramping capability of the HP [128], a response
time ¢ of several minutes is assumed in this study. For the BESS and the solar PV system,
a response time of a few seconds is assumed. Consequently, all electricity-consuming
components are capable of fully ramping their active and reactive power output between

minimum and maximum values within the considered 15 min time step.
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Fig. 4.5: Flexibility capabilities in the PQ-space of the considered electricity-consuming components:
BESS, solar PV array, and HP. Negative values represent generation, while positive represent consumption.

4.4 Results

In this section, the impact of the design sizing of local MES components on the op-
erational flexibility at the PCC is analysed. First, the results for the initial design and
operational optimisation are presented in Section 4.4.1, followed by a quantified analysis
on the impact of the thermal vector on the electrical flexibility of the local MES in Sec-
tion 4.4.2. Afterwards, a sensitivity analysis of the individual component design is carried
out in Section 4.4.3, which also compares the flexibility capabilities of air-to-water with
water-to-water HP. Section 4.4.4 investigates the interdependency between HP and HWS,
identifying an optimal ratio between their design sizes for electrical flexibility provision. As
the focus of this investigation lies on gaining a better understanding of interdependencies
and sizing sensitivities between MES components, the residential building is investigated
as a simple case study for the aforementioned studies, i.e., no internal power grid is in-
cluded. Finally, the impact of internal grid constraints is evaluated in Section 4.4.5 using a
district-scale MES with an internal power grid.

4.4.1 Initial design and operation

An initial design and operational optimisation with the objective function Eq. (4.5a) is
performed, determining the optimal design and reference schedule of the residential build-
ing by minimising the TAC of the building. The optimal design parameters are listed in
Tab. 4.2, while the corresponding operational schedule is depicted in Fig. 4.6. The four
representative scenario days represent different seasonal conditions, with the first day re-
flecting a typical winter day with high HD and low solar PV generation, while the last day
corresponds to a typical summer day with low HD and high PV generation. Note that the
SoC of both HWS and BESS are constrained to the same value at the beginning and the
end of each representative day, which prevents energy shifting between representative days.
Furthermore, the maximum and minimum active and reactive power values, respectively,
are depicted at the PCC. Note that these values were calculated for each time step indi-
vidually based on the predetermined operational schedule as described in Section 4.2.3.2,
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Tab. 4.2: Component sizes for the reference optimisation.

Component BESS  Heat pump Solar PV array HWS

Size 4KWh  82KkWy, 12kWp 10.8kWh

— PCC PV DEM E&E HWS === S0Chws
—-.= PC( max/min BESS s HP SoChess

Day 17/02 Day 13/04 Day 27/04 Day 09/08

C—

et —— . —

et ——— S~

0 8¢, 16 24 0 8¢ 16 24 0 8 16 24 0 8 {16 24
Time (h)

Fig. 4.6: Reference schedule of the individual building case study, displaying active power (top), reactive
power (centre-top), heat (centre-bottom) and the SoC of the storage systems (bottom). Positive values
indicate consumption, negative values denote generation. For the PCC, positive values represent electricity
import and negative values electricity export. PCC.;\ /min represents the maximum and minimum active
and reactive power values for a given duration of 15min. The electric demand (ED) and heat demand
(HD) for both active and reactive power are referred to as demand (DEM).

for a duration of 15min. The direction of flexibility is defined from the perspective of
the upstream grid: upward flexibility refers to an increase in local generation or a demand
reduction, while downward flexibility represents a decrease in generation or an increase in
demand at the PCC.

It can be seen that during periods of discharged BESS and HWS, the local MES operates
at its minimum active power limit, thus limiting its upward flexibility potential, as it is
visible during the first representative day. Note that as power demand is denoted positive
and generation negative, upward active power flexibility is the difference between Phog and
Ppcc. Conversely, when solar PV generation exceeds the internal electricity demand, the
excess renewable energy is used to charge both storage systems. As the energy system can
later discharge the BESS or rely on stored thermal energy in the HWS instead of activating
the HP to meet the heat demand, charged storage systems increased upward active power
flexibility. Alternatively, during high solar PV generation periods, the system would be
able to curtail its PV generation, thus increasing its downward flexibility.
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4.4.2 Impact of the thermal vector on electrical flexibility

In the following, the impact of the thermal energy vector on active power flexibility at
the PCC within the integrated MES is quantified. Unless stated otherwise, flexibility refers
to active power flexibility. The thermal vector can provide downward flexibility by charging
the HWS via an increased thermal output of the HP, thus increasing active power con-
sumption. Conversely, upward flexibility can be provided by meeting the HD through the
HWS rather than directly operating the HP, therefore reducing active power consumption
if required. In order to quantify the impact of the thermal vector, the integrated multi-
energy reference case as presented in Fig. 4.3 is compared to a similar system for which the
HWS is removed, hereafter referred to as the electricity-only system. In the electricity-only
system, the HP must meet the HD at all times, which eliminates its operational flexibility.
Consequently, only the solar PV array and the BESS can provide electrical flexibility for the
energy system.

The NOEs for three selected time steps are depicted in Fig. 4.7, considering flexibility
durations of 15min and 60min. As expected, the NOE area decreases with increasing
duration d, which reflects reduced constant flexibility provision over longer periods of
time. When comparing the integrated multi-energy reference system with the electricity-
only system without HWS, a smaller NOE can be observed for the electricity-only system
across all examined time steps and flexibility durations. This visualisation outlines the
contribution of the thermal energy vector to the electrical flexibility provision of the overall
energy system. To quantify this contribution in electrical flexibility, the maximum upward
and downward flexibility values were aggregated for all time steps across the operational
schedule, e.g., t,, t, and t. in Fig. 4.6 result in one maximum upward and downward
flexibility value, respectively. On average, the integrated MES with explicit consideration
of the thermal energy vector shows a 13.1 % increase in both upward and downward active
power flexibility compared to the electricity-only system. These results demonstrate that
assessing flexibility in an integrated multi-energy context is essential to identify its true
technical flexibility potential, as the coupling of electricity and heat unlocks further inherent
flexibility capabilities.

4.4.3 Sensitivity analysis of individual component sizing

Here, a sensitivity analysis of the individual component design is presented, focusing
on the residential building without an internal power grid as a simple case study to better
understand sizing sensitivities and interdependencies between components within a MES.

To compare the flexibility capabilities of the MES across different individual component
designs, the maximum upward and downward flexibility values across all time steps are
aggregated within one data set. For the given setup comprising four representative days
and 15min time steps, this results in a total of 384 flexibility values per design configu-
ration. These values can be aggregated and visualised using box plots, which allow for
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Fig. 4.7: Nodal operating envelope (NOE) of the individual building case study, illustrated for three
representative scenario days and time steps, both for the multi-energy reference case and for the electricity-
only system.

a comparative and quantifiable assessment of the distribution and average upward and
downward flexibility values under different design configurations. Fig. 4.8 depicts these
box plots for varying component sizes of the solar PV array, while all other components
are kept at their reference size. providing insights into the impact of component sizing
on overall system flexibility. Note that for each solar PV array size, a cost-optimal oper-
ational schedule is first determined, followed by the calculation of the maximum upward
and downward flexibility values for every time step for the specified flexibility duration.

As the solar PV size increases, the available downward flexibility P down increases sig-
nificantly due to the higher potential for PV curtailment, while the upward flexibility PP
remains relatively stable. The widening interquartile range and the increase in outliers for
downward flexibility with larger solar PV arrays indicate a greater variability in downward
flexibility, which is primarily driven by solar availability as downward flexibility through
solar PV curtailment is only available during daylight hours. While larger solar PV arrays
offer more potential for downward active power flexibility during hours of solar irradi-
ation, no flexibility can be provided during non-solar generation hours. This difference
increases the variability in downward flexibility for increasing solar PV arrays.

The mean values of upward active power P"P and downward active power flexibility
PO for single component size variations, as indicated in Fig. 4.8 by the green dashed
line for the solar PV array, are illustrated in Fig. 4.9 for all components. For each design
combination, a new operational optimisation is performed, as outlined in the flowchart in
Fig. 4.1. As each design combination leads to a different operational schedule, increas-
ing component sizes could lead to a decrease in upward flexibility for some components.
However, the respective larger increase in downward flexibility outweighs the reduction
in upward flexibility, resulting in an overall increased NOE. One key observation is that
increasing the size of the HP alone beyond a relative size of 1.5 does not result in additional
flexibility. This saturation effect can be attributed to the interdependence between the HP
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Fig. 4.8: Maximum active power flexibility of the multi-energy building for a duration of 60 min, varying
the solar PV array size. Orange lines indicate the median, and green dashed lines represent the mean of
the resulting dataset.

and HWS, where the fixed size of one component restricts the flexible utilisation of the
other. Moreover, since the thermal inertia of the building is not explicitly modelled, the HP
is required to meet the fixed heat demand profile and therefore cannot operate flexibly on
its own. To overcome this identified constraint and better assess the coupled system flex-
ibility, a combined sizing approach was implemented. By simultaneously increasing both
the HP and the HWS, additional flexibility can be unlocked, especially in the downward
direction, as shown in the right-hand column of Fig. 4.9.

The associated additional investment and total annualised costs, relative to the reference
system in per unit, are shown in Fig. 4.10. It is evident that due to the relatively low
investment cost of the HWS, jointly scaling both HWS and HP significantly enhances the
flexibility provision of the overall system while maintaining cost efficiency.

4.4.3.1 Air-to-water vs. water-to-water heat pump

As the HP is the linchpin coupling component between electricity and heat in MESs,
the impact of different HP technologies on the electrical flexibility provision is of interest.
Therefore, an air-to-water HP is compared to a water-to-water HP in terms of their electrical
flexibility provision. Fig. 4.11 depicts the mean upward and downward flexibility values
for individual component variations when using an air-to-water HP. For comparability, the
results are shown as per-unit values relative to the flexibility of the energy system with a
water-to-water HP, while using identical component sizes. For the reference configuration
with relative component sizes equal to one, the system with the air-to-water HP shows
higher upward and downward flexibility values compared to the system with water-to-
water HP depicted in Fig. 4.9, with a combined increase in flexibility of 9.0 %. Moreover, the
flexibility advantage of the air-to-water HP becomes more evident when jointly increasing
the HP and the HWS, for which the system flexibility increases by 20.8 % compared to the
system with the water-to-water HP. The larger electrical flexibility potential of air-to-water
HPs can be attributed to their lower COP due to the lower temperature at the evaporator,
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Fig. 4.9: Mean maximum active power flexibility of the multi-energy building relative to the reference
case for a duration of 60 min, varying one component size at a time. Flexibility per unit is defined as the
sum of the mean upward and downward flexibility in the reference case.

which results in larger electricity consumption for a given thermal output. This increased
electric demand is less cost-efficient, but it increases the capability of the system to shift or
curtail more electric load, which expands the active power flexibility potential at the PCC.

4.4.4 Interdependency between hot water storage and heat pump

In addition to the individual analysis of each component, this section explores interde-
pendencies that influence the flexibility provision within the MES by varying two compo-
nents at a time. Understanding these interdependencies in integrated MESs could avoid
over- or under-dimensioning of individual components, thus avoiding inefficient resource
expansion. In particular, as the storage capabilities of the HWS enable the flexible opera-
tion of the HP, it is of specific interest to understand and quantify their interdependency,
which is therefore investigated in the following.

Fig. 4.12 illustrates the mean upward and downward flexibility values when varying the
sizes of both the HP and HWS simultaneously. As previously noted, increasing the size of
the HP beyond 150 % of its reference size does not enhance the flexibility of the MES when
the HWS size is fixed. However, once the size of the HWS increases, further flexibility gains
can be achieved by subsequently increasing the HP size up to a point. Beyond a certain
threshold, the system flexibility reaches a plateau, indicating that additional investment in
a larger HP does not result in greater flexibility unless accompanied by a corresponding
increase in HWS capacity. This threshold can be identified as the ratio of the maximum
thermal output power of the HP éhp,out to the thermal capacity of the HWS C, des

hws From

Fig. 4.12, it becomes evident that — for this case study — both upward and downward active
power flexibility remain unchanged when the HP size increases beyond a relative ratio
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Fig. 4.10: Investment cost and total annualised cost of the multi-energy building relative to the respective
cost of the reference case, varying one component size at a time. Note that the total annualised cost does
not include remuneration for flexibility provision.

of 1.5, as highlighted by the red boxes. This confirms that increasing the HP size alone,
i.e., moving vertically within a column of a fixed HWS size, does not improve the system
flexibility further.

By applying linear regression to the identified threshold component sizes indicated by
the red boxes, a linear relation between the thermal capacity of the HWS and the thermal
output of the HP can be derived as follows:

Ot = 5.89 + 0.56 Cpaes, [kWy,].

This means that increasing the size of the HP above this threshold will not result in any
flexibility gain, thus requiring investments in a larger HWS capacity. For instance, for the
given case study, if the HWS has a capacity of 27kWh, a HP with a maximum thermal
output above 20.5kW,, does not increase the system flexibility. This can be confirmed
by the reference case, where a relative HWS size of 2.5 combined with HP sizes above
20.5 kW, shows no improvement in system flexibility. These findings highlight the critical
role of thermal storage in enhancing the flexibility of MESs. Therefore, the sizing of HWS
must be carefully coordinated with the sizing of the HP to unlock their full active power
flexibility potential.

For a more detailed visualisation, Fig. 4.13 presents the total active power flexibility,
i.e., the sum of the mean upward flexibility PP and downward flexibility P4°*™ values, for
varying sizes of HP and HWS using a higher level of granularity. This figure reveals clear
plateaus in flexibility for each fixed HWS capacity, beyond which an increase in HP size no
longer improves the system flexibility. These plateaus underline the importance of thermal
storage capabilities in enabling electrical flexibility of HP.
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Fig. 4.11: Mean maximum active power flexibility of the multi-energy building relative to the reference
case for a duration of 60 min, varying one component size at a time for the air-to-water HP. Flexibility
per unit is defined as the sum of the mean upward and downward flexibility in the reference case with the
water-to-water heat pump.

