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Abstract

Flexibility from local energy systems has been discussed as a facilitator for the
transition towards a more carbon-neutral energy system. Two use cases of this
flexibility are congestion management in electricity distribution networks, and
an individual-driven reduction of carbon footprints. However, for taping into
this flexibility, incentive mechanisms and an effective operation planning are
essential. This licentiate thesis aims to provide new insights into two areas: 1)
the design of market-based incentive mechanisms for congestion management
in distribution grids, and 2) the operation planning of local flexible asset
owners for reducing their carbon emission footprints.

The first area focuses on challenges, design, and evaluation of local flexi-
bility markets (LFMs) for congestion management in distribution grids. The
utilized methods include literature review, field studies including meetings
and workshops with different actors, scenario planning methods, and demon-
stration and simulation experiments.

Results for identifying the challenges show that the most impactful and un-
certain factors are the willingness and ability of end-users to participate in
LFMs besides regulatory incentives for distribution system operators (DSOs).
Moreover, five challenges are identified for LFM design including low mar-
ket liquidity, reliability concerns, baselines, forecast errors at low aggregation
levels, and the high cost of sub-meter measurements.

An LFM design is proposed to address the challenges. The design is a
triple horizon market structure including reservation, activation, and adjust-
ment horizons which can support decision making of market participants and
improve reliability and liquidity of the market. Adapted capacity-limitation
products are proposed that are calculated based on net-load and subscribed
connection capacity of end-users. The products can reduce conflict of inter-
ests, and administrative and sub-meter measurement costs related to delivery
validation and baselines. Moreover, probabilistic approaches for calculating
the cost and value of the products are proposed that can reduce the potential
cost of forecast errors for market participants while providing insights on how
the utility and cost of the products can be calculated.

Evaluating the proposed design is an ongoing work utilizing simulations and
real-life demonstrations. The most suitable congestion management solution
can vary depending on the context and test-system. Therefore, the evalua-
tion should include comparing the design with other congestion management
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solutions such as power tariffs. A comparison toolbox is proposed to be used
by researchers and DSOs including a qualitative comparison framework and
a reusable modeling platform for the quantitative comparison. Four cases are
quantitatively compared using the toolbox on a sub-area of Chalmers cam-
pus testbed: i) LFM+PT+ET (i.e., considering the LFM, power tariff (PT),
and energy cost (ET) simultaneously), ii) LFM+ET, iii) PT+ET, and iv) ET.
The most recent results show that case (i), has the lowest number of congested
hours. Moreover, congestions due to rebound effects from activating the LFM
are observed. The comparison of cases (i) and (ii) suggests that enforcing
power tariffs besides the LFM can reduce the rebound effects.

The second area utilizes a multi-objective optimization model for identifying
CO2 emission abatement strategies and their cost for Chalmers testbed local
multi-energy system. The results of the case study shows that the carbon
emission footprint of the local system can be reduced by 20.8% with a 2.2%
increase in the cost. The operation strategies for this purpose include more
usage of biomass boilers in heat production, substitution of district heating
and absorption chillers with heat pumps, and higher utilization of storage.
The cost of the strategies ranged from 36.6–100.2 (AC/tCO2).

The results from this thesis can be useful to system operators, flexibility
asset owners, policy makers, and researchers who are dealing with the above-
mentioned two use cases for local flexibility resources. The thesis can provide
insights to these actors by contributing to a better understanding of the chal-
lenges, and proposing potential solutions and toolboxes for implementing and
evaluating these use cases.

Keywords: Flexibility, local flexibility market, congestion management,
distribution system operator, local energy system, emission abatement strate-
gies

iii





Acknowledgments
I want to express my sincere gratitude to my supervisors, Anh Tuan Le, and
David Steen, for being always available, supportive, and positive during these
three years. Being at this stage would not have been possible without your
insightful comments, guidance, and being open to discussions. I also want to
thank my examiner, Ola Carlson, for guiding me during my studies, and being
available during the up and downs.

I would also like to acknowledge the FlexiGrid Project "Enabling flexibility
for future distribution grid" that is funded by the European Union’s Horizon
2020 research and innovation programme under grant agreement No 864048.
The financial support is gratefully acknowledged. I would also like to thank
all the colleagues within the project for their input and many hours of fruitful
discussions.

Additionally, a special thanks to all my colleagues and friends at Chalmers
for all the afterwork gatherings, fikas, and lunches that we have shared to-
gether. I am grateful for all the laughter and warmth. I want to extend this
special thanks to my colleagues in our research group for being so helpful and
supportive. I am fortunate to work with such wonderful people.

Finally, my deepest gratitude to my parents, my brother, Agnes, and Ashkan
for being always there for me. Thanks for your unwavering encouragement,
love, care, and support. Your presence keeps the flow in the river of my life.

Nima Mirzaei Alavijeh
Gothenburg, Sweden
May, 2023

v





Acronyms

BES: Battery energy Storage

CHP: Combined Heat and Power

CL: Capacity limitation

DA: Day-ahead

DER: Distributed Energy Resources

DSO: Distribution System Operator

EMS: Energy Management System

ET: Energy Cost

FSP: Flexibility Service Provider

ICT: Information and Communication Technology

LEM: Local Energy Market

LESOOP: Local Energy System Object-oriented Programming

LFM: Local Flexibility Market

MES: Multi Energy Sytem

MILP: Mixed-integer Linear Programming

PT: Power Tariff

PV: Photovoltaic Panel

RES: Renewable Energy Sources

SoC: State of Charge

TSO: Transmission System Operator

VCG: Vickrey-Clarke-Groves

vii





Contents

Abstract ii

Acknowledgments v

Acronyms vii

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Scope and motivations . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Aim and research questions . . . . . . . . . . . . . . . . . . . . 5
1.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.6 List of publications . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Background and related work 9
2.1 Flexibility use cases . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 LFMs for grid transfer capacity in distribution grids . . . . . . 12

2.2.1 Key factors, trends, and future scenarios . . . . . . . . . 12
2.2.2 Design challenges . . . . . . . . . . . . . . . . . . . . . . 13
2.2.3 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . 17

ix



2.3 Operation of local flexibility resources for carbon emission re-
duction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 Research gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4.1 LFMs for congestion management in distribution grids . 21
2.4.2 Operation of local flexibility resources for carbon emis-

sion reduction . . . . . . . . . . . . . . . . . . . . . . . . 24

3 Research approach 25
3.1 Design research for LFM design . . . . . . . . . . . . . . . . . . 25
3.2 Operation research for optimal operation and decision-making . 28
3.3 Utilized methods . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4 Summary of the main results and discussions 35
4.1 RQ1.1: Key factors, design challenges, and future scenarios for

LFMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 RQ1.2: A comprehensive LFM design . . . . . . . . . . . . . . 37
4.3 RQ1.3: Evaluation of the LFM design . . . . . . . . . . . . . . 41

4.3.1 The most recent evaluation results . . . . . . . . . . . . 44
4.4 RQ2: Operation of local flexibility resources for carbon emis-

sion reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5 Conclusions and Future Work 53
5.1 Key takeaways . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Future research direction of my PhD studies . . . . . . . . . . . 55

References 57

I Paper I 69

II Paper II 77

III Paper III 99

IV Paper IV 125

V Paper V 133

VI Paper VI 141

x



CHAPTER 1

Introduction

This chapter presents the problem overview, the scope, the aim and research
questions, and the list of publications.

1.1 Background
The transition towards a more carbon-neutral energy system has initiated
various trends including increased penetration of renewable energy sources
(RES), electrification [1], and emergence of smarter and more active end-
users [2]. These trends can lead to challenges for electricity networks including
reduced system inertia, increased frequency variations, lack of transfer capac-
ity, and voltage band violations. Flexibility from distributed energy resources
(DERs), such as batteries, electrical vehicles, heat pumps, etc., in local energy
systems has been discussed extensively during the past decade as a contribut-
ing solution to the above-mentioned challenges. Flexibility can be technically
defined as a generation or consumption power modification activated at a de-
fined time for a specified duration at a specific location [3], [4]. Incentives
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Chapter 1 Introduction

and coordination mechanisms for activating the flexibility are, however, one
of the challenges. Therefore, studying further these mechanisms and actors’
behavior can contribute to a smoother transition in the energy system.

The current structure of energy system is complex due to its multidimen-
sional essence including social, technical, economic, and environmental dimen-
sions. Therefore, to put a research on flexibility into perspective, it is essential
to pinpoint where and how it can be used in the current structure. This is
tried to be clarified using three aspects:

(i) Values and basic assumptions of actors,

(ii) Architectural blocks in a socio-technical system, and

(iii) Use cases of flexibility.

Aspect (i): Providing right incentives and designing functional mecha-
nisms require various considerations including values, drivers, and basic as-
sumptions of different actors. First, depending on values and differences in
basic assumptions, solutions to the global warming can be categorized in dif-
ferent pairs of opposites including individual-driven vs. policy-driven solutions
[5]. This pair of opposites categorizes the solutions based on who is responsi-
ble for solving a problem. For example, at one extreme, individuals are held
responsible for having an environmentally friendly life-style, while on the other
end, political systems bare the responsibility [5]. Second, besides who bares
the responsibility, actors’ different value logics lead to different drivers and
business models that are an essential piece for driving a change. For example,
public actors can value system benefits (e.g. sustainability) and being a front-
runner; community actors may value self-enhancement by creating an identity
as e.g, a sustainable, innovative, and future-oriented community; households
may value own benefit and independence the most; and commercial actors
value profitability, predictability, being inspirational for others [6]. Therefore,
the target group of a technical research can be better defined if actors’ value
logics and view on sustainable development is better understood.

Aspect (ii): The socio-technical architecture of policy-driven solutions in-
cludes three blocks: incentive mechanism, agents and their response to the in-
centive mechanism, and the physical infrastructure [7]. Incentive mechanisms
are designed as a policy-driven solutions to induce desirable agent behavior
and thus a desirable impact on physical infrastructure. Research on flexibility
can be about designing incentive mechanisms, modeling actors’ responses, and
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1.2 Scope and motivations

physical layer modeling.
Aspect (iii): It is also important to clarify for what purpose flexibility is

utilized. Hillberg et al. [8] categorizes the need for flexibility into flexibility for
energy, power, transfer capacity, and voltage and illustrates them using space
and time dimensions (Figure 1.1). The space dimension varies from local
and regional distribution networks to transmission and system wide levels.
Flexibility for energy is for medium to long term demand-supply balance.
Flexibility for power is about short term demand-supply balance for frequency
stability. Flexibility for transfer capacity is for short to medium term ability to
transfer power from supply to demand to solve local or regional congestions.
Flexibility for voltage concerns short term ability to keep the bus voltages
within desirable limits. Another use case of flexibility can be for emission
reductions as an individual-driven solution in which some actors may change
their behavior to reduce the emissions.

Subseconds Seconds Minute Hour Day Years

Flexibility for Power

Flexibility for Emissions

Flexibility for Energy

Flexibility for Transfer Capacity

Flexibility for Voltage

System
level

Regional
& local
level

Figure 1.1: Flexibility use cases and their timescale (Adapted from [8])

1.2 Scope and motivations
Considering the above-mentioned aspects, the scope of this thesis is defined
in two focuses (Figure 1.2). The first focus is on policy-driven solutions for
solving transfer capacity at local and regional levels. It covers mechanism de-
sign and operation planning of actors in such a mechanism. The second focus
is on individual-driven solutions for reducing carbon emissions by changing
operation strategies.

The first focus is about a market-based behavior-influencing mechanism to
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Figure 1.2: The focus of the thesis

incentivize and coordinate local flexibility resources for congestion manage-
ment in distribution grids. There are different solutions proposed for con-
gestion management including grid reinforcements, market-based solutions,
innovative tariff designs, rule-based approaches, or comprehensive methods
including a mixture of the above-mentioned solutions [4], [9]. The motivation
for focusing on market-based solutions lies in its recognition and promotion
by regulators and other actors in Europe. For example, the European Par-
liament has promoted market-based solutions in Article 32 of the Electricity
Market Directive (2019/944) of the EU clean energy package [10]. The Asso-
ciation of European Energy Exchanges has mentioned market-based solutions
as the most efficient approach to match the supply and demand for flexibility
[11]. Moreover, market-based solutions are identified as being part of the solu-
tion by Council of European Energy Regulators [9]. Local flexibility markets
(LFMs) are an example of market-based mechanisms.

The design of LFMs are accompanied by challenges and various designs
such as [12]–[16] are proposed in the literature. However, there is not a con-
sensus on the design, and areas such as LFM structure, product definition
and characteristics, and additional concerns, such as metering, coordination,
and baseline methodologies need to be further studied [17]. Therefore, in this
thesis, 1) a step is taken backwards to identify the LFM design challenges and
uncertainties in its implementation, 2) a market design is proposed to address
the identified challenges and uncertainties, 3) algorithms are suggested for the
market actors bidding and operation planning, and 4) the performance of the
designed algorithm is evaluated and compared to other congestion manage-
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1.3 Aim and research questions

ment solutions.
The second focus is concerning an individual-based action to reduce carbon

emissions utilizing local flexibility resources. Based on values and drivers,
public and community actors may be willing to take individual actions for
reducing carbon emissions to bring system benefits (e.g. sustainability), be a
front-runner, or establish a future-oriented and innovative identity [6]. How-
ever, the operational means and their cost for such actors on a local level have
to be identified. In this thesis, operation strategies and their cost-effectiveness
are analyzed for a local multi-energy system including three energy carriers of
electricity, district heating, and district cooling.

1.3 Aim and research questions
This licentiate thesis aims to provide new insights into two areas. The first area
is the design of a market-based incentive mechanism to enable flexibility from
local energy systems for congestion management in distribution grids. The
second area is the operation planning of local flexible asset owners, with the
aim of reducing their carbon emission footprints. The corresponding research
questions and papers are:

1. An policy-driven utilization of local flexibility for congestion manage-
ment in distribution grids:

• RQ1.1: What are LFM design challenges and uncertainties in its
implementation?

– What are the key drivers and future scenarios for LFMs? -
Paper I

– What are the common design challenges for LFMs? - Paper
III

• RQ1.2: What LFM design addresses the identified challenges in
RQ1.1? - Paper II and III

• RQ1.3: How is the performance of the designed LFM compared
to other congestion management solutions?

– How to evaluate and compare congestion management tools?
- Paper IV and V

– What are the comparison results? - Ongoing work
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Chapter 1 Introduction

2. An individual-driven utilization of local flexibility for emission reduction
• RQ2: What are operation strategies and their cost for reducing

carbon emissions utilizing flexible resources in a local multi-energy
system? - Paper VI

1.4 Limitations
Proving the functionality of a market is limited to the designed agents. In real
world, strategy space of the agents is infinite while in protected simulation and
demonstration environments, the strategy space is limited. Moreover, mone-
tary values presented in this thesis are dependent on the definition of agents
and test-systems. Therefore, they should not be interpreted as universal cost
or utility for flexibility. The agent definition includes aspects such as agents
business model, processes, assets, time of year, etc.

1.5 Thesis outline
This thesis is written as a collection of papers in which Chapters 2-5 describe
an overview and summary of the papers and their connections. Detailed
results and discussions are provided in the appended papers. The content
of Chapters 2-5 are as follows. Chapter 2 provides a background and an
overview on the related literature including flexibility use cases, the state of
the art for LFM design, the sources of flexibility in a local energy system,
and optimal operation of these resources from agents’ perspective. Chapter
3 elaborates the research approach including overarching methodologies that
are used in this thesis, and an overview of the utilized methods. Chapter
4 presents and discusses the main results concerning each research question.
Chapter 5 concludes the work and presents the potential future work.

1.6 List of publications
The following are the list of publications related to this thesis:

I. N. Mirzaei Alavijeh, M. A. F. Ghazvini, D. Steen, L. A. Tuan, and O.
Carlson, “Key drivers and future scenarios of local energy and flexibility
markets,” in 2021 IEEE Madrid PowerTech, 2021, pp. 1–6
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IV. N. Mirzaei Alavijeh, M. Song, W. Tobiasson, D. Steen, and L. A. Tuan,
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CHAPTER 2

Background and related work

This chapter provides the background and the works related to the research
questions presented in Chapter 1. It elaborates different flexibility use cases,
the state of the art for local flexibility markets for congestion management
in distribution grids, and the state of the art for operation of local flexibility
resources aiming to reduce carbon emission footprints.

2.1 Flexibility use cases
In this section, the extended flexibility use cases from [8] (Figure 1.1) are
explained by answering three questions: what challenge each use case aims
to solve, what the potential solutions are for solving each challenge, and how
local flexibility resources can be utilized for the challenge.

Energy

This use case aims for matching the supply and demand of electricity for over
time periods longer than an hour. The variation and lack of control over RES
generation can cause demand-supply imbalances depending on, for example,
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Chapter 2 Background and related work

if the wind blows or the sun shines.
Energy system studies focus on strategies for managing these variations and

their costs using dispatch and capacity models. [24] categorizes these so called
variation management strategies into:

1. Shifting strategies: to store excess of low-cost electricity from RES for
later use and to shift the electricity demand to match better the supply

2. Absorbing strategies: to use other energy carriers/sectors for absorbing
the excess of supply from RES

3. Complementing strategies: to complement RES generation by dispatch-
able resources

In the context of local flexibility resources, the results of such studies can
be used for designing incentive mechanisms such as subsidies and taxes that
promote a specific mix of local technologies leading to a lower system cost.
Moreover, price signals from mechanisms such as wholesale electricity markets
can be used for inducing a certain behavior in the local flexibility resources
aiming to keep the supply-demand balance at these relatively longer time
periods.

Power

This use case aims also for the balance of supply and demand of electricity
but in shorter time resolutions (i.e., subseconds, seconds, and minutes). The
balance in such time resolutions is for stability of the system and especially
the frequency stability.

There already exist various incentive mechanisms for keeping the frequency
stable. Examples are the various products in ancillary service markets, e.g.,
Fast Frequency Reserves (FFR), Frequency Containment Reserves (FCR),
and Frequency Restoration Reserves (FRR). Local flexibility resources can be
utilized for providing such products for transmission system operators (TSOs).

Grid transfer capacity

This use case aims to solve congestions at regional and local distribution
networks. Electrification in transport, heating, and industry sectors, and
more active control of DERs by end-users, are expected to increase the peak
load and therefore the need for a larger transfer capacity [1], [2]. This is
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2.1 Flexibility use cases

conventionally handled by DSOs through grid reinforcements. However, grid
reinforcement as a solution to these trends can be costly and accompanied by
long investment lead times.

Besides grid reinforcements, there are other solutions suggested to address
local and regional congestions including market-based solutions (e.g., LFMs
and local energy markets (LEMS)), innovative tariff designs, active network
management, or comprehensive methods including a mixture of the above-
mentioned solutions [4], [9]. Local flexibility resources can be utilized through
direct/indirect incentives from market-based and tariff-based solutions, or con-
trol signals from active network management solutions.

Voltage regulation

This use case aims to keep the voltage within a span at local and regional levels
in the grid. Voltage lower band violations can happen with connecting new
loads along the feeders on medium to low voltage levels due to gradual voltage
drop along the feeders. Voltage upper band violations can be seen when
distributed RES (e.g., PV systems) inject power along the feeder especially
during hours with low consumption.

Examples of conventional methods for voltage regulation in radial distri-
bution grids are on-load tap changer transformers and shunt capacitors for
voltage regulation [25]. There also exist other methods such as market-based
and active network management methods which can be utilized to incentivize
the local flexibility resources for voltage regulation in distribution networks
[26].

Carbon Emissions

This use case aims to reduce carbon emission footprint that can be seen as an
individual action for reducing the emissions. Local flexibility resources can be
utilized for a more sustainable operation of local energy systems considering
both costs and emissions.
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Chapter 2 Background and related work

2.2 LFMs for grid transfer capacity in distribution
grids

Local flexibility markets are an example of market-based solutions for conges-
tion management in distribution grids. LFMs are complex multi-dimensional
systems including social, technical, and economic dimensions. These markets
are under development, and accompanied by various challenges. Therefore,
for a successful design, key factors and trends impacting the future of these
markets need to be identified besides the design challenges. Moreover, LFMs
should be evaluated in comparison to other solutions for finding the most
suitable solution from a holistic perspective. In the following subsections,
first an overview of key factors and trends impacting the future of LFMs are
presented. Thereafter, a review of the design challenges are provided besides
a review of evaluation studies for these markets.

2.2.1 Key factors, trends, and future scenarios
As the research is ongoing on the development and evaluation of LFMs, un-
derstanding the key factors and trends that impact the future of these markets
can contribute to a better design and a successful implementation.