4.4.5 Impact of internal power grid constraints

So far, the analysis has focused on the residential building as a simple case study where
internal power grid modelling was omitted due to negligible electrical losses. This allowed
for a clear understanding of interdependencies between components in the MES. However,
larger entities such as local districts that offer flexibility to the upstream power grid have
an underlying power grid, which could significantly affect the technical flexibility potential
at the PCC due to voltage constraints or apparent power limits. Therefore, the following
investigation introduces the district-scale MES as the second case study, which allows for
assessing the impact of the internal power grid on the system flexibility provision. This
case study also demonstrates the capabilities of the proposed framework to incorporate
and handle internal energy network constraints in the flexibility assessment. Note that
to ensure comparability with the residential case study, each building in the district-scale
MES uses the same input data and component sizes as the single-building setup presented
in Tab. 4.2.

Fig. 4.14 illustrates the impact of increasing the BESS capacity on both the operation
and the NOE of the district-scale MES across several time steps. For instance, at t,, = 346,
different BESS sizes lead to different operating points (OP), which reflect the newly opti-
mised schedules for each design configuration. Moreover, at t, = 48, it can be seen that
the maximum active power consumption is limited at 32kW. This thermal cable limit is
reached with a BESS capacity twice that of the reference case. Further increases in the
BESS capacity do not result in additional active power consumption. Similarly, the reactive
power provision of the system is also constrained by the apparent power limits of the ca-
bles, which is represented by the diagonal line at 32 kVA. For comparison, the dashed line

70



4. DESIGN-EMBEDDED FLEXIBILITY Results

pup (pu) Pdown (pu)

0.078 0.074 0.07 ' 0.064 =0.06 0936 0.998 1.064 1.129 1.192
.% 0.078 0.074 0.07 '0.064 ~0:06 0.936 0.998 1.064 1.129 1.187
=
© 0.078 0.074 0.07 10.064 ~0.06 0.936° 0.998 1.062 1.114 1.145
>
=
g 0.078 0.075 0.07 ' 0.065 & 0:06 0.936 0.993 1.035 1.055 1.063

0.079 0.077 0.071 0.067 0.069 0.921 0.949 0.962

Relative HWS size Relative HWS size

Fig. 4.12: Mean maximum active power flexibility of the multi-energy building relative to the reference
case for a duration of 60min, varying the component sizes of heat pump (HP) and hot water storage
(HWS). The red boxes highlight the highest mean flexibility values for each HWS size.

indicates the NOE without internal power grid constraints, which is significantly larger
than the internally constrained one. These results clearly show how the underlying elec-
tricity network restricts the achievable flexibility at the PCC due to apparent power limits
or voltage magnitude limits. This highlights the necessity of incorporating the internal
power flow constraints to evaluate the technical electrical flexibility potential at the PCC

accurately.

44.6 Key findings & discussion

This section investigated the electrical system flexibility of local MESs embedded during
the design phase. Through a comprehensive sensitivity analysis, the impact of individual
component sizing on the overall system flexibility was quantified, which enables the iden-
tification of key components that enhance or hinder operational flexibility. A novel method
for calculating flexibility over multiple time steps was introduced, which is dependent
on a predetermined reference schedule. This allows for constant flexibility provision and
variable durations, which is especially relevant for large consumers who need to submit
their schedule one day in advance. One of the key findings is that coupled flexibility from
the thermal vector significantly increases active power flexibility, positioning the HP as a
linchpin coupling component between electricity and heat in local MESs. A major limiting
factor remains the underlying electricity network, due to limits on apparent power and
voltage magnitude. In addition to individual components, the interdependence between
the size of the HP and the thermal capacity of the HWS tank was quantified through a
linear threshold relation, beyond which further increasing the HP size does not improve
system flexibility.
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Fig. 4.13: Mean maximum active power flexibility of the multi-energy building relative to the reference
case for a duration of 60 min in 3D, varying component sizes of both heat pump (HP) and hot water
storage (HWS). Flexibility per unit is defined as the sum of the mean upward and downward flexibility in
the reference case.

The presented framework allows for the estimation of the flexibility potential of local
MESs at the design stage in relation to a predetermined reference schedule. The identi-
fication of technical constraints and component interdependencies is highly relevant for
the formulation of technically feasible market bids. To ensure that the identified flexibil-
ity is monetised effectively, the specific regulations and technical requirements of suitable
markets must be taken into account. This allows for a more informed assessment of eco-
nomic investment feasibility during the design phase. For instance, active power flexibility
could be provided to frequency reserve markets, while reactive power flexibility might
be remunerated in emerging reactive power markets. However, if flexibility is monetised
through market participation, the reference schedule will change upon activation. As a
result, the flexibility potential in subsequent time steps changes, introducing a short-term
changing system schedule that is not captured by the current framework. Therefore, while
this framework focuses on design-phase flexibility assessment, real-time operational deci-
sions, including activation of tendered flexibility bids, should be addressed in a separate
optimisation. For instance, a multi-stage scheduling model accounting for possible market
activations and further uncertainty could focus on real-time scheduling optimisation.

Finally, it is important to acknowledge the influence of user behaviour on the flexibility
potential of buildings. Variations in occupancy patterns, daily routines, comfort expecta-
tions and the willingness to participate in a flexible operation can significantly affect the
realisable flexibility potential [129]. Additionally, the current study does not account for
thermal building inertia, which could significantly affect the optimal threshold between
HP and HWS. By enabling inertia-based control strategies, thermal inertia allows for ad-

72



4. DESIGN-EMBEDDED FLEXIBILITY Chapter summary

CJ 1.0C8s 1 1508 2.0 Cdes 2.5 Cdes 3.0Cds e« OP
t, = 12:00 (17/02) t, = 11:30 (13/04) t. = 14:30 (09/08)
50
25 TN 1
g
& 0
—-25 %
—20 0 20 40 20 0 20 40 20 0 20 40
P (kW) P (kW) P (kW)

Fig. 4.14: Nodal operating envelope (NOE) at the PCC of the district-scale energy system for a duration
of 60 min, illustrated for three representative scenario days and time steps. The BESS capacity is varied
relative to its reference size Cg‘;;. The operating points (OP) correspond to the NOE with the respective
BESS size colour, while the dashed line represents the NOE without internal power grid constraints.

ditional thermal load shifting, which could reduce the required HWS capacity. Future

research should address these limitations by incorporating user behaviour modelling and

thermal inertia analysis.

4.5 Chapter summary

This chapter presented a technical framework to quantify the impact of component
design choices on the flexibility provision of local multi-energy systems. By embedding
operational flexibility into the design stage, a comprehensive technical understanding of
interactions between multi-energy components can be gained, and components that hinder
or enable system flexibility can be identified. Moreover, ideal ratios between components
can be identified, which can serve as a guideline for flexibility potential assessment dur-
ing the planning stage. The proposed framework further allows for a quantified flexibility
analysis over multiple time steps that is dependent on a predetermined reference schedule
while considering different durations of flexibility, which is crucial for large energy sys-
tems that participate in the energy market and provide ancillary services. Another trait of
the framework is the seamless integration of network constraints, which is crucial for an
accurate flexibility estimation at the PCC with the upstream power grid. In order to high-
light the capabilities of the framework, two case studies are deployed, both representing
local MESs comprising electricity and heat. The results show the importance of explicitly
integrating the coupled thermal vector and internal power grid constraints for a realistic

flexibility determination of multi-energy systems.
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CHAPTER D

Assessment of local multi-energy systems design under participation in

multiple markets

His chapter demonstrates how the explicit consideration of ancillary service provision
T already in the design phase impacts optimal sizing decisions within local MESs. By ac-
counting for varying future market conditions within a scenario-based uncertainty-aware
design analysis, the proposed framework supports identifying the most reliable design
choices under multiple scenarios. Besides an energy market, the primary and secondary
frequency reserve markets in Germany are explicitly considered, as well as a potential fu-
ture reactive power market. While the proposed approach is set up to apply within the
German market setup; the general concept and modelling approach is widely applicable to
other regions or market setups. The presented framework is applied to a district-scale MES
as the case study, which illustrates that incorporating these additional revenue streams
within the design stage significantly impacts the optimal design of local MESs. Addition-
ally, the influence of future scenarios is assessed via parameter variations, highlighting the
importance of uncertainty-aware planning to ensure optimal MES investment decisions.

5.1 Introduction

Energy storage systems are widely viewed as key components that could address cer-
tain grid challenges. In particular, concerning the power system, BESSs could be one of
the solutions to lift the burden of temporary lines and transformers congestion, dampen
the renewable forecast error or provide fast frequency support in low-inertia systems [54].
Besides individual BESSs, local MESs have the technical capability to provide operational
flexibility, as demonstrated in Chapter 4. When equipped with appropriate control and
communication capabilities, local MESs can provide their operational flexibility to the up-
stream power grid in ancillary service markets [14-16]. While incorporating these market
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revenues improves the economic use case, they could further be a key factor for investment
decisions during the design stage of local MESs.

This section is structured as follows: Section 5.1.1 outlines existing literature regarding
simultaneous market participation of BESSs, followed by multi-market optimisation studies
of MESs in Section 5.1.2. Finally, a summary of the existing literature and the identified
gap is presented in Section 5.1.3.

5.1.1 BESS market participation

BESS applications can be distinguished between behind-the-meter (BTM) and front-of-
meter (FOM) configurations. BTM systems are typically owned and operated by consumers
and primarily used for self-consumption or local flexibility. In contrast, FOM systems are
connected directly to the grid and participate in wholesale energy and ancillary service
markets [130]. Besides the advantages of BTM BESSs within energy communities as dis-
cussed in Section 3.1.1, individual FOM BESSs have gained recent attention in existing
literature. These BESSs are increasingly deployed to provide flexibility services across mul-
tiple electricity markets due to their inherent technical capabilities [131].

Several studies investigated short-term bidding strategies of FOM BESSs to stack rev-
enues across energy and frequency-balancing markets in an optimal manner, using robust
optimisation, stochastic optimisation or model predictive control approaches to incorpo-
rate various price and signal uncertainties [132-135]. In commercial applications, BESSs
can reduce electricity costs by providing peak shaving and frequency regulation while ac-
counting for capacity degradation [133, 134]. At the distribution grid level, BESSs can sup-
port voltage regulation, relieve local congestion, and reduce overall system losses through
dynamic pricing schemes [136]. In combination with a solar PV array, the BESS can re-
duce both economic costs and emissions through a joint energy and frequency-balancing
markets bidding strategy [137]. Recently, hybrid BESS configurations that combine BTM
and FOM revenue streams have received increased attention. This hybrid setup was inves-
tigated for the European market setup with multiple market participation in [138], while
[139] proposed a hybrid structure of a community-scale BESS for the Australian market,
which further provided hedging against the risk of low market prices. However, these
studies focus on the short-term operational benefits without investigating the long-term
sizing impact on the BESS.

Besides the operational optimisation by stacking multiple revenues, the sizing and
placement of BESSs under market participation has gained recent attention. These studies
investigate optimal investment and sizing decisions of BESSs while factoring in multiple
revenue streams, degradation, replacement costs and optimal power-to-energy ratios [140-
142]. For instance, it was shown that frequency regulation accelerates BESS degradation
but improves its profitability, while peak shaving improves grid performance but offers
limited economic return [141]. In another study on BTM BESSs providing multiple grid
services, a BESS power-to-energy ratio of 1:2 was identified as the optimal ratio to max-
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imise revenue in frequency regulation markets [142]. All the above studies show that
both FOM and BTM BESSs can economically benefit from accessing revenue streams from
multiple markets. However, while these studies investigate the techno-economic benefits
of BESSs participating in multiple markets, they typically consider isolated systems rather
than BESSs embedded in larger local MES with additional components and coupled energy
vectors.

5.1.2 Multi-energy system market participation

While considerable research has been conducted on the optimal operation of local MESs
for self-consumption and cost minimisation, such energy systems can also provide flexi-
bility to the upstream power grid, e.g., through participation in ancillary service markets.
Recent studies have increasingly explored optimal bidding strategies that enable local MES
to minimise operational costs and carbon emissions while offering grid services. These op-
erational strategies under multiple market participation schemes were investigated for var-
ious configurations. These include a multi-energy system comprising wind, thermal units
and energy storage systems [143], energy-intensive production-inventory planning [110],
and industrial prosumers such as manufacturing companies [118] and general industrial
electricity consumers [144], as well as for VPPs under uncertainty [145]. In another study,
the techno-economic assessment of a university campus operating as an urban VPP in Aus-
tralia was evaluated, which participated in energy, reserve, demand response and hedging
contract markets. The study demonstrates that the participation in ancillary service mar-
kets can significantly improve the economic feasibility of distributed DER investments,
which can further lead to fast payback periods [146].

Besides focusing on the optimal operation within multiple markets, these additional
revenue streams can further be a key factor for investment decisions. This has been demon-
strated in multi-energy industrial parks and microgrids [147-150]. For instance, it was
shown that participation in frequency-balancing markets has economic benefits for indus-
trial parks [148], while investments in thermal energy storage for frequency-balancing mar-
ket participation can achieve cost savings of up to 17 % for an industrial MES [149]. These
studies demonstrate that revenue streams from ancillary service provision are not only eco-
nomically beneficial during operation, but can also affect the optimal sizing and selection of
energy assets, such as BESS or thermal energy storage. Participation in frequency-balancing
markets or responding to real-time pricing signals can economically justify larger storage
capacity investments or the deployment of additional flexible components. Consequently,
these findings highlight the importance of explicitly incorporating ancillary service mar-
kets into the system design phase. By stacking multiple revenue streams from various
markets, local MES can identify cost-optimal configurations and thus improve the overall

economic performance of system design and operation.
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51.3 Summary

While existing literature either focuses on the short-term operational scheduling of in-
dividual BESSs or embedded MESs, or the design of local energy systems under economic
or environmental aspects, a knowledge gap exists in the detailed assessment of potential
market revenues during the design phase of local MESs. Specifically, a detailed design
analysis for electricity and heat components under reserve market participation has not yet
been explored. Moreover, a detailed uncertainty-aware design analysis considering several
future market price scenarios to ensure optimal investment decisions has not been investi-
gated. To bridge these gaps, this work presents a design optimisation study that explicitly
integrates both energy and reserve markets during the design phase of local MESs com-
prising BESSs, solar PV arrays, HPs and HWSs. In contrast to prior work, several future
market price scenarios are incorporated to assess the most robust design of the local MES,
which ensures optimal investment decision-making under uncertainty. Moreover, to high-
light the capabilities of the presented framework, the potential impact of a future reactive
power market on the optimal local MES design is investigated.