Based on related literature and experiences from previous projects [9], [12],
[27]–[29], and besides inputs from four DSOs in Sweden, Switzerland, Turkey,
and Bulgaria, twenty key factors/trends are identified for LFMs that are pre-
sented in Paper I. The factors are identified for four categories, i.e. technical,
social, political, and financial, to provide a more holistic perspective. The
identified factors/trends cover, for example, the availability of different DERs,
digital grid-monitoring and control, smart and digital end-users, and relevant
new competences. In addition, the factors cover tendency of end users for
active participation in LFMs, and changes in the regulatory framework re-
garding the unbundling regulations and introduction of regulatory incentives
for DSOs to adopt market-based flexibility solutions. Moreover, carbon taxes,
wholesale electricity prices, and grid tariffs are included as potential impacting
factors.

Scenario planning methods can be used to explore these key factors and
trends and provide insight to different stakeholders, such as, policymakers,
system operators, service providers, and researchers. Scenarios are the pos-
sible forms of the future that provide narratives for a context and facilitate
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2.2 LFMs for grid transfer capacity in distribution grids

decision-making [30]. However, it is important to keep in mind that scenarios
are not predictions of the future, but rather an exploration of the drivers of
change and multiple plausible future situations [30], [31]. Scenario planning
provides a structured conversation to familiarize decision-makers with differ-
ent uncertainties and to build a shared understanding of such uncertainties
[32].

Scenario planning methods are used in different research areas. In the
energy systems area, there exist examples of using such methods in [33]–[37].
However, no study has been found in the context of LFMs.

2.2.2 Design challenges
The design space for markets is a quasi-infinite space including various param-
eters within auction design, product design, and technical requirements [38].
Therefore, instead of starting with reviewing LFM designs, the literature is
first reviewed for finding expected challenges. Thereafter, the different LFM
designs are reviewed to find the gap in addressing these challenges. In this
section, an overview of commonly mentioned challenges for LFM design is pro-
vided by reviewing proposed LFM designs, experiences from different projects,
and workshops with DSOs in the FlexiGrid project [39]. The literature gap
in addressing these challenges is provided in Section 2.4.1.

Suitable properties from mechanism design field

To identify the design challenges and their importance, an overview of desir-
able market properties in economics theory is essential. Mechanism design is a
branch of economics with applications in different contexts such as agreements,
voting, privatization, and markets. This branch focuses on starting from suit-
able outcomes of an economic institute and asks how it can be designed to
achieve the outcomes. The general desirable properties of a mechanism in the
context of local markets are presented in [40], [41], including:

• Efficiency: The mechanism should maximize the social welfare of its
participants considering their revealed preferences.

• Incentive compatibility: The mechanism should be designed to in-
centivize the participants for declaring their true preferences (e.g., the
true cost/utility).
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Chapter 2 Background and related work

• Budget balance: The mechanism should be designed in a way that its
operator would have neither deficit nor excess in its financial balance.

• Group rationality: A desirable mechanism should be designed in a
way that no individual or group of participants would be willing to
separate from the market to obtain larger benefits. The result of such a
property is the stability of the mechanism.

If LFM can be seen as an economic mechanism, these desirable properties can
be used to elaborate the impact of its design challenges and to identify the
gap in addressing these challenges.

The design challenges

The challenges below are commonly mentioned in the literature:

1. Low market liquidity
2. Reliability concerns
3. Challenges regarding defining baselines for a baseline-based flexibility

product
4. Forecast errors due to low aggregation levels
5. The high costs concerning the need for extra measurements and infor-

mation and communication technology (ICT) infrastructure.

Low market liquidity is commonly mentioned in various studies such as [3],
[12], [29], [42]–[44]. The low liquidity can be due to the geographical limit of
the local markets, and a lack of available flexible resources in the transition
phase of end-users becoming flexible and LFMs being adopted [3]. A less
liquid market is less competitive and more prone to instability [45] and market
manipulation [46]. Thus, if the LFM as a whole can be seen as a mechanism,
the desirable market property of incentive compatibility can get affected as a
result of low market liquidity. Low liquidity can also lead to uncertainties in
supply or demand that can affect the willingness to engage and thus the group
rationality property. While low liquidity can impact incentive compatibility
and group rationality, efficiency would not be affected as it is defined based
on declared costs/utilities. These points are summarized in Table 2.1.

The reliability challenge is partially linked to low liquidity and security of
supply for flexibility which is crucial for DSOs to ensure a reliable, secure,
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2.2 LFMs for grid transfer capacity in distribution grids

Table 2.1: Negatively-affected desirable market properties as a result of the com-
mon LFM design challenges. Abbreviations are E: Efficiency, IC: Incen-
tive compatibility, BB: Budget balance, GR: Group rationality.

LFM design challenges E IC BB GR Reason

Low market liquidity − − Potential gaming and un-
certainties in flexibility
supply/demand

Reliability concerns − − Potential gaming and un-
certainties in flexibility
supply/demand

Baselines − − Potential gaming, conflict
of interests, and trans-
parency issues

Forecast errors − Extra costs due to failures
in delivery, or wrong
estimations for the re-
quired/available service
quantity

High measurement and
ICT costs

− Extra costs and system
complexity
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and efficient distribution network as their core responsibility [10]. The local
markets are especially presented as a substitute to grid reinforcements [27]
that cannot be implemented over-night if there is a lack of flexibility. On
the other hand, the flexibility service providers (FSPs), including property
managers and real estate owners, can have reliability concerns for return of
investments considering a lack of (flexibility) demand and uncertain revenue
streams [29], [47]. Moreover, FSPs can be risk averse as flexibility provision
can negatively affect the comfort of their tenants, especially if the control
of the assets are directly handed to the DSOs [27], [48]. Low liquidity and
security of supply/demand can affect market reliability and hinder market
access for more risk averse actors. Consequently, as summarized in Table 2.1,
it impacts the group rationality property as it can lead to participants leaving
the market or not being willing to join. Moreover, market liquidity and thus
incentive compatibility of the market can be impacted if there are not sufficient
incentives and reliability for the participants in the local markets.

The challenges with baseline are mentioned in various sources such as [42],
[49], [50]. [49] evaluates different methods for defining baseline and argue why
baselines are not suitable for LFMs based on four criteria of transparency and
simplicity, inclusive use of flexibility, manipulation-proofness, and compatibil-
ity with continuous and smart control of flexibility resources. They conclude
that the baseline-based flexibility products are not aligned with active partici-
pation of DER owners in different markets because finding admissible days for
calculating the baseline would be more challenging. Moreover, they highlight
that these products can cause uncertainty, complexity, potential market ma-
nipulations, and conflict of interests between the stakeholders. As presented
in Table 2.1, the challenges with baselines can impact the incentive compat-
ibility due to potential market manipulations, and the group rationality by
introducing uncertainty, conflict of interests, and transparency issues.

The forecast error challenge can be due to a smaller aggregation at local
levels [51]. The inaccuracy of forecasts can cause issues for defining baselines
in an LFM [49], [52], or in forecasting the behavior of end-users [50] for a
cost-efficient delivery of the promised service. The forecast errors can lead to
higher costs for all the stakeholders. For example, they can cause failures in
delivery, or wrong estimations for the required/available service quantity. This
can lead to penalties or over/under procurement. The extra costs may impact
the group rationality because the participants may choose to not engage or
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2.2 LFMs for grid transfer capacity in distribution grids

leave the market. This is summarized in Table 2.1.
The last challenge is the potential need for extensive measurements and

investments in ICT platforms required for validating the delivery and com-
munications between the market participants. This challenge has been raised
in discussions with DSOs in the FlexiGrid project’s consortium. A market
design that requires fewer measurements is preferred for monetary and com-
plexity reasons. Similar to the forecast error challenge, the extra cost and the
complexity can impact the group rationality property of the LFM mechanism
(Table 2.1).

2.2.3 Evaluation
The most suitable congestion management solution depends on the context
including various parameters such as the size of grids and DSOs, regulations,
the load patterns and its rate of increase, lead-time and cost of grid reinforce-
ment, and availability of technical infrastructure. Therefore, besides suitable
properties from the mechanism design field (presented in Section 2.2.2), an
LFM design shall be compared with other available solutions for congestion
management to find the most suitable option in each context. In this section,
a review of studies that have compared different solutions is provided.

Reference [53] has compared qualitatively LFM, dynamic tariff design, and
non-firm connections. They concluded that the non-firm connection agree-
ments can only be applied to new users of the grid due to potential legal
consequences if enforced upon existing users. Therefore, non-firm connection
agreements alone may be insufficient and could benefit from being compli-
mented by LFMs. Moreover, the feasibility of fully dynamic tariffs was deemed
naturally impractical due to inherent issues of equality and fairness, as well
as the uncertainty associated with users’ reactions. Consequently, the authors
suggest the integration of LFMs with a semi-reflective dynamic tariff as a po-
tential solution. However, they do not use a specific structured framework for
comparison.

Reference [54] has presented various types of congestion management tools
and categorized them using different aspects including: i) operational (short-
term) vs. investment (long-term) options, and network vs. load and gen-
eration; ii) basic categories for regulatory options; and iii) target actors of
congestion management instruments. The authors have also provided three
real-life examples: Cross-zonal capacity allocation, redispatch instruments,
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and flexibility markets in Netherlands. They have concluded that a holistic
consideration of different congestion management incentives as well as other
ancillary services is required for an effective congestion management. More-
over, the impact of the incentive on market parties’ freedom of connection,
trade, and dispatch should be considered for the overall efficiency of the elec-
tricity market design. However, the authors do not use a structured holistic
comparison framework including social, regulatory, and technical aspects.

Reference [55] has presented a simulation platform as the first step towards
an assessment framework for congestion management mechanisms. They have
conducted case studies on tariff designs considering DER penetration levels
and placement of loads. The authors have concluded that a wide variety
of factors affect the comparison results and therefore, a systematic analysis
framework is essential. However, the comparison is only quantitative includ-
ing voltages, cost for EVs and revenue for DSOs, and loading level of grid
components. Other aspects such as social, regulatory, and complexity are not
considered.

Reference [56] has investigated the effectiveness of congestion management
methods when flexible loads can cause congestion by being activated simul-
taneously in response to a low imbalance price. They have quantitatively
compared energy, peak, and tier tariffs with flexibility markets. However, the
authors do not consider capacity-limitation based LFMs and LEMs in their
comparisons.