The remainder of this chapter is as follows: Section 5.2 gives an overview of the German
market setup, including both spot markets, frequency-balancing reserve markets and a po-
tential future reactive power market. Section 5.3 presents the methodology of the market
integration into the design stage, including the scenario-based uncertainty-aware design
analysis and the respective constraints. In Section 5.4, the case study is presented. Sec-
tion 5.5 presents the results for an uncertainty-aware assessment of participating in existing
frequency reserve markets on the MES design. Then, Section 5.6 investigates the impact of
a potential reactive power market participation. Section 5.7 concludes the chapter.

5.2 Theoretical background on German electricity markets

This section provides a general overview of the German market setup in Section 5.2.1,
covering day-ahead (DA) and intraday (ID) spot markets in Section 5.2.2, the frequency
containment reserve (FCR) market in Section 5.2.3, the automatic frequency restoration
reserve (aFRR) market in Section 5.2.4, and a potential future reactive power market in
Section 5.2.5.

5.2.1 General overview

Electricity markets have been designed to facilitate an efficient allocation of production,
distribution and consumption of electrical energy. They consist of various sub-markets
and include long-term contracts and over-the-counter trades outside of power exchanges.

These trades are common among conventional power plants to mitigate their financial
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risks due to fluctuating short-term spot market prices. Their prices are constant for periods
up to several years, roughly based on expectations of the future spot-market prices. The
short-term spot markets, i.e. the day-ahead market and the intraday market, are essential
for balancing power generation and demand on short notice. Their time-varying electricity
prices incentivise flexible power consumption [151]. Another tool within electricity markets
to compensate for sudden imbalances between power generation and demand is frequency-
balancing markets, which respond to fluctuations within seconds or minutes to ensure a
constant frequency of around 50 Hz.

An overview of the spot markets and frequency reserve markets in Germany is pre-
sented in Tab. 5.1, while the gate closure times for the respective markets are illustrated in
Fig. 5.1.

Tab. 5.1: Specifications of the intraday (ID), the day-ahead (DA), the frequency containment reserve
(FCR) and the automatic frequency restoration reserve (aFRR) capacity and energy markets.

Intraday Day-ahead FCR aFRR (capacity) aFRR (energy)
Gate closure time t-5min 12p.m. (d-1) 8am. (d-1) 9a.m. (d-1) d - 25min
Payment pay-as-bid (cont.) pay-as-clear pay-as-clear pay-as-bid pay-as-clear
Block duration 15 min 60 min 4h 4h 15 min
Activation time - - 30s 5min 5min
Symmetry - - symmetric up & down up & down

Day-ahead 12:00¢

t-5min:

15006 ; Ry
) <o s |
aFRR capacity | 9:00
; t-25min

aFRR energy ' <o :

t

> d-1 >>Delivery day d>

Fig. 5.1: Gate closure times in the day-ahead market, continuous intraday market, FCR and aFRR capacity
and energy markets within the German market setup.

Note that the presented study is based on the German electricity market, the proposed
framework is versatile and can be applied to other regions and market structures. The
considered day-ahead (DA) and intraday (ID) markets as well as the frequency reserve and
reactive power markets exist in various countries and electricity systems, even though their
specific products and rules might differ. Nevertheless, the methodology with its inherent
constraints for sizing, operation and market participation can be adapted to these electricity
systems with similar market mechanisms. This highlights the versatility and the broader
relevance of the presented framework. In the following, the markets and their respective
specifications are described in detail.
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5.2.2 Spot markets

Two electricity spot markets are central to short-term trading in Germany: the DA and
ID markets. The DA market is the largest electricity trading platform in Europe, accounting
for approximately 75 % of the traded electricity volumes on the European Power Exchange
(EPEX) spot market [152]. Trading in the DA market is organised in hourly blocks with
gate closure at 12p.m. on the day prior to physical delivery. The DA market is cleared
under a uniform pay-as-clear pricing mechanism, i.e., all accepted bids below the marginal
clearing price are remunerated at the clearing price [153].

The ID market complements the DA market by enabling continuous trading of 15 min
products up to 25min before delivery. This allows market participants to respond to up-
dated forecasts and accommodate short-term adjustments. Unlike the DA market, the ID
market is based on bilateral pay-as-bid transactions without a uniform clearing price. A
widely used reference price is the ID3 price, which represents the volume-weighted average
price of all trades executed within the three hours before delivery [153].

5.2.3 Frequency containment reserve market

The FCR market is the primary mechanism for frequency-balancing reserve, which is
activated when system frequency deviates beyond the deadband of 49.99 Hz and 50.01 Hz.
Activation of FCR is fully automatic, non-selective and proportional among all participants
within the synchronous FCR cooperation area [151]. Each participating unit must be ca-
pable of deploying its contracted reserve capacity fully within 30s for up to 15min. The
compensation is based on the reserved capacity, with no remuneration for delivered en-
ergy. The FCR market is symmetric, which means that bids must include equal upward
and downward reserve [154]. Although the standard bid duration time is 4h, energy-
limited assets such as BESS are excepted. While these energy storage assets must remain
available for the whole bidding period during which they can be called multiple times,
they only need to be able to deliver frequency reserve for at least 1h consecutively. More-
over, their maximum bid is capped at 80 % of their rated output power to ensure sufficient

margin for internal energy storage management [155].

5.2.4 Automatic frequency restoration reserve

The aFRR market serves as the secondary frequency-balancing reserve, which gradually
replaces FCR after 30s, with full activation required within 5min. The aFRR market is split
into a capacity market and an energy market. Participating bids that were accepted in the
aFRR capacity market must also submit corresponding bids in the aFRR energy market
for at least the awarded amount of the capacity market. However, energy-only market bids
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without awarded capacity bids are also allowed, which enables short-term flexibility among
market participants [156]. The aFRR capacity market is based on a pay-as-bid remuneration
scheme, with BESS typically receiving around 75 % of the maximum accepted price [157].

In contrast to FCR, the aFRR market is not energy-neutral, but separate products exist
for upward and downward frequency response. Participants must start ramping up within
30s and reach full activation within 5min. After a defined recovery time, they must be
capable of repeating the activation cycle. The aFRR capacity auction is cleared once per
day and divided into six four-hour blocks. In contrast, the energy market operates on
15min intervals, with real-time dispatch signals issued every four seconds. Although the
activated energy differs every four seconds, a single uniform clearing price per 15min
interval is determined ex-post based on the aggregated activated energy volume.

5.2.5 Reactive power market

Conventional generators can vary their power factor to locally supply reactive power
for voltage stability. As the number of conventional generators will decrease in the future,
a growing need for reactive power is expected to maintain voltage levels within acceptable
limits [158]. To address this, market-based mechanisms for reactive power are planned and
introduced, e.g., a remuneration scheme targeting the high-voltage grid in Germany [159,
160]. The market-based procurement of reactive power began in April 2025 in Northeast
Germany, led by 50 Hertz and divided into five regions [161]. The tendering process
concluded in March 2025, with successful offers agreeing to contracts that compensate
for reactive power provision exceeding standard grid connection requirements [162]. As
transporting reactive power over long distances causes higher losses, and voltage stability
is inherently a local phenomenon, decentralised solutions are needed for reactive power
provision [163]. Local MESs could play a key role in providing reactive power locally.
Several studies explored how active distribution networks can support upstream grids
through reactive power provision [16, 17]. In addition to technical capabilities, local reactive
power markets could reduce the need for dedicated compensation devices by leveraging

existing systems to provide reactive power.

5.3 Methodology

In this section, the methodology of market integration is outlined. First, Section 5.3.1
presents the framework of the scenario-based uncertainty-aware design analysis. Second,
the detailed constraints for frequency reserve market participation are outlined in Sec-
tion 5.3.2. Third, the generation of spot market and frequency reserve market price sce-
narios is outlined in Section 5.3.3, followed by the integration of the future reactive power
market in Section 5.3.4. Finally, the objective function is presented in Section 5.3.6.

81



5. MARKET INTEGRATION

Methodology

5.3.1 Scenario-based uncertainty-aware design analysis

The scenario-based uncertainty-aware design analysis, illustrated in Fig. 5.2, is de-

scribed in the following. In Fig. 5.2 (a), a set of key input parameter combinations is

defined, and their values are systematically varied (for more information on the chosen pa-

rameters and their values, see Tab. 5.4). These parameter combinations represent plausible

future scenarios with uncertain market conditions, such as electricity prices or achievable

revenues limited by forecasting. For each future scenario, which is characterised by one

unique parameter set, a two-stage stochastic optimisation is performed to jointly determine

the optimal system design and operational decisions.

(a)  Scenarios: Input (b) Optimal designs for
parameter combinations each scenario
gm ,Ym 71_bkz A A}I, ,yelec @ ﬂ - =
@[e[e]o[efe] e >
@ e[o|o|o|e] e ® ﬂ -
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Select overall designs with significant differences

Design 1
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Fix each distinct design and perform
operational optimisations for each scenario
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Identification of optimal design for all scenarios

Annualised costs
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Analysis of distinct designs
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Fig. 5.2: Flowchart of the uncertainty-aware design analysis. The revenue factor &™, the frequency

reserve price ™, the building cost subsidy nbkz, the volatility factor A, the afternoon price shift Au

and the electricity price factor
Section 5.5.1.2.

elec

as the input parameters for the future scenarios are explained in
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Each optimisation results in a scenario-specific optimal design for all sizing compo-
nents of the local MES (first stage), as shown in Fig. 5.2 (b). For example, 144 param-
eter combinations result in 144 distinct optimisation problems, each of which produces
building-specific component sizes and one shared community BESS, and the correspond-
ing operational schedules. Since some of these designs are similar in component sizes and
cost performance, a representative subset of distinct designs is selected in Fig. 5.2 (c), based
on maximal pairwise distances in the design space to ensure a diverse representation. Each
selected design corresponds to the optimal solution of a particular future scenario.

In the next step, depicted in Fig. 5.2 (d), the operational performance of each distinct
design is evaluated across all future scenarios. By fixing the design and re-optimising only
the operational variables for each scenario, this systematic evaluation reveals how well
each distinct design performs when future conditions differ from those it was originally
optimised for. This step is critical to assess the performance of different designs under
deep uncertainty where the likelihood of future scenarios is unknown. Finally, Fig. 5.2 (e)
visualises the annualised costs for each design across all future scenarios using boxplots.
This allows for a comparative assessment of economic performance across all future sce-
narios and identifies the optimal design based on different objectives, e.g., minimising the
expected cost or the worst-case cost.

This framework enables an uncertainty-aware evaluation of optimal component sizing,
while capturing sensitivities of component sizing decisions to varying market assumptions
and future uncertainty. The analysis framework further supports decision-making under
different risk preferences, such as risk-neutral expected cost minimisation or risk-averse

worst-cost minimisation.

5.3.2 Frequency reserve market constraints

In this section, the governing equations and underlying constraints for participating
in the frequency reserve (FR) markets are presented. In the following, the following sign
convention applies: Positive values for the active power P, of component ¢ represent gen-
eration, while negative values represent demand. Similarly, upward services PET , which
correspond to increasing generation or decreasing demand, are represented as positive
values, whereas downward services P}, which reflect decreasing generation or increasing

demand, are denoted as negative values.

5.3.21 Component participation constraints

Given the activation time 7, the duration d,, of market m, as well as the classified
markets m € M for each component ¢ € C as listed in Tab. 5.3, the following constraints for
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market-participating components apply:

Pl,=Y Pl .., ceC seS, teT, (51
meM

P,= Y P, ceEC,sES, teT. (52
meM

PP =P, + Y P+ Pl ceEC,seS teT, (53

meM

Pl , < PPy, ceC seS teT, (54

P!, > PN — phae ceC seS teT, (5.5)

Pl < (1 - 71,) P ceC seS, teT, (56

Pl > (1 - %) prin | ceC seS, teT, (57)

with [Pl P!, >0, meM,ceC seS, teT, (58

with [Pl Pl,] <0, meM,ceC seS, teT.  (59)

As the HP charges the HWS, both components participate jointly in the FR markets,
since their flexible operation is inherently coupled, as shown in Section 4.4.4. P! and P!
denote the total upward and downward bids submitted to markets in which component
c is participating. The parameter P™™ defines the minimum active power and thus the
maximum absolute power consumption, while P defines the maximum active power
generation. PCb ¢ represents the nominal baseline operation of component ¢ without any
reserve market participation, for instance, a BESS that charges and discharges solely based
on internal energy system needs and prices. Equations (5.1) and (5.2) define the total aggre-
gated upward and downward market bids. The resulting total active power of each compo-
nent, accounting for activation in energy markets, e.g., aFRR energy market, is expressed
in (5.3). The aggregated upward and downward bids across all markets are constrained
by the physical power limits of the component via (5.4) and (5.5). A security margin Yp I8
incorporated into constraints (5.6) and (5.7), aligning with the German regulatory require-
ments, stating that market bids may not exceed 80 % of the rated power of energy storage
systems. This margin ensures operational headroom for energy management measures
during activations [155], thus Yp = 20%. The notation defined in (5.8) and (5.9) requires
upward bids to be expressed as positive values, and downward bids as negative values.