References [57] and [58] have summarized the congestion management meth-
ods with both market based and non-market based approaches. However, the
methods focus more on the congestion problem on transmission level. [59] re-
viewed the congestion management tools for distribution networks with high
penetration of distributed energy resources. It covers the market-based meth-
ods and direct control methods. The market methods consist of dynamic
tariff, distribution capacity market, shadow price and flexible service market.
The direct control methods are comprised of network reconfiguration, reactive
power control and active power control. However, the comparison is focused
on elaborating the optimization algorithms for different methods rather than
conducting a quantitative comparison study.
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2.3 Operation of local flexibility resources for carbon emission reduction

2.3 Operation of local flexibility resources for
carbon emission reduction

Multi-energy systems (MESs) are suggested to enhance the potential for flexi-
bility and synergies in the overall energy system by integrating and managing
different energy carriers (such as electricity, district heating, district cooling,
and natural gas) simultaneously [60]. A study of the combination of local
energy systems and MESs for carbon emission reductions can be a use case
for the flexibility of MESs in local energy systems.

Within the two research areas of local energy systems and MESs, previous
studies [60]–[62] have reviewed definitions, trends, challenges, and the cate-
gories of literature that provide valuable insight into the topic. For example,
Grosspeithsch et al. [61] categorized the literature into four categories: general
overview, model and optimization, energy management and system analysis,
and case study.

One feature of the model and optimization category is that energy systems
have traditionally been modeled based solely on cost minimization objectives.
However, multi-criterion optimization can help broaden decision making to
consider cost, the environment, reliability, social impact, utilization of re-
newable energy, etc [63]. As global concerns about greenhouse gas emissions
increase, carbon emissions become an increasingly important criterion to be
considered in optimizing the operation of local MESs. For instance, Majidi et
al. [64] proposed a cost and emission framework to assess demand response
programs, and Bracco et al. [65] developed a multi-objective model to evalu-
ate the operation of a multi-energy system considering four different building
types and three energy carriers (heat, gas, and electricity). Wang et al. [66]
demonstrated that a multi-objective optimization will not give one single so-
lution but rather a set of Pareto optimal solutions. Often, the objectives are
conflicting and different approaches to solve the minimization problem exist,
e.g., mixed integer linear programming (MILP) with weighted sums [67], evo-
lutionary algorithms [68], game theory [69], particle swarm optimization [70],
genetic algorithms [71], etc.

Furthermore, an optimization model can have a short foresight (close to
real-time) or a long foresight depending on the purpose and the characteristics
of the energy technologies included in the system. Optimizations with long
foresight result in a more optimal management of resources especially in energy
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systems with seasonal storage, conventionally dispatchable units, and perfect
foresight. However, such long-term optimizations require long-term forecasts
and can be computationally expensive as the size and complexity of the model
increases [72].

On the other hand, optimization with a short foresight lowers the computa-
tional time (which would be of value when simulating complex systems) [73]
and have lesser challenges with quality of forecasts. This is especially impor-
tant for systems with a large share of RES because, as the share of intermittent
RES increases in the system, their stochastic nature starts to affect forecasts,
availability, and prices of energy carriers. Therefore, if the model represents
a system including a large share of RES, or reacts in response to the energy
prices from a system with a large share of RES, a close to real-time model-
ing approach with short foresight can represent agents’ (energy technologies’)
behavior closer to reality [74].

There exist a handfull of studies in the area modeling and optimization
of MESs. For example, Wu et al. [67] investigated the simultaneous opti-
mization of annual cost and CO2 emissions in the design and operation of a
distributed energy network where DERs can exchange heat with each other
through pipelines. A MILP model with a weighted sum approach is used in
this multi-objective optimization. Di Somma et al. [75] also used a weighted
sum approach in developing a multi-objective linear programming model con-
sidering both cost and emissions. The impact of various energy technologies
on the objective function was evaluated by sensitivity analyses. A limita-
tion of this study is that it was carried out only on one customer and not a
community of customers. Falke et al. [76] developed a multi-objective model
for design and operation of distributed energy systems using a heuristic op-
timization approach. The model decomposes into three sub-model of heating
network planning, buildings’ renovation planning, and operation simulation.
However, cooling loads and district cooling is not considered in this study.
Yan et al. [77] studied the operation optimization of multiple distributed en-
ergy systems where the emissions are considered in the form of monetary costs
through a carbon tax. The DERs, in this model, can exchange electricity and
thermal energy with each other and electricity can be sold back to the grid.
Although emissions cost is considered through carbon tax in this study, the
trade-off between the emissions and the monetary costs are not discussed. In
[68], an evolutionary algorithm is used to solve a multi-objective isolated MES
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model with high share of renewables, including investment in RES as decision
variables. The paper shows that different operational approaches may be ben-
eficial for different seasons. In [78], a MES model is developed which includes
possible constraints in the energy flow within the MES. For the electricity
network, this is accomplished using a DC load flow model, and a pipeline load
flow model is used for the natural gas network.

2.4 Research gap

2.4.1 LFMs for congestion management in distribution grids
Key factors, trends, and future scenarios

Although key factors/trends related to future of LFMs are mentioned sporad-
ically in the literature, scenario planning methods have not been used broadly
in the research area of energy management systems for familiarizing different
stakeholders with the uncertainties in the implementation of new concepts.
Moreover, there are no studies about LFMs that use such methods to explore
the key factors impacting the future of these markets, develop plausible future
scenarios, and analyze the implications.

In summary, the following can be contributing: 1) introducing scenario
planning methods to provide insight for future developments of emerging con-
cepts in the energy system’s area, 2) exploring and ranking the key factors
that affect the future of LFMs, and 3) developing qualitative plausible future
scenarios for LFMs, analyzing the implications of the scenarios while providing
suggestions to handle the implications.

LFM design

Five main LFM design challenges has been identified in Section 2.2.2. In this
section, the gap in the literature is identified and discussed with regards to
addressing these challenges.

To address the liquidity and the reliability challenges, two groups of ap-
proaches are identified in the literature. The first group paves the way for a
higher liquidity and reliability while the second is focused on preventing the
potential consequences of low liquidity such as market manipulations.

Belonging to the first group, reservation payments and long-term contracts
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have been well-known as ways of securing supply and incentivizing invest-
ments (in flexible assets). [47] have categorized the reservation payments
as a controversy in LFMs and discuss its advantages and disadvantages. In
our previous work [79], we had considered long-term reservations based on
a mixed-price of reservation and activation prices; however, the mixed-price
approach can increase the market complexity while complicating interpreta-
tion of the clearing prices. Moreover, linkage between the reservation and
activation payments/markets are to be explored further. [15] have proposed a
"Right-to-Use" option as a flexibility reservation due to uncertainties in their
day-ahead (DA) flexibility market. This suggestion, although being helpful for
handling DA uncertainties, would not match the long-term planning horizon
of DSOs and potential investors in flexible assets. Therefore, an intercon-
nected long-term reservation and short-term activation with a simpler pricing
approach that establishes a more robust linkage between the two markets
would be beneficial.

From the second group, incentive compatible payment allocation methods
such as Vickrey-Clarke-Groves (VCG) can be utilized to prevent market ma-
nipulation. However, VCG is not budget balanced and can lead to practical
challenges. One-sided VCG is suggested as a potential solution in [13]. How-
ever, one-sided VCG is not individually rational for the DSOs. In theory, it
can lead to DSOs paying more than their declared willingness and thus leaving
or not adopting the market.

In contrast to issues with individual rationality and budget balance, issues
with incentive compatibility can be improved by measures that increase the
liquidity and preventing market manipulations. Some examples filling this gap
are long-term reservation payments and multi-bids ([80]) for the first group of
approaches, and market monitoring, anti-trust law, and price caps ([47]) for
preventing market manipulations as the second group.

The challenges related to baseline-based flexibility products are discussed
and tried to be addressed in [13], [49] by proposing a new class of products
called capacity limitation products. A capacity limitation (CL) product is a
service that keeps the consumption/generation below or above a certain limit.
However, [13] mention that functionality of their CL product is dependent
on truthful declaration of assets by FSPs. For example, an FSP can provide
the limitation of using its heat pump with respect to the nominal capacity
of the heat pump. However, the FSP could instead switch on an undeclared
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electric heater. Since the validation of delivery is done based on sub-meter
measurements on the declared devices, the FSP would get paid for providing
flexibility although it had not contributed to reducing the congestion. More-
over, the proposed CL product seems to require sub-meter measurements for
all flexible assets that can lead to higher costs and complexity for validation
of the service delivery. Therefore, a CL product design that is not dependent
on truthful declaration of DERs capacity can facilitate delivery validation. In
addition, if the product requires less measurements and thus less ICT-related
costs, the fifth challenge can be relieved.

From a mechanism design perspective, the forecast errors at low aggre-
gation levels have been addressed diversely in the literature. For example,
Enera’s market allows its continuous auction until 5 minutes before the de-
livery time [17]. This approach can allow improvement of forecasts as getting
closer to the delivery time but it can come at the expense of market effi-
ciency losses as continuous auctions have lower allocation efficiency compared
to call-auctions [81]–[83]. Bouloumpasis et al. [79], IREMEL [84], InterFlex
[85], INTERFACE [86] markets, and [87] take another approach and include
an intraday/real-time flexibility market [17]. Considering these different ap-
proaches, it is beneficial to assess what suits better for reducing the impact
of the forecast errors.

In summary, an LFM design that facilitates market participants’ decision
making by design aspects improving market liquidity, reliability and handling
of forecast errors can be contributing. Moreover, proposing a new flexibility
product that does not require a baseline and sub-meter measurements can lead
to lower costs and conflict of interests in delivery validations. Lastly, proposing
generic algorithms for calculating utility and cost of the flexibility product can
support market participants for a smoother adoption of the market.

LFM evaluation

As presented in Section 2.2.3, there exist studies on evaluation of LFMs with
respect to other congestion management solutions for distribution grids. How-
ever, a holistic comparison framework including regulatory, social, and techni-
cal aspects has not been found. Moreover, the studies do not simultaneously
include a wide range of solutions such as LFMs, local energy markets (LEMs),
grid tariffs, bilateral contracts, and grid reinforcements. Except reference [55],
the quantitative studies does not present an scalable, reusable modeling plat-
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form that can be used for comparing different solutions.
In summary, a holistic comparison between a wider range of congestion

solutions is contributive. Moreover, presenting a comprehensive toolbox to
support a systematic comparison of different solutions can be valuable. The
toolbox can consist of two parts: 1) a qualitative analytical framework to
identify the barriers of implementing different solutions; 2) a scalable and
extendable modeling and demonstration platform to quantitatively assess dif-
ferent solutions under the same system condition.