Furthermore, for reserve markets with a bidding duration longer than the model time
step At, it must be assured that the market bids are uniform throughout the bidding period
k. Let T, € T denote the set of time steps associated with bidding period k of market m,
then the following constraint applies:

Plecmsn = P;cc,m,s,k , meM,kek,,seS, t,eT, (5.10)
Pt = Pécc,m,s,k , meM,kek,,seS, teT;. (5.11)

Under the current market structure, both the FCR and aFRR capacity markets operate
based on bidding blocks of 4h. With a model time step length of At = 0.25h, each bid-
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ding block k corresponds to a set of time steps 7; C T, for instance, 7; = {1,2,...,16}. It
is important to distinguish between the market bids of individual components and the ag-
gregated market bid of the overall MES at the PCC. While individual component can vary
their bids within the bidding period, e.g., due to operational constraints or availability, the
aggregated bid submitted by the MES must remain constant throughout the full duration
of each bidding block. Furthermore, in line with German prequalification requirements,
units offering FCR or aFRR with limited energy capacity, such as BESS, must be capable of
continuously providing the contracted reserve power for at least 1 h within each 4h bidding
block [155]. This requirement allows storage systems access to frequency reserve markets
while effectively utilising their active power capabilities.

5.3.2.2 Storage system constraints

In this section, additional constraints for energy storage systems that participate in mul-
tiple markets simultaneously are presented. To ensure reliable operation, energy storage
systems must maintain their SoC within specified upper and lower bounds during acti-
vation and avoid over-committing with market bids. Therefore, the following additional
constraints apply:

Y Pl dy + PESEAL< (SOC%, - SOC?““) (1=7%), ceCyseS, teT, (512)
meM

Y Pl il + PR AL > (SoCE™ —S0C,.) (1—12°), c€Cy s€S, teT. (5.13)
meM

Here, d,, denotes the maximum duration within a bidding period in market m that
the active power deviation must be maintained. The parameter 7°° defines the relative
security margin at the upper and lower SoC limits, which are constrained by 0 < P <1,
and set to be 12 = 10%.

To limit BESS degradation, a daily cycle limit is incorporated. Since the representative
scenarios days s € S are assumed to be cyclic, i.e., the SoC at the beginning of the day
equals the SoC at the end, only the charging energy is counted towards the cycle limit.
To account for energy throughput from FCR provision, a heuristic ratio (;‘fcr is introduced,
which represents the expected relationship between FCR activation energy and tendered
FCR capacity. This heuristic factor, predetermined based on historical data, approximates
the expected energy associated with FCR activations:

out act p
2 out Pbess s,t + Kpess SOCbess st + gfcr fcr st At
teT \ Mbess

lim max min
Ncyc (SOCbess - SOCbess) ’

(5.14)

which applies to all representative scenario days s € S.
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5.3.2.3 Internal power grid constraints

The aggregated bids of each building must be constrained to account for the thermal
limits of the power grid. Let L, denote the set of transformers, and C,4 represent the
set of components located at each building connected to transformer ik. The apparent

rate

power rating Sz~ of the connecting transformer ik at each building limits the sum of all
corresponding bids as follows:

Y PP — Pl < Sie ke Ly, seS, teT, (5.15)
c€Cpq

Y P — P, > —Sit, ke L, seS, teT, (5.16)
c€Cpq

Y PR+ P, < S ke Ly, seS, teT, (5.17)
c€Cpq

Y, PR+ P, > —Sit, ke Ly, seS, teT, (5.18)
c€Cpq

Additionally, in a radial distribution grid, both the aggregated market bids and the
baseline active power contributions of all components connected to the buses downstream
of each branch must be considered to ensure that their thermal limits are not exceeded.
Let £ be the set of all branches, and let ¢ € C4s x denote the set of all components located
downstream of branch ik, then the thermal limit of each branch is enforced by the following

constraints:

Y PP, <SP ikel, seS, teT, (5.19)
c€Cys ik

Y, PYe_pl > -site, kel seS teT, (5.20)
c€Cys ik

Y. PR+ P, <SR ike L, seS, teT, (5.21)
c€Cys ik

Y PP 4 pt > s, kel seS, teT. (5.22)
c€Cys,ik

5.3.3 Future price scenario generation

This section outlines the generation of future price scenarios for both frequency reserve
markets and the spot market. To assess the effect of potential future price developments
on the optimal design of local MES, multiple future scenarios are considered that aim to
capture the uncertainty of future revenue streams. The following presents the methodology
used to derive volatile wholesale electricity prices and adjusted frequency reserve prices.
All future scenarios are based on a reference price year derived from historical data.
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5.3.3.1 Spot market price scenarios

With the increasing penetration of RES, particularly solar PV, spot market prices are
expected to become more volatile, in particular with negative prices during midday peak
solar generation and higher prices during morning and evening demand peaks (the so-
called duck-curve). This trend is already observable in Australia [164, 165] and Europe
[10, 166], and is expected to becoming more pronounced to the the continuous adoption of
RES.

To reflect this development, the future time series of the spot market prices incorpo-
rate an increased volatility factor and a downward shift in prices during solar peak hours
(10a.m. to 4p.m.), which is modelled using a parabolic function. The electricity price for
each future scenario w € ) is then defined as follows:

buy,w

elec —ref —ref
elst Y Tlel, s + /\(Trel,s,t - nel,s)

+bps'§s,t'A7T'Y/ seS, teT.

(5.23)

buy,w
Here, el st

time step ¢ in future price scenario w. nerle s refers to the mean electricity price of the refer-

denotes the variable electricity price for each representative scenario day s and

ence year for representative scenario day s, which can be uniformly decreased or increased
using the electricity price factor 7. The volatility factor A scales the standard deviation
of the price signal, with values A > 1 representing increased price variability. The binary
variable by, equals one during peak solar hours (10a.m. to 4p.m.) and zero otherwise. ¢,
is a parabolic function applied during these peak solar hours to represent the impact of
solar generation. Additionally, the stochastic term Y ~ N (1,0.12) introduces normally dis-
tributed randomness around the base level, representing further market uncertainty. The
resulting spot market price time series used in the scenario analysis is illustrated in Fig. 5.5
in Section 5.5.1.

5.3.3.2 Frequency reserve price scenarios

Due to the increasing penetration of BESSs in the power system and their accompanying
participation in FR markets, the prices for FCR and aFRR markets are expected to decline
in the coming years as a result of market saturation [167]. In contrast to the wholesale
electricity prices, which show a clear trend towards increased volatility and the duck-curve
pattern, the potential average reduction in FR market prices is captured using a simple
scaling factor:

Y ="l by Gy AT, ses, teT, (5.24)
where 7" represents the FR price factor to decrease or increase the mean reference price
m, ref
ns,t
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5.3.4 Reactive power market

5.3.4.1 Potential future market-based procurement

Despite current plans for a reactive power market in Germany, no standardised price
signals are available in the literature yet. While the remuneration for the market-based
procurement in the Northeast of Germany is capped at 0.7 ct/kvarh [168], no detailed data
is available regarding the actual market outcome. Existing bilateral agreements range from
0.08 ct/kvarh to 0.227 ct/kvarh [169]. To account for potential future price developments,
an assumed price range between 0.1 ct/kvarh and 0.7 ct/kvarh is adopted.

This work adapts a time-dependent reactive power requirement through a local signal,
indicating periods during which reactive power absorption or injection is required. Dur-
ing peak solar hours (11 a.m. -3 p.m.), over-voltage issues could be mitigated by absorbing
reactive power [16], while voltage drops during peak demand evening hours could be miti-
gated by reactive power injection. The applied reactive power signal is depicted in Fig. 5.11.
Note that due to the lack of publicly available data, the reactive power signal is arbitrarily
chosen. This signal could be based on local voltage measurements and enforced through an
automatic voltage-control scheme, which may be coordinated by the transmission system
operator (TSO).

5.3.42 Reactive power capabilities

The reactive power capabilities of the electricity-consuming components are shown in
Fig. 5.3. It is assumed that the three electricity-consuming components BESS, solar PV, and
HP are equipped with power converters, which can adjust their reactive power capabilities.
The BESS has full four-quadrant capabilities, while the solar PV array is assumed to adjust
its reactive power within its power factor limits of cos ¢ > 0.9, while the heat pumps’ power
=20%

factor limit is set to cos ¢ > 0.95, with an implemented relative part-load limit of P,;,

of the maximum active power output.

“Q kQ “Q

Ty
la~]
-~

a) BESS b) Solar PV ¢) Heat pump
Fig. 5.3: Active power (P) and reactive power (Q) capabilities of the considered electricity-consuming

components: BESS, solar PV and HP. Negative values indicate generation, and positive values indicate
consumption.
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5.3.5 Iterative second-order cone program algorithm

The introduced SOCP formulation in Section 2.1.7.2 relaxes the current magnitude con-
straint in (2.9h), which incentivises increased non-physical currents for negative active or
reactive power prices, leading to non-exact solutions [170]. To address this issue, an iter-
ative second-order cone program (ISOCP) algorithm first introduced in [171] is deployed.
The ISOCP algorithm successively reduces the relaxation error e;, which represents the
difference between the two sides of the inequality constraint presented in (2.9h), defined as
follows:

eix = Pk + @i — AaWi. (5.25)

Note that the relaxation error is smaller or equal zero. First, the initial problem with the
conventional SOCP formulation is solved, for which the absolute value of the exactness
error across all branches within the local MES is calculated. If the maximum absolute
value across all branches exceeds the predefined tolerance value tol = 0.001, the iterative
algorithm as described in Algorithm 5.1 starts. With each iteration, the error is moving
closer to zero based on (5.26), with v <1 determining the convergence speed [172]. The

th

power flow solution at (n + 1) iteration is obtained by a change of variable in (5.27),

linking the decision variables of the prior iteration x" with the results from the current

iteration x" 1.

et > e, (5.26)
= " A" (5.27)

n+1

Here, the acceleration factor « is set to 1, and Ax represents the decision variables

determined at the current iteration.

Algorithm 5.1: ISOCP algorithm
Data: Power grid model, grid constraints, component constraints, representative
input data, tol =0.001, « = 1.0, v = 0.85
Output: Active and reactive power dispatch
Init: Iteration count, n =1
Calculate: Optimal design and operation of original problem using (2.9), (5.29),
component constraints
Calculate: ¢;, Vik € L using (5.25)
while max (|e;|) > tol do
Update iteration counter: n =n +1
Obtain linearised constraints using (5.28)
Solve (n+1)th iteration of original problem using (2.9), (5.29), component
constraints and (5.28) for Ax"T
Update problem variables: =¥ ahx
Calculate e}, Vik € £,
Calculate max (|ef;™'])
end

n+1
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As the error defined in (5.26) is nonlinear, it is linearised using first-order Taylor series

approximation in (5.28), resulting in the following linear constraints:

2p AP+ 2g5 85 — AP A" — Wl AAGTY > (v~ el (5.28)

These constraints are incorporated in the original problem formulation. The details of the
algorithm are presented in Algorithm 5.1. For more information and further analysis on
the proof of convergence, see [171, 172].

5.3.6 Objective function

The objective function of the framework is to minimise the TAC, with positive values
representing costs, and negative values corresponding to revenues. The objective function
accounts for the initial investment cost for the components to be sized and their corre-
sponding maintenance costs (first line), costs for buying electricity and revenue for selling
electricity (second line) at the wholesale energy market, revenues from participating in
the reserve markets (third line), as well as revenues from reactive power provision (fourth
line). Subject to the above-listed constraints in (5.1)—(5.24), as well as the respective com-
ponent constraints as presented in Section 2.1, the objective function of the model is to be

minimised as follows:

min { Z (Cinv . jenn + 7_[fix . Cinv)
c c c c
ceC

buy in sell out
+ Z Ws Z (nel,s,t “Lpee,st — Tels,t pcc,s,t) At
seS  teT (5 29)

_Zwsz Z gm" p‘:’zc,s,t'At

seS  teTmeM

- Z Wy Z n?,t Qpcc,s,t At} ’

se§S  teT
, 1+7r)0-r
th k3" = (7C 5.30
e (5:30)

Here, S denotes the set of representative scenario days, while 7 represents the set of time
steps with a specified time step length of At in hours. The set of reserve markets the
local MES can participate in is denoted by M. Each representative scenario day s € S has a
corresponding weighting factor w, which reflects its statistical occurrence over the year. The
investment cost of each component C"V is annualised using the factor k™, which accounts
for the interest rate » and the component lifetime 7., resulting in equal annual payments
over the investment period. The annual fixed cost nﬁix, which includes maintenance and
service, is assumed to be a fraction of the overall investment cost C" of the respective
component. All the aforementioned component-specific parameters are given in Tab. 5.2.

The variable cost of buying electrical energy, denoted by Pri,rc'C At, is priced at n:fl Y, while
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the revenue for selling electrical energy, denoted as P;,’élct At, is determined by 7!, Both
buying and selling electricity are carried out at the wholesale spot market. Participation
in reserve markets is modelled through the tendered bid Pchc,s,t at market m. The corre-
sponding revenue is determined by the market price 71;; for the respective market product.
To account for imperfect foresight in forecasting market prices and activation volumes, a
heuristic reduction factor ¢" is applied. This factor incorporates the expected share of
the theoretical market revenue that is realised, with ¢" = 1 representing perfect foresight,
and lower values reflecting smaller market revenues due to forecast uncertainty. Addition-
ally, the framework includes potential remuneration for reactive power provision through
the reactive power exchanged at the PCC Q,,, and the corresponding price signal ngt.
Further details on the two-stage stochastic problem formulation and its mathematical im-

plementation can be found in [40].

5.4 Case study: Local multi-energy system

This section presents the local district-scale MES comprising electricity and heat as
energy carriers, which is adopted as the case study. The single-phase representation of
the internal power grid, the district heating and the overall structure of the case study are
illustrated in Fig. 5.4, together with the internal structure of each building.

] [l [ 2
g (8.8

“«@ v
[ z«-»r CHWS |
Bd5 Bdé6 Bd7 I :i—ﬂ; 3
| [ |
(a) Local multi-energy system (b) Internal building structure

Fig. 5.4: Local multi-energy system (a) with seven buildings (Bd) which are interconnected through an
internal power grid and a district heating network supplied by waste heat (WH). The electric demand (ED)
of each building is supplied by the grid supply and the rooftop solar PV array. The heat demand (HD) is
supplied by the heat pump (HP) and supported by the hot water storage (HWS). The components outlined
with dashed lines are to be sized. A shared community BESS is to be sized and installed at one of the bus
bars of the buildings.