2.4.2 Operation of local flexibility resources for carbon
emission reduction

There exists studies on multi-objective optimization considering both cost
and emissions with different energy carriers. However, a study that specifi-
cally identifies emission abatement strategies from multi-objective optimiza-
tion models and evaluates the abatement cost for these strategies could not be
found. In addition, no previous study has been found that multi-objectively
optimizes the three energy carriers (i.e., electricity, district heating, and dis-
trict cooling) using a short foresight rolling horizon over a year.

In summary, a study that identifies the emission abatement strategies
and their cost could provide insights on carbon pricing and investigate the
possibilities of operating local MESs in a more environmentally responsible
manner. In addition, the benefit of considering the above-mentioned three en-
ergy carriers is that synergies can be captured for emission abatement through
technologies such as heat pumps and absorption chillers.
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CHAPTER 3

Research approach

This chapter presents the overarching methodologies and the utilized methods
besides their link to the research questions and the papers.

The research approach taken for answering the research questions include
two methodologies: Design Research, and Operation Research. As shown in
Figure 3.1, Focus 1 requires Design Research methodology for designing the
incentive mechanism (i.e., LFM) while Operation Research methodology is
needed for modeling the agents behavior and operation in both Focus 1 and
2. In this chapter, these methodologies and their relevance are elaborated
in Sections 3.1 and 3.2. Thereafter, different utilized means/methods in the
methodologies are explained in Section 3.3.

3.1 Design research for LFM design
Design is a complex, multi-dimensional phenomenon, involving: people, a mul-
titude of activities and procedures, a variety of disciplines, tools and methods;
as well as a micro-economic context [88]. This complex nature of design can
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Figure 3.1: Utilized overarching research approaches for each focus

lead to diverse research topics and methods which if not organized under an
overarching methodology, can lead to multiple unconnected streams [88] and
therefore reducing the potential for delivering value.

The complexity and multi-dimensional nature of design highlight the need
for an overarching methodology. Design Research methodology aims at un-
derstanding and improving design and requires: (1) a model/theory of the
existing situation, (2) a vision (model/theory) of the desired situation, and
(3) a vision of the support/solution that can transform the existing situation
into the desired and maintain it [88].

LFM design falls under the design research area due to its multifaceted
nature, and the broadness of the research questions and design space.

Blessing et al. [88] propose a generic set of steps for design research method-
ology. This is utilized as the overarching methodology in this thesis for struc-
turing the design procedure of LFM. The overview of the methodology is
presented in Figure 3.2 and includes four main stages:

1. Research Clarification: This is to find indication and evidence to
formulate a realistic and promising research goal. It is mainly done by
literature study. An initial description of the existing situation and a
description of the desired situation will be developed.

2. Descriptive Study I: Having a clear goal, more influencing factors are
identified to elaborate the existing situation. It aims to to determine
the factors that should be addressed to improve the situation. As an
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outcome, a better understanding of the situation will be developed.
3. Prescriptive Study: Having a clear understanding, a vision is devel-

oped for improving the situation using one or more factors identified
in the previous stage. The outcome would be a support/solution to
improve the existing situation towards the identified desired situation.

4. Descriptive Study II: To investigate the impact of the prescribed
support/solution and evaluate its success.

Related RQ
and papers

RQ1.3
Paper IV, V

RQ1.2
Paper II,III

RQ1.1
Paper I,II, III-

Descriptive
Study I

Descriptive
Study IIStages

Utilized
means

Main
results

Research
Clarification

Descriptive
Study I

Prescriptive
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Experiments:
Simulation and real-
life demonstration

Assumption
Experience

Literature study

Literature study
Field study

Scenario planning

Literature
study

Evaluation of
the solution

Design of a
solution

Understanding
the situationGoals

Figure 3.2: Overview of the applied design research methodology (Adapted from
[88]). The bold arrows between stages show the main process flow.

To put the methodology into perspective, related RQs and papers for each
stage are presented in Figure 3.2. Literature review has been conducted in
Stage one to better understand the state of the art, clarify the aim of the
work, and define the research questions. RQ1.1 is about identifying the chal-
lenges and key factors in LFM design and thus is covered in Stage two which
aims to identify the factors that should be addressed to improve the existing
situation. Paper I and parts of paper II and III discuss these factors and chal-
lenges. RQ1.2 is about proposing a market design that addresses the identified
challenges and therefore is covered in Stage three which aims to prescribe a
solution to improve the existing situation. Papers II and III are two pub-
lished iterations on the solution. RQ1.3 is about evaluation of the design and
is covered by stage four which aims to investigate the impact of the proposed
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solution. This research question is an ongoing work but papers IV and V are
the tools that enable such an evaluation.

The presented methodology covers the design of the incentive mechanism,
i.e., LFM. However, the agents’ behavior and their decision making need to
be modeled as well. This falls into operation research that is explained in the
following section.

3.2 Operation research for optimal operation and
decision-making

Operation research is "a collection of conceptual, mathematical, statistical,
and computational modelling techniques used for the structuring, analysis,
and solving of problems related to the design and operation of complex human
systems" [89]. Quantitative modeling has been mentioned as the basis of
most research in the field where "the relationship between control variables
and performance variables are developed, analyzed, or tested" [90]. In this
thesis, modeling agents’ response to an incentive mechanism or extracting
their optimal operation strategy falls into the operation research field. In this
application, the control variables can be DERs setpoints or agents’ bids while
performance variables can be the operation cost or carbon emissions.

Will et al. [90] categorize this model-based research into two classes: em-
pirical quantitative modeling research and axiomatic quantitative modeling.
Empirical class aims to find and explain the relationship between the perfor-
mance and control variables while the axiomatic class aims to obtain solutions
within the defined model and make sure that these solutions provide insights
into the structure of the problem as defined within the model. The operation
research in this thesis is under the second class because the aim is to find the
optimal operation and extract potential behaviors instead of finding the re-
lation between performance and control variables based on real-life empirical
data.

Conducting an axiomatic quantitative modeling includes:

1. conceptualizing and specifying the scientific model of the problem,

2. solving the problem and proving its optimality, and

3. reflecting on the solution and its link with the model concept.
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In the context of the conducted work in this thesis, papers III and VI include
the conceptualization and the relevant model formulations. The problem for-
mulations are mixed-integer linear programming and are solvable using using
commercial solvers such as Gurobi. The reflections on the solutions have been
presented in each paper.

3.3 Utilized methods
The presented methodologies can be seen as overarching frameworks that con-
nect various methods required at different stages in the methodologies. The
utilized methods are:

• Literature review

• Field studies

• Scenario planning

• Mathematical optimization

• Experiments including simulations and real-life demonstrations

Literature review is an essential part of all the stages. Field studies have been
used as a complementary method to literature review. It includes meetings
and workshops with different actors for identifying key factors concerning
each research question and keeping the work relevant to real-life applications.
Scenario planning methods have been used to rank the impact and uncertainty
of the key factors to develop potential scenarios for the future of local markets.
Mathematical optimization is an essential piece of the puzzle for formulating
market clearing algorithms, and modeling agents’ behavior and extracting
their optimal operation. Computer simulations and real-life demonstrations
have been used as experiments that cover implementation and evaluation of
market designs and operation strategies.

Literature review, field studies, and mathematical optimization are rather
well-known. However, the utilized scenario planning method may be less
known to readers. Moreover, the experiment setup including simulations and
real-life demonstrations are case specific. These two methods are, therefore,
further elaborated in the rest of this section.
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Scenario planning

Scenario planning has contributed to answering RQ1.1 especially concerning
the uncertainty and impact of the key factors/trends and future scenarios for
LFMs development. Scenario planning methods can be used to explore key
factors and trends and provide insight to different stakeholders. Scenarios are
possible forms of future that provide narratives for a context and facilitate
decision-making [30]. However, it is important to keep in mind that scenar-
ios are not predictions of the future, but rather an exploration of the drivers
of change and multiple plausible future situations [30], [31]. Scenario plan-
ning provides a structured conversation to familiarize decision-makers with
uncertainties and to build a shared understanding of such uncertainties [32].

Three main schools of techniques for developing scenarios are intuitive log-
ics, probabilistic modified trends methodology, and the French approach La
prospective [91], [92]. Each of these techniques has been evolved in different
institutes to achieve specific purposes. The intuitive logics school is one of
the most dominating methods for scenario development, and has received a
lot of attention in the literature for scenario planning [91]. This approach
was originally used by Pierre Wack at Shell in the 1960s [91]. The purpose of
this method is to make sense of situations and developing strategies, while it
can also be an ongoing learning activity [91]. It has been chosen for the work
in this thesis as it is a process-oriented methodology and it aims to provide
insights into an on-going learning activity. This approach does not require
complex computer-based analysis [91] and can be used as initial input for de-
signing a concept. The output is a set of plausible qualitative scenarios in a
narrative form. This set of equally plausible scenarios include strategic op-
tions, implications and early warning signals [91] which can be used as input
to different stakeholders involved in designing the local markets.

The utilized approach for defining the scenarios based on the intuitive log-
ics school is a process proposed by Conway [93]. This approach is a more
generic form of approaches proposed by Schwartz [94] and the Stanford Re-
search Institute International (SRI) [95], [96]. The approach is explained in
details Paper I. Here, the overview of the approach is explained to facilitate
understanding of the presented scenario matrix in Section 4.1.

In summary, the approach starts by providing a list of key factors or trends
impacting the future of LFMs. These factors and trends are then ranked
based on their impact and uncertainty utilizing a survey and workshops with
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Figure 3.3: Factors ranking and scenario matrix: (a) uncertainty-impact ranking
(modified figure from [34], [93]), (b) scenario matrix based on the two
most uncertain and impactful factors

experts in the field. The results can be organized in the form of Figure 3.3a
and further narrowed down by scores from a cross-impact analysis [97] that
explores the impact of factors on each other. The most impactful but less
uncertain factors are highly suggested to be considered while designing the
project outputs. Factors with high uncertainty but low impact are secondary
issues. Less impactful and less uncertain factors are to monitor and reassess
if needed. The two most impactful and uncertain factors are used for forming
the two axes of a four-quadrant scenario matrix (Figure 3.3b). The extreme
ends of each axis describe a world based on the uncertainty of the factor/trend.
This leads to four different worlds (scenarios) that are further assessed and
described to build a narrative, identify the implications of the narratives. The
relevance and plausibility of the narratives and their implications are then
checked with a group of experts in the field.

Experiments

The experiments have been conducted by two means of computer simulations
and real-life demonstrations. The details of experiment setups have been
explained in Paper III-VI. However, to provide an overview to the reader, the
utilized test-systems, data, and the developed modeling platform are presented
in this section.

Two test-systems have been used in this thesis: CIGRE’s European Low
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Voltage Distribution Network [98] (Paper III), and Chalmers Campus Testbed
[22], [99] (Paper IV-VI).

The residential sub-network of CIGRE’s European Low Voltage Distribu-
tion Network is chosen due to potentials for conducting comparable studies
and benchmarking. However, in this network, neither loads are flexible, nor
the grid components of the residential sub-network are congested. Therefore,
the loads were replaced by six agents out of which 4 are flexible. In addition,
the rating of the transformer had to be reduced. For this test-system, load
data are taken from [100] and a local DSO in Sweden, and solar radiation data
is obtained from [101].

The Chalmers testbed is chosen due to the availability of data and the
possibility for conducting real-life demonstrations. The sub-area of the testbed
that is going to be used for evaluation of the LFM design is presented in Paper
IV, Section IV-B, and Paper V, Section II. Regarding the study conducted in
Paper VI, whole campus is considered including district heating and district
cooling system. The test system is explained in details in Paper VI. The area
utilized for evaluating the LFM design is smaller due the higher complexity of
the required ecosystem for evaluating the LFM. The smaller area facilitates
troubleshooting and elaborating the results.

To switch between simulation and demonstration studies for LFM evalua-
tion, and to compare different congestion management solutions, a reusable
modeling platform is required. Moreover, various tools (e.g., energy manage-
ment system, congestion forecasting, bidding and market clearing algorithms,
and communication functions with the physical layer) need to be integrated
in the same platform. Therefore, Local Energy System Object-oriented Pro-
gramming (LESOOP) platform has been developed as a part of the answer
to RQ1.3. LESOOP has a reusable structure and can host various tools. The
overview of LESOOP’s architecture and functionalities is provided in Section
4.3 and the details are presented in Paper IV.

The most recent results from evaluation of the LFM design are presented in
Section 4.3.1. These results are not published in any of the appended papers
due to their recency. Therefore, the details of the utilized setup for the recent
results are provided here. The one-line diagram of the utilized network is
presented in Figure 3.4. To impose congestions, the active power capacity
of the line between buses 07:8.1 and 07:8.1.2 is reduced to 882 kW which is
equivalent to 85% reduction. Three agents are defined as in Table 3.1. The
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specifications of the PV and battery energy storage (BES) of the agents are
presented in Table 3.2. At this stage, the results are obtained using prefect
forecasts for loads and PV generations.

Grid

07:8.1

07:8.1.2

07:28 07:11B 07:6

bld_07:28 bld_07:11B bld_07:6

Figure 3.4: One-line network diagram and agents’ locations in the Chalmers
testbed sub-area that is used for the most recent results presented
in Section 4.3.1

The algorithms used for the bidding of the agents are as presented in Paper
III. The economic parameters used in the algorithms of the agents are pre-
sented in Table 3.3 that includes power tariffs (ρPtariff ) for the largest peak
in the month, grid energy tariffs (ρgridtariff), energy tax (ρtax), tax returns
(ρtaxreturn) in the case of export of energy to the grid, and connection capac-
ity fee (ρCC). ρCC is based on the average of the fees from a DSO in Sweden
[102]. ρgridtariff is based on the average of the grid tariffs for apartments and
houses from [103].

Table 3.1: Agents’ definition in the most recent results presented in Section 4.3.1

Agent id Bus Connection
Capacity

Flexible DERs

bld07:28 07:28 1000 Yes 3 InflexLoads, 1 BES
bld07:6 07:6 1000 No 2 InflexLoads, 1 PV
bld07:11B 07:11B 1000 Yes 2 InflexLoads, 1 PV, 1 BES
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Table 3.2: DERs specifications in the most recent results presented in Section 4.3.1.
ebes: BES energy capacity, pbes,dch: BES maximum discharging power,
pbes,ch: BES maximum charging power, ppv: PV nominal power

DER ID Agent ebes pbes,dch pbes,ch ppv

bes07:28 bld07:28 250 kWh 95 kW 60 kW -
bes07:44 bld07:11B 65 kWh 25 kW 25 kW -
pv07:11 bld07:11B - - - 73 kW
pv07:6 bld07:6 - - - 38 kW

Table 3.3: Economic parameters used for the most recent results presented in Sec-
tion 4.3.1

ρPtariff

(SEK/kW,
month)

ρgridtariff

(SEK/kWh)
ρtax

(SEK/kWh)
ρtaxreturn

(SEK/kWh)
ρCC

(SEK/kW)

36.25 [103] 0.31 [103] 0.36 [104] 0.6 [105] 0.17[102]
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CHAPTER 4

Summary of the main results and discussions

This chapter summarizes and discusses the main results corresponding to the
research questions.

4.1 RQ1.1: Key factors, design challenges, and
future scenarios for LFMs

With regards to RQ1.1, the aim has been to identify the influencing factors,
trends, and design challenges for LFMs besides developing scenarios for the
future of LFMs based on the most impactful and uncertain factors/trends.
The results for RQ1.1 can facilitate a better understanding of the situation
and what aspects shall be considered in the design.

Twenty key factors/trends have been identified and presented in Paper I.
Utilizing scenario planning and by means of surveys in, these factors/trends
are ranked in the paper based on their impact and uncertainty. The three
most uncertain and impactful factors/trends are found to be i) availability of
smart and digital end-users, ii) tendency of end-users for active participation,
and iii) positive changes in regulatory incentives for DSOs.
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A scenario matrix, forming the four scenarios, is made based on the above-
mentioned three factors. In Figure 4.1, the Y-axis of the matrix represents
two characteristics of end-users. The first characteristic is whether end-users
are willing to participate in local markets (being active or passive), and the
second is if end-users are automated, digital, and can have a fast and precise
control over their flexible assets or not (being smart or conventional). The X-
axis represents the existence of regulatory incentives for DSOs to promote the
local markets. Due to the monopolistic nature of DSOs, there are regulations
that financially regulate DSOs. These regulations can favor capital expendi-
tures over operational costs. Therefore, investing in the infrastructure can be
financially more attractive to DSOs rather than using operational measures
such as local markets. Changes in the regulatory framework have a profound
impact on deployment of LFMs. The developed scenarios are explained in
Figure 4.1 and in details in Paper I.

A larger number of participants and possibly a higher
market liquidity
Higher plausibility for peer-to-peer solutions
Higher costs for qualification processes
Scalability challenges and higher computational
burdens

A lower number of participants and market liquidity
A challenging scenario for the aggregators
Active grid control and grid reinforcements can be the
competitive solutions
Proactive communication and share of experience with
DSOs and regulatory bodies are required

A lower number of participants and market liquidity
The dominant flexibility providers are aggregators and
large end-users
DSOs would be more active
Solutions such as capacity markets and contracts are
suggested to incentivize investments in the smartness
of the end-users 

A larger number of participants, a higher market liquidity
Higher plausibility for peer-to-peer solutions
Higher costs for qualification processes
Scalability challenges and higher computational burdens
Innovative tariff designs can be a competitive solution
Proactive communication and share of experience with DSOs
and regulatory bodies are required

Regulatory
incentives

No regulatory
incentives

Active and
smart end-

user

Passive and
conventional

end-user

Scenario I: Final adoption phasesScenario II: Pilot projects/intermediary adoption phases

Scenario III: Initial adoption phases Scenario IV: Intermediary adoption phases

Figure 4.1: Scenario matrix for the future of local flexibility markets

In Paper III, five main challenges are identified for a better understanding
of the state of art and a better proposal for the market design. The challenges
are identified based on literature review, field studies, and experiences from
similar projects. These challenges are:

1. Low market liquidity

2. Reliability concerns

3. Challenges regarding defining baselines for a baseline-based flexibility
product
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4. Forecast errors due to low aggregation levels

5. The high costs concerning the need for extra measurements and ICT
infrastructure.

The challenges have been explained in detail in Paper III and Section 2.2.2.
The identified challenges are closely linked to the uncertainty shown in the

Y-axis of the scenario matrix. The uncertainty is whether the flexible assets
are accessible to be involved in local markets. LFM designs that do not
consider measures for improving the reliability of LFMs, handling forecast
errors, and solving potential conflicts due to baselines are prone to lower
liquidity and potential failures. The design challenges are not directly linked
to the uncertainty in the X-axis because the lack of regulatory incentives
for DSOs can profoundly undermine the existence of LFMs. Therefore, the
question of LFM design and its challenges would be less relevant for such a
future where regulatory incentives are not in place for DSOs.

The identified key factors and challenges in RQ1.1 can be utilized for a
more functional LFM design and thus a more successful implementation. A
potential LFM design that considers these challenges is proposed in the next
section 4.2.

4.2 RQ1.2: A comprehensive LFM design
With regards to RQ1.2, the aim has been to propose an LFM design that
considers the identified challenges in RQ1.1. For this purpose, multiple design
iterations have been conducted of which two are published/under-review in
Papers II and III. In this section, the latest iteration, i.e. Paper III, is
presented.

The overview of the proposed design in Paper III is presented in Figure
4.2. The traded products are adapted CL products from [13] that result in
end-users keeping their net-loads under a cap, or above a floor depending
on if a congestion event is driven by the excess of demand or generation.
The market is organized in three market horizons. In the long-term horizon,
the reservation of the product is traded, and in the short-term horizon, the
activation of the product. In the intra-day adjustment horizon, adjustments
are made to the traded quantities for activation. The markets in all the
horizons are double-sided auctions with social-welfare maximization as their
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objective function. The first two horizons are call-auctions and the third is
a continuous auction. Pay-as-bid (PAB) is chosen as the payment allocation
method. The arguments for the choices above and the trade-offs are discussed
in detail in Paper III.

t-years t

Long-term
reservation

market

Short-term
activation

market
Continuous adjustment market

t-d

Long-term reservation market

Aim and features:

Reservation of the service
Supporting the reliability and
agents' decision making
Incentivizing investments in
flexible resources

Product: CL reservation
Clearing: Call auction
Payment allocation: Pay-as bid

Short-term activation market

Aim and features:

Activation of the service
Reserved FSPs have to
participate
Open to entry of new
competitors

Product: CL activation
Clearing: Call auction
Payment allocation: Pay-as-bid

Continuous adjustment market

Aim and features:

Adjustments due to forecast
errors or delivery failure
Everyone can be a buyer or
seller

Product: CL adjustment
Clearing: Continuous auction
Payment allocation: Pay-as-bid

Figure 4.2: Overview of the market horizons

The proposed CL product consists of two types depending on if congestion is
demand- or generation-driven. A demand-driven congestion occurs when the
total power extraction of end-users causes overloading of a grid component.
For generation-driven congestion, the total power injection causes the over-
loading besides potential voltage-limit violations. Consequently, the proposed
CL products are:

• CL-cap (for demand-driven congestions): Enforces flexibility service
providers (FSPs) to keep their net-load under a certain cap.