The PCC with the upstream power grid is connected to the local MES at the 110kV
level. The voltage is transformed to 10kV and distributed via two feeders, each supplying
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several buildings. Within each building, the solar rooftop PV array, HP and HWS are sized,
as illustrated in Fig. 5.4b by the dashed lines. Furthermore, a shared community BESS is
sized and allocated to one of the seven buses of the connected buildings. The buildings
comprise a mix of office and laboratory spaces, reflecting diverse load profiles.

The component-specific parameters and assumed lifetimes are listed in Tab. 5.2. In the
following, the presented case study is applied to two different applications. The input data
specific to each case study application is given at the beginning for the respective appli-
cation section, in Section 5.5.1 and Section 5.6.1. Note that the aforementioned data and
parameters apply to both applications within this chapter. The first case study application
investigates the impact of frequency reserve market participation, including an uncertainty-
aware design analysis. In order to assess potential future market revenues, the second case
study application analyses the impact of a reactive power market on the optimal design of
local MESs. These two applications demonstrate the capabilities of the proposed methodol-
ogy, which can be applied to any market setup, such as a different market structure based
on other regulations or a future market, such as an inertia market or a locational flexibility
market at the distribution level.

Tab. 5.2: Techno-economic component parameter values for investment costs CI", relative fixed costs

7™ and lifetime 7.

Parameter Symbol 2h-BESS Heat pump  Solar PV array HWS
Investment cost cinv 457€/kWh 1300 €/kWy, 941€/kWp 97€/kWh
Annual fixed cost 77 2.5% 1.1% 1.0% 1.0%
Lifetime n 10a 25a 25a 10a
Sources - [88, 125] [125, 126] [88] [125, 127]

For the remainder of this chapter, the following component models from Chapter 2
are used: The BESS is modelled via (2.1), the solar PV array is integrated using (2.2), the
linear HP model is implemented using (2.4) with a minimum relative part-load of 20 %,
the HWS is modelled via (2.6), and the heating network is modelled via the energy vector
balance equations (2.7). While the internal power grid in Section 5.5 is represented by
the LinDistFlow approximation using (2.10), the ISOCP algorithm from Algorithm 5.1 is
deployed within Section 5.6.

5.5 Application 1: Impact of frequency reserve markets

This section assesses the sizing of the local MES under DA and reserve markets (FCR,
aFRR capacity) participation. Section 5.5.1 outlines the input data and key assumptions. In
Section 5.5.2, the optimal component designs and their operation are presented, followed
by a sensitivity analysis regarding spot market and reserve market prices and frequency
reserve market participation in Section 5.5.3. Section 5.5.4 investigates an uncertainty-aware
design assessment of components across various future scenarios, which was presented in
Section 5.3.1. Finally, the key findings and a brief discussion are presented in Section 5.5.5.
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5.5.1 Input data & assumptions

Tab. 5.3 provides the classification of components concerning their eligibility and ca-
pability to participate in the considered markets. The FCR market is symmetric, and thus
participating units must offer the same amount of both upward and downward frequency
regulation. This symmetry must be upheld at the PCC, i.e., while individual components
might only offer one direction of flexibility, the aggregated provision must be symmetric.
In contrast, the aFRR capacity and energy markets have separate upward and downward
products, although the component classifications listed in Tab. 5.3 apply to both direc-
tions identically. The following sections provide application-specific input parameters and
assumptions used in the case study.

Tab. 5.3: Classification of each component for market participation.

Day-ahead FCR aFRR (capacity)

BESS v v v
PV array v
HP & HWS v v v

5.5.1.1 Energy and frequency reserve market prices

The market prices for the representative scenario days of the frequency reserve market
application, based on data from the year 2023, are presented in Fig. 5.5. The DA prices are
based on [173], the prices for FCR and aFRR are based on [156], while data on activation of
tendered offers is obtained from [174]. In addition to historical DA prices, two future price
scenarios are shown in the top row of Fig. 5.5, to account for increased price volatility and
potential negative prices during peak solar hours, as implemented in (5.23). It is important
to note that the DA price reflects the price for selling electrical energy. In contrast, the
effective price for purchasing electrical energy includes taxes, levies and surcharges, which
amounts to 2.83 €/kWh for medium-sized consumers [31]. The probability of activation in
the FCR market, based on historical activation data in 2023 and 2024, is &' = 9%.

5.5.1.2 Scenario input parameters

This section presents the five key input parameters that represent the future uncertainty
scenarios, as depicted in Fig. 5.2 (a). Each parameter is varied across a realistic range, as
defined in Tab. 5.4, to evaluate its influence on system design and economic performance.
Notably, the volatility factor A and the afternoon price shift Ay are treated as paired values.

» Frequency reserve (FR) revenue factor {": Captures reductions in expected market rev-
enues due to imperfect foresight in operational scheduling, price forecasting, and
unforeseen maintenance downtimes. It adjusts the realised revenue relative to perfect
foresight from participating in frequency reserve markets.
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Fig. 5.5: Input data for the market prices, including future price scenarios w € Q) of the day-ahead (DA)
electricity market characterised by larger volatility (top), the frequency containment reserve (FCR) mar-
ket, and the upward and downward (dashed) automatic frequency restoration reserve capacity (aFRRcap)
market. The base price of the DA market reflects historical prices, while the future scenarios with A =1.25
and A = 1.50 represent increased price volatility by 25% and 50 %, respectively. The future scenarios
further include a systematic afternoon price reduction, which is implemented via Ay = —25€/MWh and
Ap = —50€/MWh, respectively, as described in (5.23).

» FR price factor v": Models an expected reduction in average FR market prices, result-
ing from increased competition and market saturation due to growing BESS deploy-

ment and FR market participation.

» Building cost subsidy: Represents a grid connection fee charged on BESS installations to
partly compensate for required network reinforcements. The fee ranges from 0€/kW
to 180 €/kW, based on regional regulations and the voltage level [175].

» Volatility factor A: Increases the standard deviation of electricity prices to account for
a higher volatility due to a growing solar PV penetration, reflecting larger midday
price dips associated with the duck curve phenomenon (see (5.23) for more details).

» Afternoon price shift Ay: Introduces a downward price shift in electricity prices during
solar peak hours (10a.m.-4 p.m.) to account for price pattern changes due to excess
renewable generation (see (5.23) for more details).

» Electricity price factor %1% Accounts for a decrease or increase in the mean electricity

price.

5.5.1.3 Assumptions and key aspects

As local MESs are typically small players in electricity and FR markets, they are consid-
ered price takers, i.e., their bidding behaviour does not influence the market-clearing price
[176, 177]. Furthermore, the minimum bid size of 1 MW does not apply in this context, as
the local MES participates in the markets as part of a VPP. The FCR market is assumed
to be an energy-neutral market, i.e., the activations for upward and downward FCR over
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Tab. 5.4: Iterable input parameter values for the future scenarios w, as applied in Section 5.5.4, resulting
in a total of 288 scenarios.

Parameter Symbol  Values Unit
FR revenue factor & [50, 60, 80] %

FR price factor " [50, 65, 85, 100] %

BESS building cost subsidy 77 [0, 80] €/kW
Volatility factor A [100, 125, 150, 175] %
Afternoon price shift Ap [0, 25, 50, 70] €/kWh
Electricity price factor ’yelec [80, 100, 120] %

time roughly balance out. As a result, no additional cost or revenue from FCR activation
is considered [178]. The aFRR energy market is excluded from this study due to the high
uncertainty with its energy activations, which lies beyond the scope of this design-focused
analysis [179, 180]. Furthermore, this study considers the DA market as the representa-
tive spot market. Although ID trading represents a relevant revenue stream in reality, its
explicit modelling would require sequential scheduling [110, 181] to avoid unrealistic ar-
bitrage effects under perfect foresight. Nevertheless, it is assumed that the local MES has
access to the ID continuous spot market to trade short-term imbalances resulting from FR
activation. This short-term flexibility is especially important for the operation and energy
management of storage systems.

5.5.2 Optimal design and operation

For the analysis in this section, the default values of the input parameters are applied:
the FR revenue factor is set to ¢" = 80%, the FR price factor to v = 100 %, the building cost
subsidy for the BESS to 7% = 80€/kW, and the volatility factor to A = 100% with no af-
ternoon price shift Ay and an electricity price factor % = 100%. The optimal sizing of all
components for each building within the local MES, as well as the sizing and placement of
the community BESS, are presented in Tab. 5.5. The BESS is installed at the bus bar of Bd1,
located at the top of the feeder. The operational schedule shown in Fig. 5.6 corresponds
to this optimal system design. All values presented in this figure are aggregated over all
buildings, except for the community BESS.

The results show that the majority of the BESS capacity is reserved for the provision of
frequency-balancing reserve in the FCR and aFRR capacity markets. The SoC is maintained
around 55 %, representing the midpoint of the usable SoC range, given SoCin — 10%. This
enables the BESS to provide symmetric FCR bidding, and offer both upward and down-
ward aFRR capacity provision. In response to high upward aFRR capacity prices and low
FCR at the end of representative days 22/01, 25/02 and 17/08, the reserve capacity is
shifted from FCR to aFRR capacity. A similar trend is observed across the entire days of
28/06 and 15/07. The SoC profile, which does not utilise the full energy capacity of the
BESS, indicates that energy arbitrage in the DA or ID markets does not significantly com-
plement participation in the reserve capacity markets. This is mainly because providing
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Fig. 5.6: Operation of the local district-scale MES and its participation in frequency reserve markets, with
the total aggregated electric demand (ED) and generation (top), the operation of the BESS and its SoC
(centre), and the thermal output of the HP alongside the SoC of the HWS (bottom).

symmetrical frequency reserve, which is required by regulation for FCR and typically cost-
optimal for aFRR, requires the SoC to be kept near 50 %. This operational strategy ensures
availability for both upward and downward flexibility, but limits the depth of charging
and discharging for energy arbitrage. For the considered prices, the operational strategy
of the BESS prioritises FR provision over energy arbitrage to maximise its revenue. These
findings align with the revenue streams for a real BESS in operation participating in the
aFRR market [157].

Tab. 5.5: Optimal component sizes for the reference local multi-energy system.

Location BESS Heat pump Solar rooftop PV Hot water storage
Bd1l 2465 kWh 15kWy, 320kWp 31kWhy,
Bd2 - 37kWy, 320kWp 37kWhy,
Bd3 - 2 kWy, 213kWp 45kWhy,
Bd4 - 35kWy, 400kWp 35kWhy,
Bd5 - 24 kWy, 320kWp 24 kWhy,
Bd6 - 141kWy, 600 kWp 245kWhy,
Bd7 - 31kWy, 320kWp 63 kWhy,
r 2465 kWh 326 kWy, 2493 kWp 481 kWhy,

During representative days with high rooftop solar PV generation, excess electricity
is exported to the upstream power grid. The BESS is typically discharged in the morn-
ing to profit from high DA prices and recharged in the afternoon with rooftop solar PV.
Additionally, it is evident that the HP in combination with the HWS, can contribute to
withholding reserve capacity for both the FCR and aFRR markets, which introduces an
additional revenue stream from the heating sector in the FR markets.
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5.5.3 Impact of price uncertainty and market participation

To assess the influence of reserve market participation, electricity price volatility and
reserve market price uncertainty on optimal component sizing, a comprehensive sensitiv-
ity analysis is performed. The analysis further explores the impact of explicitly considering
individual FR markets during the design phase. Throughout this investigation, a building
cost subsidy for the BESS of 7% — 0€ /KW, a FR revenue factor &" =80%, and an electric-
ity price factor 7% = 100% are assumed. The resulting aggregated component designs are
visualised in Fig. 5.7 within a heatmap. Each cell in the heatmap corresponds to the out-
come of a distinct design and operational optimisation, for a specified input combination
of electricity price volatility, FR market prices, and FR market participation options.

FCR, aFRR FCR, no aFRR no FCR, aFRR no FCR, no aFRR
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Fig. 5.7: Optimal component sizes for variations in electricity price volatility (y-axis) and frequency reserve
price (x-axis) under different frequency market participation settings. The resulting sizes for the community

BESS (top row), aggregated solar rooftop PV arrays (top-centre row), aggregated HP (bottom-centre row)
and the aggregated HWS (bottom row) are shown.

The first row reveals that BESS sizing is mainly driven by access to frequency reserve
revenues. The FCR market has a slightly stronger influence than the aFRR capacity market,
which can be attributed to the higher remuneration prices of FCR provision. If FR market
participation is excluded during the design phase, i.e., neither FCR nor aFRR markets, the
optimal community-scale BESS capacity is either relatively small for high electricity price
volatility, or not built at all. Although energy arbitrage in the DA market is allowed, the
existing price spreads are too small to outweigh the investment in a largeBESS without
complementary FR revenue streams. This finding is consistent with recent studies on the
limited profitability of DA spot market arbitrage under current market conditions [182].

The second row indicates that rooftop solar PV sizing is predominantly shaped by
electricity prices and their volatility. As price volatility increases, primarily due to larger
system-level PV adoption, the optimal solar PV capacity within the local MES declines.
The reduced PV sizes are caused by the increasing number of hours of low or negative
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electricity prices typically coinciding with high solar irradiance periods, which reduces
the marginal market value of solar PV generation [10, 183]. Since rooftop solar PV does
not participate in FR markets, its optimal sizing remains largely unaffected by the explicit
reserve market consideration.

The third and fourth rows depict the optimal sizing outcomes for the HPs and the
HWSs, respectively. The HP sizes vary only marginally independent of FR participation
and price dynamics, indicating that the thermal load requirements primarily determine
their sizing. Moreover, high investment costs further restrict the economic feasibility of
HP oversizing for potential FR market participation. In contrast, the HWS sizes show a
higher sensitivity to both electricity price volatility and FR revenues. Mainly due to lower
investment costs and their critical role in enabling temporal decoupling and thus providing
flexibility, the HWS capacities are oversized by over 35 % in scenarios of high volatility
and FR market participation. This shows that the combined system of HP and HWS can
offer additional operational flexibility, which is remunerated through FR markets. These
findings show that moderate oversizing of thermal storage is economically feasible, as the
thermal vector enables additional flexibility, which improves the business case of local MES

through reserve market revenues or real-time energy arbitrage.