• CL-floor (for generation-driven congestions): Enforces FSPs to keep
their net-load above a certain floor.

Figure 4.3 illustrates the products for three FSP types: consumer, prosumer,
and generator. The CL-products are defined using net-load and subscribed
connection capacity (P imp) of FSPs located downstream of the congested com-
ponent. The net-load is defined as netload = consumption − generation for
each FSP. Therefore, negative values represent injections, and positive values
the extractions. The quantity of the products are calculated with respect to
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4.2 RQ1.2: A comprehensive LFM design

the subscribed connection capacities of FSPs. As shown in Figure 4.3, there
are two options to calculate the quantity of CL-cap for pure generators. An
option is to calculate with respect to zero, and the other is with respect to the
positive value of the connection capacity. The former is more intuitive as the
positive side of the curve is never used for pure generators, while the latter
leads to consistency in the definition of the CL-cap. Similar options hold for
pure consumers when calculating CL-floor.

−Pimp

0

+Pimp

Po
we

r CL-c
ap

qu
an

tity

Consumer

CL-cap
quantity

Prosumer

Option 1:
CL-cap
quantity

Opti
on

 2:

CL-c
ap

Generator

Time
−Pimp

0

+Pimp

Po
we

r

Option 1:
CL-floor
quantity

Option 2:
CL-floor
quantity

Time

CL-floor
quantity

Time

CL-floor
quantity

net-load:before net-load:after Connection capacity Market-imposed cap Market-imposed floor

Figure 4.3: Conceptual illustration of capacity limitation products for different
type of grid users. CL-cap is for demand-driven congestions and CL-
floor for generation-driven congestion.

The summary of measures for addressing the design challenges is as follows:

• Challenges 1 and 2 (the low liquidity and reliability concerns):
The design contributes to increasing the liquidity in LFMs and reducing
the reliability concerns by allowing multi-bids (i.e., bidding as curves),
and incentivizing participation by an interconnected long-term reserva-
tion market;

• Challenges 3 and 5 (the baseline issue and ICT costs): A new ca-
pacity limitation product is introduced with suggestions on algorithms
for quantifying its cost/value. The new product addresses the base-
line challenge, and mitigate deficiencies of previous capacity limitation
products regarding market manipulations through misreporting of the
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flexible assets, and high ICT costs related to measurements for delivery
validation;

• Challenge 4 (the forecast errors): An interconnected adjustment
market is included and different aspects are discussed to find a suitable
auction type for addressing the forecast errors on low aggregation levels.
Moreover, a probabilistic bidding algorithm is proposed for calculating
the expected marginal utility of DSOs.

Despite the presented solutions, the challenge of low market liquidity might
persist due to geographical constraints and reasons not related to mecha-
nism design. In this work, the provided solutions are focused within the
mechanism design area. The causes outside mechanism design can be geo-
graphical constraints, barriers for digitalization and automation, bureaucratic
pre-qualification procedures, lack of relevant competences, and contradicting
or unclear regulations. Solution to these causes are out of the scope of this
work and can be a future work. For example, the liquidity can be improved
if the market is utilized for larger geographical areas while leaving issues at
lower levels to be solved by other methods such as grid-reinforcements. Evo-
lutionary game theory can be used to analyze agents’ strategic behavior as a
function of the number of participants to find an approximation on the suit-
able geographical size for LFMs. A similar study to [106] can be done for this
purpose.

Furthermore, there exist other alternatives to the proposed design. An al-
ternative is a reversed one-sided auction in which the DSO purchase by the
merit order until the congestion is solved. However, in one-sided auctions, the
willingness of DSOs for payment is not included and thus high costs might
be imposed on DSOs. Another alternative design to LFMs are local capacity
markets (also known as tradable access rights). In such mechanisms, DSOs
can distribute connection capacities by auctions or grandfathering and then
the allocated connection capacities can be traded between the end-users on
shorter time-frames such as a day or a week. Similar ideas have been dis-
cussed in [107]. A potential challenge for this alternative is consumer discrim-
ination regarding capacity prices at different geographical locations. Besides
the above-mentioned market-based solutions, tariff-based solutions also exist.
There are different types of tariffs such as time of use (ToU) tariffs and power
tariffs. ToU tariffs, if used for reflecting the local grid constraints, can lead
to consumer discrimination since they can differ depending on the consumers’
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location. Such discrimination is not an issue for LFMs since the flexible end-
users are rewarded instead of inflexible users being penalized. Moreover, tar-
iffs such as static ToU and power tariffs cannot cover unexpected events or
adjustments and can also lead to rebound effects by shifting congestion to
other hours. Furthermore, tariffs are indirect incentives and their impact on
the behavior of agents are uncertain which can affect the reliability of such
solutions.

The most suitable congestion management solution depends on the context
including various parameters such as the size of grids and DSOs, regulations,
social aspects, the load patterns and its expected rate of increase, lead-time
and cost of grid reinforcements, and availability of technical infrastructure.
Therefore, LFMs need to be put into context and evaluated in comparison to
other solutions in each context to find the most suitable solution or mix of
solutions.

4.3 RQ1.3: Evaluation of the LFM design
With regards to RQ1.3, the aim has benn to evaluate the proposed LFM de-
sign and compare it to other congestion management solutions. The work
is ongoing for this research question; however, a toolbox for the comparison
is proposed in Paper IV to enable both qualitative and quantitative com-
parisons with other congestion management solutions. Moreover, Chalmers
Campus testbed is improved (Paper V) to host the close-to-real-life demon-
strations. In this section, the modeling and demonstration platform for eval-
uating the design is explained. Moreover, the improvements in the testbed
that is required for evaluating the LFM design are explained. In addition, the
most recent evaluation results are presented in Section 4.3.1.

The proposed comparison toolbox in Paper IV enables a systematic com-
parison of different congestion managements solutions for local system chal-
lenges. It consists of two parts: i) a qualitative analytical framework to iden-
tify the barriers of implementing different solutions over regulatory, technical,
cultural, and complexity aspects; and ii) a scalable and extendable modeling
platform called LESOOP to quantitatively assess the solutions under the same
system conditions.

LESOOP is developed for the application area of local energy system stud-
ies. To conduct such studies, the platform needs to be flexible with respect
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to test systems configuration, agents’ definition and behavior, and solutions
for the local challenges. Therefore, the ecosystem of local energy systems is
defined by four main domains in the platform:

• Network domain: To represent different energy networks such as elec-
tricity, district heating, district cooling

• Agent domain: To represent the different type of agents such as house-
holds, industries, aggregators, and DSOs.

• DER domain: To represent the different energy assets such as storage,
heat pumps, PVs, and inflexible loads

• Solutions domain: To represent the different solutions to local network
challenges, e.g. LFMs, LEMs, etc.

Figure 4.4 presents the overview of the domains and examples of their con-
tent as a Unified Modeling Language (UML) diagram. The content of the
solution domain can be different depending on the solution and thus it is
shown as an empty block. The abstract classes can be seen on the higher
levels of hierarchies in each domain. For example, the Agent super-class can
have sub-classes such as End-user, System operator, and Aggregator. The
End-user class represents the individual end-users that are connected to the
grid. It can be inherited by sub-classes such as residential, industrial, and
commercial end-users that can have their specific methods and DERs. The
domains are connected with each other with the aggregation relationship,
showing the association between objects. For example, a DSO may own one
or multiple networks, each end-user could own one or multiple DERs, while
each DER and end-user are connected to a bus.

Such a design makes the platform flexible and reusable for investigating
different test systems and conducting different case studies. This can be done
by initializing instances of different classes separately depending on the specific
need of a study. For example, for comparing agent-based mechanisms such
as LFM and LEM, instances of classes from all the domains are needed. The
decomposed domain structure of LESOOP allows different solution blocks to
be written separately and be replaced while keeping the rest of the domains
constant. This provides the possibility of comparing the different solutions.
The platform can be used for other purposes as well. For Building Energy
Management System (BEMS) study, only instances of the End-user class and
the DER sub-classes need to be initialized. In the case of a Model Predictive

42



4.3 RQ1.3: Evaluation of the LFM design

DER Domain
DER

BES PV HP InflexLoad

Agent DomainAgent

End-user System operator Aggregator

DSO

Network Domain

ElNet

Bus Line Trafo

Network

Solution
 Domain

Aggregation Inheritance Dependency

Figure 4.4: Overview of the domains and examples of their content in the form of
a UML class diagram
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Control or a congestion forecast study, sub-classes in the Network and DER
domains would be sufficient.

Furthermore, multiple tools are needed to assess a solution. A quantita-
tive assessment needs, for example, forecasting the production/consumption
of DERs, estimating the power flow and congestion risk in grids, and simu-
lating agents’ behavior and control logic. These tools are implemented in the
platform as class methods. To increase reusablity, some tools are composed of
a group of methods and are written as generic as possible to be independent
from a specific application.

The improvements of Chalmers Campus testbed are presented in Paper
V. They include developing and integrating the required tools for the demon-
stration in LESOOP. The tools are, for example, load, PV, and congestion
forecasting, energy management systems (EMSs), and bidding algorithms to
enable evaluation of the proposed LFM under more realistic conditions. The
overview of integrating these tools in LESOOP including their communication
and related applications are presented in Figure 4.5.

4.3.1 The most recent evaluation results
In this section, the most recent results on the evaluation of the LFM design
is presented where LESOOP and the setting explained in 3.3 is utilized. The
short-term activation market of the design is evaluated for the period of 2023-
02-02 to 2023-03-01 using perfect forecasts. The evaluation includes running
the explained setup for four cases: LFM+PT+ET, LFM+ET, PT+ET, and
ET. LFM+PT+ET is when LFM, power tariffs (PT), and energy costs (ET)
are considered. The rest of the cases follow the same logic showing which
economic incentives are considered.