5.5.4 Scenario-based uncertainty-aware design analysis

This section presents a scenario-based uncertainty-aware design analysis of the local
MES, focusing on its performance across a range of future scenarios. As illustrated in
Fig. 5.2 (a) and presented in detail in Tab. 5.4 of Section 5.5.1.2, a total of 288 future sce-
narios are defined based on different combinations of input parameters. For each future
scenario, a separate optimal system design is obtained. From these 288 system designs, a
representative subset of six distinct designs is selected for further analysis, as presented in
Section 5.5.4.1. Subsequently, these distinct designs are fixed and an operational optimi-
sation is performed across all considered future scenarios, as described in Section 5.5.4.2.
This enables the evaluation of the economic performance of each distinct design and the
identification of the most suitable system design under uncertainty.

5.5.4.1 Optimal distinct designs

Fig. 5.8 presents the selected subset of representative designs and their corresponding
input parameter values as listed in Tab. 5.6. It is important to note that these results are not
directly comparable to those shown in Fig. 5.7, since this analysis includes the participation
in both FR markets, and a wider range of input parameter values.

Significant variations in the sizing of the BESS and the solar PV arrays can be observed
across the distinct designs. For instance, designs 5 and 6 feature relatively small BESSs,
which correspond to scenarios with high building cost subsidies or reduced revenues from
the FR markets due to forecast inaccuracy or lower FR prices. As it can be seen for design
3, 4 and 6, the solar PV arrays are sized smaller with a higher electricity price volatility
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Fig. 5.8: Representative subset of distinct designs for the uncertainty-aware design analysis, based on the
optimal design for the future scenarios as listed in Tab. 5.6.

and the accompanying negative or low prices during peak solar hours. This confirms the
strong impact of electricity price volatility on optimal solar PV sizing as shown before in
Section 5.5.3.

The sizing of the HPs remains largely unaffected across future scenarios, confirming
the findings from Section 5.5.3 that HP capacity is primarily driven by the thermal demand
requirements. In contrast, the HWS capacities show greater variation due to their lower
investment costs compared to the HP, leading to an increasing operational flexibility of the
integrated heating system.

5.5.4.2 Uncertainty-aware design analysis results

This section presents the results of the uncertainty-aware design analysis. The six eval-
uated designs are selected as a representative subset of distinct system designs resulting
from all considered future scenarios. As illustrated in Fig. 5.2 (d), these design configura-
tions are fixed and their operation is optimised across all future scenarios to assess their

economic performance under uncertainty.

Fig. 5.9a presents the distribution of TAC of the six distinct design sets across 144
future scenarios for two building cost subsidies, respectively. Designs 1-4 result in similar
expected cost levels, though the large tails of their cost distribution show significant risk

Tab. 5.6: Future scenario parameter values for the subset of distinct designs for frequency reserve revenue
factor ¢, the frequency reserve price factor 4™, the building cost subsidy % the energy price volatility
factor A, the corresponding afternoon price shift Ay, and the electricity price factor 'yelec,

Design gm ,ym nbkz A A]l ,yelec

Design1l 80% 100%  0€/kW 100 % 0€/kWh 100 %
Design2 80% 50% 0€/kW 100% 0€/kWh 100 %
Design3 80% 50% 0€/kW 150% —50€/kWh 100 %
Design4 80% 50% 80€/kW 150% —50€/kWh 100 %
Design5 80% 50% 80€/kW 125% —25€/kWh 100%
Design6 60% 50% 0€/kW 150% —50€/kWh 100%
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exposure. Designs 5 and 6, characterised by the smallest BESS capacities, show the highest
TAC expected costs for both considered building cost subsidies. However, the tails on
either side of their cost distribution are much smaller than for the designs 1-4. This
is further underlined by Fig. 5.9b, which depicts Conditional Value-at-Risk (CVaR) with
various confidence levels for the distinct designs. For instance, despite design 5 having the
second highest expected TAC, its CVaR for confidence levels & > 0.8 is the lowest across all
designs. Conversely, design 3 has the second-lowest expected TAC, but this design results
in the highest values for CVaR g, which represents the most expensive 10 % of all scenarios.
Moreover, the impact of solar PV array sizing on risk assessment becomes apparent when
comparing designs 2 and 4, which have almost identical component sizes except for the
substantial difference in solar PV capacity. While the expected TAC of both designs is
nearly identical, design 4 has a higher CVaR compared to design 2 for various confidence
levels. This indicates that larger solar PV arrays combined with a large BESS capacity
mitigate tail risk exposure more effectively than systems with smaller solar PV arrays and
an equally large BESS capacity.
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(b) Conditional Value-at-Risk (CVaR) and expected total annualised cost E[TAC].

Fig. 5.9: Boxplot for the total annualised cost (TAC), and CVaR, for different confidence levels « for the
six distinct design sets as presented in Fig. 5.8 across 144 scenarios for two different building cost subsidies

P respectively, as indicated in Tab. 5.4.
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Fig. 5.10: Increase in total annualised cost (TAC) compared to the cost-optimal design for the six

design choices as presented in Fig. 5.8 across 144 scenarios for two different building cost subsidies nbkz,

respectively, as listed in Tab. 5.4.

These results underline that the risk position of investors plays an important role in
investment decisions within local MES. On the one hand, a risk-neutral position aiming to
minimise the expected (average) TAC over all scenarios would favour design 1, which ex-
hibits the lowest expected TAC. On the other hand, an investor with a risk-averse position
who aims to minimise CVaR would prefer design 5 with the lowest CVaR,>qg. Alterna-
tively, a balanced trade-off that minimises expected costs while reducing exposure to high-
cost tail risks may favour design 2, which achieves comparable expected TAC to design 1
but with significantly lower tail risks, as evident by its lower CVaR.

Besides mitigating tail risks by minimising CVaR or minimising expected costs across
all scenarios, the least worst regret (LWR) evaluates decisions under uncertainty relative to
the ex-post optimal choice [184], i.e., the design with the lowest TAC in each scenario of
this study. Therefore, to assess the LWR of the considered designs, Fig. 5.10 presents the
distribution of TAC increases relative to each scenario-specific cost-optimal design. Design
combinations with the smallest BESS capacity (designs 5 and 6) have the largest TAC in-
crease in most scenarios. While design 3 leads to the smallest regret of TAC increase across
all scenarios, design 2 has the lowest maximum TAC increase. These results underline the
importance of risk preference for investment decisions under uncertainty, which can be

incorporated and assessed with the proposed design analysis framework.

Comparing the results of LWR with mitigating tail risks through CVaR analysis, it is
notable that smaller BESS capacities lead to large regrets for many scenarios, but result in
lower CVaR values. The contrary applies for large BESS capacities, which reduce expected
TAC but expose the system to the highest TAC in extreme cases. These results show that
there is not a single optimal design combination due to its techno-economic performance,
but the decision-making is significantly impacted by the risk position of investors and
system planners. Therefore, different risk metrics such as CVaR or worst-regret should be
taken into account for an uncertainty-aware design investment that allows decision-makers
to control their desired risk position.
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5.5.5 Key findings & discussion

The impact of explicitly considering ancillary services within the design phase on local
MES sizing was demonstrated through an uncertainty-aware design analysis. The pre-
sented results have several key takeaways for local MES planning under uncertain market
conditions. First, solar PV arrays are highly susceptible to volatile electricity prices with
low or negative prices during peak solar hours, which is likely to increase with larger pen-
etration of RES. Therefore, coupling solar PV with BESS effectively mitigates this economic
risk by storing excess solar energy during low-price hours for usage during high-price
evening hours. Second, the investment in large community BESS capacity is economically
prudent for the considered market price scenarios. The BESS can serve both the internal
energy needs of the local MES, and participate in external energy and frequency reserve
markets, thus stacking multiple revenue streams. Third, the HP is sized primarily based
on the thermal demand requirements, while any oversizing aimed at enhancing electricity
market participation is economically not feasible. However, modest oversizing of HWS
can be economically prudent due to its low investment cost and the additional operational
flexibility it provides, which can unlock further revenue streams in electricity markets. Fi-
nally, the results confirm that optimal design decisions depend on the risk position of the
investor. Risk-neutral positions aiming to minimise expected cost favour large BESS capac-
ities and solar PV arrays, while risk-averse positions prefer smaller BESS to limit high-cost
tail risks under uncertainty. Regardless of the objective, the proposed framework provides
a structured approach to evaluate economic trade-offs and risks under uncertainty, thus
supporting informed investment decisions during the design of local MESs that account
for different risk preferences.

Despite the valuable insights presented in this study, several limitations must be ac-
knowledged. First, the analysis only considers participation in the aFRR capacity market,
while the aFRR energy market is excluded. Future research could explore heuristic meth-
ods to estimate revenues from aFRR energy provision and assess their potential influence
on investment decisions. Second, only the DA market was considered as a spot market,
which simplifies the real-world setup with both DA and ID markets. However, the focus
of this study is on system design rather than detailed operational scheduling. Real-time
operation of a local MES would require more detailed scheduling optimisation to coor-
dinate multi-market participation, which would complement the presented design frame-
work. Third, a heuristic factor accounting for imperfect foresight was incorporated within
the market participation. The aforementioned operational scheduling optimisation could
quantify this parameter more precisely. Fourth, the future scenario generation focused
on a few key parameters such as market prices and volatility, which are considered to be
most relevant for investment feasibility. Additional uncertainties, e.g., future regulatory
changes such as the participation of solar PV in reserve markets, evolving technology costs
or shifts in demand patterns, should be explored in future studies to cover a wider range

of uncertainty and enable more informed decision-making.
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5.6 Application 2: Impact of reactive power market

For a realistic revenue assessment over the operational lifetime, potential future market
revenues should be considered at the planning stage, even if such markets are not yet avail-
able or fully established. To illustrate this, the impact of the planned reactive power market
in Germany on the optimal design of local MESs is investigated as an exemplary case study,
demonstrating the ability of the framework to include reactive power provision. Besides
the reactive power market, an energy spot market and the FCR market is considered. In the
following, Section 5.6.2 depicts the operation of the local MES under the aforementioned
assumptions, while Section 5.6.3 analyses the impact of different reactive power prices on
the optimal component design. Section 5.6.4 discusses the presented findings.

5.6.1 Input data

Fig. 5.11 depicts the input prices for the day-ahead market (top) and for the reactive
power market (bottom). For the DA market, a future scenario with more volatile prices is
assumed, with negative prices during peak solar hours and higher prices during load peak
hours. For the reactive power market, a time-dependent local requirement is assumed,
with inductive reactive power during peak solar hours and capacitive reactive power dur-
ing peak demand hours. The price magnitude, assumed in this figure to be 0.5 ct/kvarh,
can be adjusted. Note that all components can participate in the reactive power market,
with the HP and the HWS participating jointly. Moreover, due to the price signal of the
reactive power market remunerating (inductive) reactive power consumption, the SOCP
formulation may result in non-physical solutions due to its relaxed ampacity constraint
as described in Section 5.3.5. Therefore, the ISOCP algorithm is deployed to ensure exact
solutions for the power flow of the internal grid.
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Fig. 5.11: Input data for the day-ahead market price and an exemplary signal for the reactive power

market. Note that the price of 719 = 0.5ct/kvarh can be adjusted. The electricity price represents a future
high volatile scenario with A =1.75 and a price afternoon shift of Ay =70€/MWh (see (5.23)).

103



5. MARKET INTEGRATION Application 2: Impact of reactive power market

5.6.2 Operational results

Fig. 5.12 shows the active power (a) and the reactive power (b) when considering reac-
tive power market participation. It can be seen that the reactive power at the PCC follows
the price signal, with reactive power consumption during peak solar hours and injection in
the evening during high-demand hours. All electricity-consuming components (BESS, solar
PV and HP) contribute reactive power when the price signal indicates local requirement. In
addition, the reactive power at the PCC is roughly equal to the sum of the individual com-
ponents within the MES, indicating low reactive power losses within the internal power

grid.
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Fig. 5.12: Aggregated operational results for active power (top) and reactive power (bottom) under

reactive power market participation with a remuneration of 79 = 0.5ct/kvarh. Active and reactive power
are depicted at the PCC, for the solar PV arrays, the community BESS, the ED and the HP.

5.6.3 Design results

Fig. 5.13 depicts the optimal design results for the aggregated building components
and the community BESS. Independent of the reactive power remuneration, the commu-
nity BESS is always placed at the head of the feeder at building 1. It can be seen that with
increasing reactive power prices, the optimal size of the community BESS increases. For an
assumed price of 0.7 ct/kWh, representing the maximum price limit in Northeast Germany
[168], the optimal BESS capacity increases by 22.2 % compared to not considering reactive
power provision as an upstream grid service. Similarly, the aggregated solar PV arrays in-
crease by 8.0 %. The thermal components, in particular the HP as an electricity-consuming
component, remain at their original sizes. This indicates that the reactive power market
remuneration is not sufficient to oversize the HP, despite its reactive power provision.

Fig. 5.14 depicts the annualised cost for design, operational cost and revenue from the
energy market, revenue from the FCR market and reactive power market, as well as the
TAC across different reactive power remuneration levels. It can be seen that the increase
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Fig. 5.13: Design results for the community BESS and the aggregated components for varying reactive
power prices. Note that the HP and the solar PV refer to the left y-axis, while the community BESS and
the aggregated HWS sizes refer to the right y-axis.
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Fig. 5.14: Annualised costs for design and operation, FCR and reactive power revenues (left y-axis), for
varying reactive power prices. Note that the total annualised cost (TAC), representing the overall sum of
costs and revenues, is depicted on the right y-axis.

in reactive power market revenue, driven by higher prices and increased BESS capacity,
is relatively small compared to the TAC. Nevertheless, the additional revenue from the
reactive power market combined with the FCR and energy market revenues, outweigh
the higher investment cost in a larger community BESS and solar PV arrays, resulting
in lower operational costs. Overall, the reduction in TAC resulting from higher reactive
power prices remains modest, with up to 2 % for an assumed reactive power remuneration
of 0.7ct/kvarh. This indicates that the solution space is quite flat, i.e., small additional
remuneration can shift investment decisions.

5.6.4 Key findings & discussion

To illustrate the impact of a future reactive power market on optimal local MES design,
a time-dependent signal indicating either provision or consumption of reactive power was
assumed, for which the remuneration was varied within an estimated range. The presented
results show that investing in a larger BESS capacity and to some extent solar PV arrays

is economically feasible when additional remuneration from reactive power provision is
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considered. However, the HWS and the HP sizes did not change for the considered prices,
indicating that the additional revenue streams do not outweigh their investment costs.

While the presented work offers valuable insights into the impact of future reactive
power markets on local MES design, several limitations and opportunities remain for fur-
ther research. The inherent uncertainty of prices, particularly for local services such as
reactive power provision, makes it challenging to estimate potential market remuneration
accurately. However, after this work had been conducted, the market-based procurement
of reactive power began in Northeast Germany, which was divided into five regions [161].
Two reactive power provision schemes exist, both remunerating reactive power exceeding
the current grid connection requirements [162]. Secured provision must be continuously
available at the contractually agreed level and is compensated via a standby price, while
unsecured provision is not continuously available and is remunerated based on the deliv-
ered reactive power. Even though the exact remuneration of accepted bids is not available,
the techno-economic insights of this real-world setup should be incorporated within the
presented framework in future work. Nevertheless, the presented work demonstrates the
relevance of local MES as potential players in such markets, which should be considered
during the design stage of local MES.

Within this work, the sole impact of a reactive power market is considered. In reality,
the BESS (and to some extent other flexible electricity-consuming components) could create
further revenue by participating in frequency-balancing markets or exploiting short-term
price differences within the ID market. Lastly, instead of a time-dependent requirement
for reactive power provision as adopted in this work, a capacity-based market would be
possible where the availability of reactive power provision is remunerated. A constant
remuneration for availability could impact the optimal component design even further,
and thus should be investigated.

5.7 Chapter summary

This chapter presented a techno-economic framework for investigating the optimal de-
sign of local MES under participation in multiple energy markets. The framework supports
uncertainty-aware component sizing across a range of future scenarios, illustrating how
uncertain parameters affect optimal investment decisions, which can be adapted based
on the availability or desired uncertainty focus. This was demonstrated in the first case
study, which focused on participation in energy and reserve markets. The second case
study showcased how potential future markets, such as a reactive power market, can be
further integrated within the presented framework. While both case studies were applied
to current German market regulations, the proposed framework is versatile and can be
applied to different regions and market structures. The presented findings highlight the
importance of incorporating potential market revenues and scenario uncertainty during the
early-planning stage of local MES to ensure uncertainty-aware and economically optimal

investment decisions.
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Conclusions

Therefore, there is an increasing need to develop models to gain a deeper understanding
of the technical interdependencies and the economic potential of local multi-energy systems
(MESs) with electricity and heat, especially at the design stage.

The central focus of this work was the development of a techno-economic framework for
the optimal design of local MESs comprising electricity and heat. The two-stage stochas-
tic optimisation framework incorporated different models for individual components, the
internal power grid and the heating network, enabling a comprehensive analysis of mod-
elling choice within a local electricity-heat energy system. Furthermore, investment costs
for component sizing, as well as the technical constraints and the potential revenue streams
from participating in energy, frequency reserve or reactive power markets were integrated.
Moreover, a novel flexibility calculation approach ensuring constant flexibility provision
related to a time-varying reference schedule was developed to quantify the impact of in-
dividual component sizing and interdependencies between components on the electrical
flexibility potential. Finally, the modelling was extended to include uncertainty based on
future scenarios, enabling informed decision-making at the design stage of local MESs.

The case study applications for the modelling choice impact on the design of electrical
storage showed that neglecting the thermal vector significantly oversizes the battery en-
ergy storage system (BESS) and increases overall costs, thus highlighting the importance of
modelling coupled energy carriers already during the design stage. Moreover, the internal
power grid formulation plays a key role in the optimal sizing of BESSs, both in terms of
modelling accuracy and computational workload. While a time-varying electricity tariff
incentivises larger investment in BESS capacity and results in lower annualised cost com-
pared to a constant tariff, high solar irradiance years lead to larger BESS sizes, reduced
cost and lower annual emissions. Overall, this framework provided practical modelling
guidelines for design studies of integrated electricity-heat systems. Moreover, a deeper
technical understanding of the impact of individual sizing of components and their inter-
dependencies was gained by embedding system flexibility potential into the design stage.
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The thermal vector not only impacts the optimal BESS capacity, but also provides substan-
tial active power flexibility, which can further be enhanced by identifying an optimal ratio
between heat pump and thermal storage in terms of overall system flexibility.

Beyond internal renewable energy sources (RES) utilisation and efficiency optimisation,
ancillary service markets present an important revenue opportunity for local MESs. Their
controllable assets in combination with storage systems can adjust their active power to
participate in frequency-balancing reserve markets, while capacitive or inductive reactive
power provision contributes to stabilising local voltage magnitudes. By developing a frame-
work that incorporated ancillary service markets with their inherent revenue streams, valu-
able insights into key investment drivers and economic opportunities within local MESs
were gained. The case study demonstrated that including revenue stream from energy and
frequency reserve markets significantly affects optimal component sizing, even determin-
ing whether a community BESS was built. Moreover, future scenarios were incorporated
that account for varying future market conditions, ensuring optimal investment decision-
making under uncertainty. An expected increasing electricity price volatility worsens the
business case of solar photovoltaic (PV), but its combination with a community BESS re-
mains profitable across all evaluated scenarios.

The presented thesis contributes to a deeper understanding of designing local MESs
with electricity and heat, and identifies and quantifies key investment drivers and their
interactions. In the following, the key novelties and contributions are described.

6.1 Research novelty and contributions

This thesis presented research on the optimal design of local MESs comprising electric-
ity and heat beyond the state of the art. The following sections summarise the novelty of
this work, present the key findings, and further draw conclusions.

6.1.1 Comprehensive analysis of modelling impact in multi-energy systems

The computational burden of explicitly modelling integrated MESs typically leads to
simplifications on coupled energy carrier models, particularly during design studies. To
address this, a comprehensive analysis was developed to investigate the impact of different
component modelling choices on the design of BESSs and their computational implications
within an integrated electricity-heat system. The key contributions can be summarised
below:

(i) A comprehensive design analysis was developed, which analysed the impact on the
optimal BESS sizing of several models within a local multi-energy system: heat pump,

thermal building representation, heating network and internal power grid.

(ii) By deploying different model formulations for the optimal BESS sizing in local MESs,
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(iii)

relevant and novel insights were gained. First, the coupled thermal vector is crucial
for optimal BESS sizing, as its inherent thermal storage avoids electrical storage over-
sizing and reduces overall system costs. Second, a constant heat pump efficiency
model proves to be sufficient for electrical storage design studies. Third, the second-
order cone program approximation for the internal power represents a suitable trade-
off between computational tractability and modelling accuracy, while the solution
with the exact AC optimal power flow (AC OPF) equations is not tractable. Fourth,
while the explicit modelling of the internal heating network slightly decreases the
optimal BESS capacity, it significantly increases the computational burden. Finally, a
time-varying electricity tariff not only incentivises larger BESS investment, but also
reduces costs and CO, emissions, especially for high solar irradiance years.

Practical modelling guidelines, representing an optimal trade-off between modelling
accuracy and computational tractability, were presented for the design of electrical
storage systems in multi-energy systems.

6.1.2 Flexibility assessment in relation to time-varying reference schedule

For the participation in ancillary service markets, active or reactive power at the point

of common coupling with the upstream power grid must be reduced or increased for a

given duration. To ensure a constant provision of upward or downward flexibility for

market participation, it is important to calculate the potential for reduction or increase in

relation to a reference schedule. This work expanded the state-of-the-art flexibility calcu-

lation by including a predetermined schedule as a reference, ensuring constant flexibility

over several time steps. The key contributions can be summarised as follows:

)

(ii)

A technical framework was developed, which calculates the maximum constant flexi-
bility in relation to a time-varying predetermined reference schedule. By considering
variable load patterns and time-varying RES generation, the framework enables en-
ergy system operators to quantify and ensure constant flexibility bids over multiple
time steps. This novel calculation of electrical flexibility is especially important for
participation in ancillary service markets, where their tendered bids for upward or
downward deviations from the planned schedule must remain constant. This allows
energy system operators to reliably size their flexibility bids and reduce the risk of
non-delivery penalties in the real-world implementation.

While the presented framework was applied to active power flexibility, it is adapt-
able to assess the flexibility of reactive power, heat or other energy vectors. It further
incorporates a delivery duration and response time, which are required by market
regulations. This adaptability allows the assessment of various flexibility products
under different market regulations and across energy vectors, thus translating tech-
nical capabilities of local MESs into market-compliant bids.
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6.1.3 Framework of operational flexibility assessment within design phase

Operational flexibility is essential within low-carbon power grids. To fully leverage the
flexibility potential of MESs, a deeper technical understanding of operational flexibility
during the sizing process is required. Therefore, a technical framework was developed that
analysed the impact of individual component sizing and interdependencies on electrical
system flexibility. The framework can further incorporate network constraints, different
durations and response times of flexibility, making it adaptable to any market require-
ments. The key contributions can be summarised as follows:

(i) A technical flexibility framework was presented to quantify the impact of component
sizing on the flexibility potential in MESs during the design phase. The framework al-
lows for a systematic impact assessment of individual component design choices and
further identifies threshold ratios between components that constrain overall system
flexibility.

(ii) The key insights provided by this framework are the following: First, the thermal
vector significantly contributes to electrical system flexibility, and therefore should be
included for enhancing electrical flexibility. Second, the BESS is the most significant
flexibility provider, while downward flexibility (curtailment) of the solar PV array
is temporarily limited to solar availability, which underlines the benefits of combin-
ing solar PV with electrical storage. Third, an optimal ratio between the heat pump
and its thermal storage was identified, above which increasing the heat pump capac-
ity did not provide additional flexibility. This quantitative assessment can provide
clear design guidelines to avoid component oversizing and allocate investment effi-
ciently. Finally, internal networks must be considered for a realistic system flexibility
assessment, as their constraints limit the flexibility potential at the point of common
coupling (PCC) with the upstream power grid.

(iii) The presented framework enables a deeper understanding of the complex interde-
pendencies within electricity-heat systems, which can assist investment stakeholders
in making more informed decisions when facing long-term uncertainties in prices or

demand forecasts.

6.1.4 Uncertainty-aware design analysis under market participation

Besides optimising self-efficiency and self-consumption within local MESs, its invest-
ment decisions are also affected by the participation in electricity wholesale markets. This
part of the work incorporated energy, frequency-balancing reserve, and future reactive
power markets to investigate their impact on the optimal component sizing of local MESs,
while future scenarios were considered for an uncertainty-aware decision-making. The key
contributions of the uncertainty-aware design analysis under market participation are as
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follows:

)

(i)

(iii)

(iv)

A techno-economic design optimisation model was developed that jointly optimised
electricity and thermal components (BESS, solar PV, heat pump (HP), thermal stor-
age) within local MESs under energy and reserve market participation for the German
electricity market.

A detailed sensitivity analysis was conducted to quantify the impact of market par-
ticipation, with several key insights. First, frequency reserve market participation for
some cases determines whether a community BESS was built, which highlights the
importance of market revenue integration during the design phase. Second, declining
frequency reserve prices combined with increasing electricity price volatility shift the
economic value of BESSs from reserve provision to energy arbitrage, thus increasing
the attractiveness of longer-duration BESS. Third, even though solar PV are highly
susceptible to volatile prices, its combination with a BESS remains profitable. Finally,
while the heat pump was solely driven by the heat demand, modest oversizing of the
hot water storage was proven to be economically prudent under the assessed elec-
tricity market conditions, suggesting that thermal storage should be considered to
increase system flexibility. These insights imply that system planners should explic-
itly account for all potential market revenues during the design, and hybrid PV-BESS
systems represent an adaptive and robust investment for cost-effective flexible local
MES, which can be further enhanced by modestly oversizing thermal storage.

A novel scenario-based uncertainty-aware design analysis was developed, which con-
siders future variations in market prices and forecast uncertainty. Its findings high-
light that optimal design depends on the risk preference of investors. While risk-
averse positions favour larger solar PV with smaller BESS to limit low-revenue tail
risks under declining frequency-balancing prices, risk-neutral positions prefer larger
BESS to minimise expected costs across all scenarios. This systematic analysis evalu-
ates economic risks and trade-offs under uncertainty, supporting informed decision-

making at the design stage of local MESs.

The revenue from a potential future reactive power market was further analysed,
which makes investment in larger BESS and slightly larger solar PV economically
prudent, as the additional revenue stream combined with improved energy arbitrage
and frequency-balancing market revenues outweighs the higher investment costs.
However, the economic viability of these investments depends on the reactive power
capabilities of the components, the reactive power prices, the temporal and locational
requirements, competing revenues from other markets, and potentially limiting inter-
nal grid constraints. All of these aspects must be considered during the design stage,
and require further study on their precise implications on component sizing.
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6.2 Future Work and Outlook

Besides the presented work and contributions on the optimal design of local multi-
energy systems, there are open questions and areas of research that could be further ex-
plored. In the following sections, several topics are discussed that could improve and
extend the presented work.

6.2.1 Integration of further energy carriers within multi-energy systems

Expanding upon the presented research of electricity-heat systems, further energy car-
riers could be integrated into the local MES, and their impact on the electrical domain in-
vestigated. In addition to the thermal vector, cooling demand is becoming more important,
particularly in warmer climate regions. The fifth generation of district heating and cooling
network, equipped with decentralised HPs, can serve both heating and cooling demands
by utilising bidirectional flows at low temperatures. Moreover, these networks can be used
as thermal energy storage, both for short-term buffering and long-term seasonal balanc-
ing. This functionality, in combination with additional cooling demand, introduces new
aspects for the sector coupling with the electrical domain, which should be systematically
investigated within the presented frameworks.