The load-duration curves for the active power loading of the line between
buses 07:8.1 and 07:8.1.2 is presented in Figure 4.6. The number of congested
hours is reduced from 22 in case ET to 15 in case PT+ET, 9 in case LFM+ET,
and 3 in case LFM+PT+ET. Moreover, Figure 4.7 shows that the two LFM-
related cases have higher occurrence of loadings right below the line capacity
compared to the other two cases. This is due to activation of LFM that has
shifted the overloadings to values less than the line capacity.

Since the focus of the evaluation is the LFM design, the overloading events
for the LFM-related cases are further analyzed. Based on the analyses, the
overloading hours for these cases can be divided into two groups: 1) the
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Figure 4.5: Overview of the required tools for demonstrating LFMs in Chalmers
Campus testbed
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overloadings due to neglecting grid losses in the procurement procedure of the
CL product, and 2) overloadings due to rebound effects from activating the
LFM.

The first group of overloadings in the LFM-related cases include the loadings
slightly over 1.0 p.u. of loading (Figure 4.6). This group consists of 2 hours
in case LFM+PT+ET, and 5 hours in case LFM+ET. The reason is that grid
losses are not presented in the current setting for procuring CL products. In
the current test-system, the losses are very low due to the grid being strong
besides the fact that congestion is imposed by limiting the maximum current
of the respective line and not changing the physical characteristics of the
line. However, in real-life, the losses need to be incorporated by, for example,
seeing losses as an "end-user" that consumes electricity and considering it as an
inflexible end-user. This "end-user" can be represented through the methods
explained in Section 3.5 of Paper III.

The second group of overloadings in the LFM-related cases consists of 1
hour in case LFM+PT+ET, and 4 hours in case LFM+ET. In these hours, the
market was not activated. This indicates that the DSO had not expected any
congestions in these hours based on the latest schedule from the agents. How-
ever, after the market is cleared for the respective days, the agents reschedule
their assets for delivering the product for the cleared hours in these days.
Compared to the original schedule, the rescheduling include a total increase
of 51-63 kW in the loading from the batteries for case LFM+ET. The increase
is 18 kW for the hour in case LFM+PT+ET. Since the only varying factor
between cases LFM+PT+ET and LFM+ET is inclusion of power tariffs, the
results suggest that deploying power tariffs besides the presented LFM design
could have reduced the rebound effects in this study.

As an example of the supply-demand curve, hour 11 on the 14th of Feb. in
case LFM+PT+ET is presented in Figure 4.8. The cleared CL-cap quantity in
this hour is 2118 kW which corresponds to sum of all the connection capacities
down the line (3000 kW) minus the line capacity (882 kW).

The flexible agents’ dispatch plans on the same date and case are provided
in Figures 4.9 and 4.10, where the following are presented: the net import
(pimp), the gross load (pload), the imposed cap by the LFM, the spot price
(ρspot), the BES charge/discharge power (pbes) where positive and negative
values represent charging and discharging respectively, the state-of-charge of
BES (SoCbes), and the generated power from PV (ppv). The figures show
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Figure 4.6: The active power load duration curve of the line between buses 07:8.1
and 07:8.1.2 for four cases: LFM+PT+ET: LFM, power tariffs, and
energy cost, LFM+ET: LFM and energy cost, PT+ET: power tariffs
and energy cost, ET: only energy cost.
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Figure 4.9: Operation of agent bld07:28 on the 14th of Feb. for case LFM+PT+ET
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Figure 4.10: Operation of agent bld07:11B on the 14th of Feb. for case
LFM+PT+ET
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4.4 RQ2: Operation of local flexibility resources for carbon emission
reduction

how the agents keep their net-loads below the cap imposed by LFM to deliver
the service. The rebound effect of case LFM+PT+ET occurs at hour 10 on
the 14th of Feb. because of a reschedule of the battery belonging to agent
bld07:28.

4.4 RQ2: Operation of local flexibility resources
for carbon emission reduction

RQ2 is the second focus of this thesis that is about another use case of lo-
cal flexibility resources. The aim has been to identify operation strategies
and their cost for reducing carbon emissions by utilizing local flexibility re-
sources. The strategies are identified for a case study on Chalmers campus
local multi-energy system (MES). A multi-objective optimization model for
cost and emissions is utilized for this purpose that was developed in previ-
ous projects. The MES operation is optimized for over a year with a short
foresight rolling time horizon, and for three energy carriers: district heating,
district cooling, and electricity. The details of the work is presented in Paper
VI.

The results of the case study shows that, by utilizing all identified abatement
strategies, a 20.8% emission reduction could be achieved with a 2.2% increase
in cost. The identified abatement strategies include: more usage of biomass
boilers in heat production, substitution of district heating and absorption
chillers with heat pumps, and higher utilization of storage units. It should
be noted that the system was shown to be limited in the low grade heat that
was available from the district cooling system, which artificially constrained
the dispatch of the available heat pumps. This system would therefore benefit
from bore holes or other low grade heat sources which would lead to more
dispatch of the higher efficiency heat pumps. Furthermore, the utilization
of the combined heat and power (CHP) unit showed to be sensitive to the
relative weighting of emissions vs. cost in the objective function. The relative
share of electricity production from the CHP unit is also shown to decrease
at higher emissions weighting factors due to the relatively higher emissions in
the district heating system compared to the electricity system.

This analysis demonstrates that across all abatement strategies the total
carbon dioxide abatement cost is 36.6–100.2 (AC/tCO2), which is higher than
both the average carbon price in EU Emission Trading Scheme and carbon
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tax prices in Sweden in 2019, but at the same level as similar pilot projects
in Sweden.

The results can provide insights to local MES operators who aim to re-
duce their carbon emission footprints regarding the strategies and consequent
costs. Moreover, similar studies can provide insight to carbon pricing if incen-
tive mechanisms are to be designed for emission reductions from local energy
communities. It is also worth mentioning that the presented costs and strate-
gies are based on this specific case study and general conclusions cannot be
made from only one case study.
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CHAPTER 5

Conclusions and Future Work

This chapter concludes the thesis by providing the key takeaways from the
results besides providing the future research direction of my studies.

5.1 Key takeaways
This thesis has aimed at adding insights on two use cases of flexibility from
local resources: 1) incentive mechanism-driven congestion management in dis-
tribution networks by local flexibility markets, and 2) individual-driven carbon
emission reduction in local multi-energy systems by multi-objective operation
planning. In Section 1.3, four research questions were defined for this aim that
have formed the foundation for this thesis. The key takeaways concerning each
research question are provided below.

Regarding RQ1.1 the following takeaways can be provided about the de-
sign challenges and key factors/trends for the future of LFMs. Incorporating
design aspects that support development of automated and flexible end-users,
and facilitate their participation in LFMs are important for a higher market
liquidity at local levels. Moreover, the reliability of LFM mechanisms should
be improved because DSOs should be able to rely on LFMs as a substitute
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to grid reinforcement and FSPs would require a more reliable revenue stream
from these markets. Flexibility products or incentive mechanisms that do
not require baselines can reduce conflict of interests and high administrative
costs of delivery validation related to baseline-based products. In addition,
products that require sub-meter measurements and a more complex communi-
cation infrastructure for delivery validation can hinder the adoption of LFMs.

RQ1.2 was about proposing an LFM design that considers the challenges
in RQ1.1. A design with a triple horizon market structure including reser-
vation, activation, and adjustment horizons can support decision making of
market participants and improve reliability and liquidity of the market. In
addition, the liquidity can be further improved by implementing LFMs for
larger geographical areas while studying hinders such as barriers for digi-
talization and automation, bureaucratic pre-qualification procedures, lack of
relevant competences, and contradicting/unclear regulations. The adapted
capacity-limitation products, that are calculated based on net-load and sub-
scribed connection capacity of end-users, can reduce conflict of interests, and
administrative and ICT costs related to the delivery validation. Moreover,
probabilistic approaches for calculating the cost and value of the product
such as the algorithms proposed in Paper III can reduce the potential cost
of forecast errors for market participants while providing insights on how the
utility and cost can be calculated for the proposed product.

Regarding RQ1.3, about the evaluation of the design, it is important to
consider that the most suitable congestion management solution is dependent
on the context including parameters such as the size of grids and DSOs, reg-
ulations, social aspects, the load patterns and its expected rate of increase,
lead-time and cost of grid reinforcements, and level of grid monitoring, and
availability of smart meters. Therefore, LFMs should be evaluated qualita-
tively and quantitatively in comparison to other congestion management so-
lutions such as LEMs, tariffs, bilateral contracts, and grid reinforcement. For
this comparison a comparison toolbox is needed that includes a qualitative
comparison framework and a modeling platform for quantitative comparison.
This toolbox is developed and presented as a part of the answer to this RQ.

Four cases of LFM+PT+ET, LFM+ET, PT+ET, and ET were quanti-
tatively compared using the introduced toolbox on a sub-area of Chalmers
campus testbed. The most recent results showed that case LFM+PT+ET
(i.e., considering LFM, power tariffs, and energy cost) has the lowest num-
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ber of congested hours. Moreover, rebound effects from activating the LFM
were observed that are due to the rescheduling of the agents’ assets after the
LFM clearing results are published. The comparison of cases LFM+PT+ET
and LFM+ET suggested that enforcing power tariffs besides the LFM could
reduce the number of congested hours due to rebound effects in this study.

Regarding RQ2, the aim was to identify emission abatement strategies and
their cost for a flexible local multi-energy system. Chalmers Campus testbed
was used for the case study including electricity, district heating, and district
cooling systems. The results of the case study showed that the carbon emission
footprint of the local system could have been reduced by 20.8% with a 2.2%
increase in the cost. The operation strategies for this purpose included more
usage of biomass boilers in heat production, substitution of district heating
and absorption chillers with heat pumps, and higher utilization of storage
unit. The analysis showed that the cost of strategies was between 36.6 to
100.2 (AC/tCO2).

The results from this thesis can be useful to system operators, flexibility as-
set owners, policy makers, and researchers who are dealing with the discussed
use cases for local flexibility resources. The thesis can provide insights to
these actors by contributing to a better understanding of the challenges, and
proposing potential solutions and toolboxes for implementing and evaluating
these use cases.

5.2 Future research direction of my PhD studies
For the continuation of my PhD, two paths are considered. First, the pre-
sented toolbox and demonstration testbed is to be used for evaluating further
the proposed LFM design. This work is essential for a complete study on
the proposed LFM design. Second, the power use case of local flexibility for
balancing purposes can be an attractive revenues stream for local flexibility
assets owners such as energy communities and aggregators. Therefore, study-
ing the potential revenues and algorithms related to participating in frequency
regulating markets can contribute to achieving a more complete view on the
use cases of local flexibility resources.
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