Transportation is another rapidly growing energy vector, driven by technological ad-
vances in electric vehicles (EVs), which bring both challenges and opportunities. On the
one hand, high-power EV charging increases the stress on local distribution networks. On
the other hand, bidirectional charging enables EVs to provide vehicle-to-grid services, such
as shaving peak demands, frequency-balancing, or storing excess energy of RES. Therefore,
the impact of EVs within local MESs is worth investigating in future studies, both in terms
of their interaction with other coupled energy carriers and regarding flexibility provision
through ancillary services.

6.2.2 Electrical storage degradation

The presented research established community BESSs as a cornerstone in the design
of local MESs. An important aspect of Li-ion BESSs is its degradation over time, causing
the usable capacity to gradually decline. To mitigate this effect, a daily cycle limit was
implemented in this work. However, the cycle limit does not capture key ageing mecha-
nisms such as high (dis)charging currents, deep discharging cycles or calendar ageing, all
of which are the main contributors to capacity degradation. Incorporating a detailed degra-
dation model could affect optimal sizing, operational flexibility, and long-term economic
decisions of storage systems. Therefore, such a degradation model should be integrated

into design studies to ensure optimal investment decisions over the operational lifetime.
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6.2.3 Additional market considerations

The design analysis under energy and reserve market integration underlined the impor-
tance of integrating relevant possible revenue streams during the design stage. Therefore,
further work should extend the presented analysis by incorporating the automatic fre-
quency restoration reserve (aFRR) energy market, which was excluded in this thesis. Its
short gate closure time of up to 25 min before delivery and duration bids of 15 min should
allow for fairly accurate forecasts, which in turn unlocks additional revenue streams and
thus has a significant impact on solar PV sizing. Even though solar PV is not eligible to
participate in frequency-balancing markets on its own, the combination with a BESS could
become more profitable with aFRR energy market participation. Heuristic methods for a
rough revenue estimation could enable the integration of the aFRR energy market into the
presented design framework computationally efficiently.

While this work investigated reactive power remuneration, the new secured and unse-
cured remuneration schemes compensating beyond grid connection requirements in Ger-
many were not considered. Future work should explore how these remuneration schemes
affect the design of local MESs, including whether it is economically feasible to potentially

oversize inverters separately for permanent reactive power provision.

6.2.4 Real-time integration of local energy systems providing services to the
upstream grid

The presented research outlined the capability of local MESs to provide frequency-
balancing service and reactive power for voltage stability. As the next step, future studies
could explore how the ancillary service provision of multiple local MESs can support the
stability of a regional distribution or transmission grid. Within a simulation model of the
power grid, the flexibility potential could be embedded via nodal operating envelopes in
the PQ-space, which could enable a dynamic active or reactive power response. Such a
simulation-based analysis could provide valuable insights into the required scale of decen-
tralised flexibility from local MESs, as well as the technical challenges and the limitations
of such an integration.
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APPENDIX A

District-scale case study parameters

This section presents additional information on the district-scale MES which was inves-

tigated in Chapter 3 and Chapter 5. In particular, the internal power grid and the parameter

values of the individual buildings are listed in the following.

A.1 Internal power grid

The internal power grid of the district-scale multi-energy case study is presented in
Tab. A.1, applying to both Chapter 3 and Chapter 5.

Tab. A.1: Branch parameters and apparent power limits for the internal power grid of the district-scale
MES considered in Chapter 3 and Chapter 5.

Bus (i) Bus(k) 71y (pu) xjp (pu) hlsl? (p-u.) S[(;te (pu) Type
B_PCC B_35 1.25e-05 3.592e-04 0 80 Transformer
B_35 B_BB1  2.00e-04 0.003294 0 30 Transformer
B_35 B_BB2 1.667e-04 0.003363 0 30 Transformer
B_BB1 B_Bl1 0.02000 0.00540 0.02764 1.5 Cable
B_B1 B_Bdl  0.02000 0.07700 0 1.0 Transformer
B_B1 B_B2 0.02604 0.00414 0.02073 1.0 Cable
B_B2 B_Bd2  0.02000 0.07700 0 0.4 Transformer
B_B2 B_Bd3  0.02000 0.07700 0 0.12 Transformer
B_B2 B_B4 0.02000 0.00540 0.02764 0.7 Cable
B_B4 B_Bd4  0.02000 0.07700 0 0.4 Transformer
B_BB2 B_B5 0.02000 0.00540 0.02764 1.5 Cable
B_B5 B_Bd5 0.03000 0.11300 0 1.0 Transformer
B_B5 B_B6 0.01000 0.00270 0.01382 1.0 Cable
B_B6 B_Bd6  0.03000 0.11300 0 0.7 Transformer
B_B6 B_B7 0.02000 0.00540 0.02764 0.7 Cable
B_B7 B_Bd7  0.04000 0.15500 0 0.4 Transformer

115



A. DISTRICT-SCALE CASE STUDY PARAMETERS Building parameters

A.2 Building parameters

Tab. A.2 presents the component parameters for the individual buildings within the
real-world MES case study. The values for the thermal building inertia K4 stem from the
dwellings and the hot water storage of the respective building. Note that while the whole
table applies to Chapter 3, only the first part applies also to Chapter 5, as the solar PV
arrays, the HPs and the hot water storage (HWS) are sized in this chapter.

Tab. A.2: Detailed input parameters for the district-scale case study, which are based on the real-world
MES. The values of the heat demand and electric demand are based on historical measurement data. Bd
represents the respective building, whereas BB1 represents the upper bus bar to which the central PV
array is connected. Note that that the first part applies to the district-scale MES in both Chapter 3 and
Chapter 5, while the second part only applies to Chapter 3.

Component Symbol  Unit Bdl Bd2 Bd3 Bd4 Bd5 Bd6é Bd7 BBl
Building Top ™™ 1€ 8 70 85 70 70 70 70 -
Heat Qi KWl 928 146 1349 648 702 2658 365 -
demand Qpagan kW] 388 53 493 237 257 521 152 -
Electric P> KW ] 249 399 450 254 274 1971 497 -
demand pgen kW] 84 345 330 233 147 702 168 -
PV array P [kWp] 80 80 80 100 80 150 80 1000
Heat pump ~ Qp™ (kW] 350 90 500 90 110 550 130 -
Building Kig [KWh/°C] 300 100 600 100 100 600 200 -
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APPENDIX B

Additional information to Chapter 3

B.1 Additional results to the individual building study

In Chapter 3, Section 3.4.1 investigates the optimal design of a BESS within an indi-
vidual building. Tab. B.1 presents the detailed sizing results of the BESS for time-varying
and constant electricity tariffs, different HP and thermal building models, as well as the
respective total annualised cost (TAC) and global warming impact (GWI).

Tab. B.1: Optimal BESS capacity, total annualised cost (TAC) and global warming impact (GWI)
emissions for time-varying and constant electricity tariffs, different heat pump (HP) models, as well as the
multi-energy and the all-electric building model, respectively.

Electricity tariff HP model Building model ~ BESS capacity TAC GWI
Detailed Multi-energy 33.7kWh 16.4k€/a  30.0tco,/a
Linear (with PL) Multi-energy 30.9kWh 164k€/a 305 tCO2 /a

Time-varying Linear (no PL) Multi-energy 30.9kWh 16.4k€/a  304tco,/a
Linear (with PL)  All-electric 52.4kWh 18.6k€/a 31.0 tco, /a
- No heat demand  39.4kWh 12.8k€/a  228tcp,/a
Detailed Multi-energy 2.5kWh 17.2k€/a  352tco,/a
Linear (with PL)  Multi-energy 2.5kWh 17.3k€/a  353tcp,/a

Constant Linear (no PL) Multi-energy 2.5kWh 173k€/a  352tco,/a
Linear (with PL)  All-electric 5.5kWh 19.6k€/a 389 tCOZ /a
- No heat demand  14.5kWh 13.3k€/a  27.0tco,/a
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apPENDIX C

Additional information to Chapter 4

C.1 Duration curves of input data for Chapter 4

In Section 2.2.2, the time series aggregation of the input data was presented, showcased
at the example of Chapter 3. The duration curves in Fig. C.1 show the input data and the
aggregated time series for Chapter 4. It can be seen that the error duration curve for the
heat demand slightly increases for four representative days. Such reduced accuracy for
an individual data set can occur to better capture the overall variability, as the time series
aggregation optimises the weighted sum of Euclidean distances across all data sets. This
can be seen in the continuous reduction of the clustering objective value depicted on the
right side of the figure. While six representative days would provide a more accurate ap-
proximation, four representative days are chosen to limit the computational requirements,
since the focus of Chapter 4 lies on demonstrating the technical feasibility of the proposed

methodology rather than maximising time series aggregation accuracy.

Electric demand
~— Heat demand

=
=

Solar irradiance

e
o

—— Electricity price

N

5 10 5 10
Number of representative days Number of representative days

Error duration curve
o o
—=

Clustering objective value
o N
o
(=}

Fig. C.1: Error duration curves (left) and objective value of k-medoids clustering optimisation (right)
depending on the number of representative days for the building case study in Chapter 4.
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C. APPENDIX: CHAPTER 4 Duration curves for Chapter 4
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Fig. C.2: Duration curves for the building case study in Chapter 4 for four representative clustering days,
with the non-dashed line representing the original data set, while the dashed lines depict the duration
curves of the clustered data set.
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C. APPENDIX: CHAPTER 4 Individual sensitivity analysis

C.2 Individual sensitivity analysis

Section 4.4.3 presents a sensitivity analysis of individual component design, with a
boxplot for size variations of the solar PV array. In the following, the maximum active
power flexibility values of the overall MES for design variations of the components BESS,
HP and HWS are presented.
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C. APPENDIX: CHAPTER 4 Individual sensitivity analysis
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Fig. C.3: Maximum active power flexibility of the multi-energy building for BESS size variations relative

to its reference design. Orange lines indicate the median, and green dashed lines represent the mean of
the resulting dataset.
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Fig. C.4: Maximum active power flexibility of the multi-energy building for HP size variations relative to

its reference design. Orange lines indicate the median, and green dashed lines represent the mean of the
resulting dataset.
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Fig. C.5: Maximum active power flexibility of the multi-energy building for HWS size variations relative

to its reference design. Orange lines indicate the median, and green dashed lines represent the mean of
the resulting dataset.
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C. APPENDIX: CHAPTER 4 Active power flexibility for different durations

C.3 Active power flexibility for different durations

The mean of maximum active power flexibility values can be investigated for different
flexibility durations. Fig. C.6 presents the heatmaps of varying one component at a time for
different durations, highlighting the decreasing flexibility capability for larger flexibility
durations, independent of the individual component. The per-unit flexibility values are
referred to the flexibility values of the reference case for a duration of 60 min.
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0.456 37 0125 0 0.118 2.248 [1.044  1.07 1.674  1.319

©w
=}

0.124 i 0.126 1.044 1.068

g
38

0.137 0.129 0.132 1.044 1.066

0.137 0.137 0.135 348 1.044 1.06 1.189 1.114

Relative component size
:—‘ Do
ot [=}

0.14 0.14 b 7 1.027 1. .027  1.027

—_
f=}

0.219 0.078 0.069 0.077 0.06 8 1.468 = 1.192

0.171 | 0.078 0.067 0.086 0.064 B 1.736 |0 1324 1.129

0.134 1 0.0 .071 0.0 .07 AT 962 1.191

0.104 0.078 0.077 0.07: 949 1.065

Relative component size

0.079 0.079 0.079 0.921 0.921 0.921 0.921 0.921

0.029 0.659 0.703

0.043  0.032 1.064 0.704  1.024 | 0.805

0.063 ' 0 0.044 0.034 0.932 [0.6¢ 0.692

0.049 0 0.794

Relative component size

0.039 0.039 0.039 B 0.039 0.65 0.65

> & O
& §

(c) T=120min
Fig. C.6: Mean maximum active power flexibility of the multi-energy building relative to the reference

case, varying one component size at a time for different durations. Flexibility per unit is defined as the
sum of the mean upward and downward flexibility in the reference case for a duration of 60 min.
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C.4 Interdependency between PV array and BESS

Section 4.4.4 investigated the interdependency between HP and HWS for electrical flex-
ibility provision, showcasing a tight interdependence with a saturating flexibility provision
above a certain sizing ratio. In contrast, the interdependency between solar PV array and
BESS is more decoupled in terms of electrical flexibility provision, as it is depicted in
Fig. C.7. There is no optimal ratio above which no further gains in flexibility provision
can be achieved, as both components can contribute to active power flexibility individually.
While the BESS capacity increases, both upward and downward flexibility are enhanced,
the contribution of increasing the solar PV size is evident for the downward flexibility, i.e.,
curtailing the PV generation.
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0.189

0.217

0.17

0.307

Relative PV array size

0.219

Relative BESS size Relative BESS size

Fig. C.7: Mean maximum active power flexibility of the multi-energy building relative to the reference
case for a duration of 60 min, varying component sizes of solar PV array and BESS.
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APPENDIX D

Additional information to Chapter 5

D.1 Duration curves of input data for Chapter 5

In Section 2.2.2, the time series aggregation of the input data was presented, showcased
at the example of Chapter 3. The following duration curves present the input data and
the time series aggregation for Chapter 5, with six representative days being chosen as a
compromise between accuracy and computational workload.

Electric demand FCR price

Heat demand aFRR/p price
Solar irradiance

aFRR{yy price

—— Day-ahead price

Error duration curve
Clustering objective value
(3]
(=)
(=)

5 10 5 10
Number of representative days Number of representative days

Fig. D.1: Error duration curves (left) and objective value of k-medoids clustering optimisation (right)
depending on the number of representative days for the district-scale case study in Chapter 5.
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Fig. D.2: Duration curves for the district-scale case study in Chapter 5 for six representative clustering
days, with the non-dashed line representing the original data set, while the dashed lines depict the duration
curves of the clustered data set.
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