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Abstract

The main objective of this dissertation is to comprehensively analyze selected
aspects of phasing out the use of fossil natural gas in the course of decar-
bonizing energy systems. Four different scientific approaches that are based
on optimization form the basis of this work, with a focus on energy net-
work modeling. Three of these approaches focus on the development of a
sustainable heat supply and offer insights into sustainable heat supply from
the European level via the distribution networks to the end user or building
level. In particular, not only district heating, its networks and the develop-
ment of heat densities play an important role, but also the question of social
justice and who has to bear the costs of inaction. The remaining approach
deals with the trajectory of gas networks against the background of overall
strongly declining transport volumes. The possibilities of decommissioning
or refurbishment investments are discussed with regard to the aging of ex-
isting pipelines and the taboo of no longer supplying existing gas consumers
with pipelines is critically questioned. Last but not least, it is shown that if
an area-wide gas network is maintained, it will be necessary to socialize the
network costs to the remaining gas customers. Overall, the four papers draw
a clear picture from different perspectives of the tendency that the question
of cost-efficient and sustainable energy supply in future energy systems will
have to be answered not only at the sectoral level but also at the regional or
local level.
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Kurzfassung

Das Hauptziel dieser Dissertation ist die umfassende Analyse ausgewählter
Aspekte des Ausstiegs aus der Nutzung von fossilem Erdgas im Zuge der
Dekarbonisierung der Energiesysteme. Vier verschiedene wissenschaftliche
Optimierungsansätze bilden die Grundlage dieser Arbeit, wobei der Schw-
erpunkt auf der Modellierung der Energienetze liegt. Drei dieser Ansätze
konzentrieren sich auf die Entwicklung einer nachhaltigen Wärmeversorgung
und bieten Einblicke in die gasfreie Wärmebereitstellung von der europäis-
chen Ebene über die Verteilnetze bis hin zur Endkunden- bzw. Gebäudeebene.
Insbesondere spielen dabei nicht nur die Themen Fernwärme, deren Netze
und die Entwicklung der Wärmedichten eine wichtige Rolle, sondern auch
die Frage der sozialen Gerechtigkeit und wer die Kosten des Nichthandelns
zu tragen hat. Der verbleibende Ansatz befasst sich mit dem Entwick-
lungspfad der Gasnetze vor dem Hintergrund insgesamt stark rückläufiger
Transportmengen. Dabei werden die Möglichkeiten von Stilllegungen oder
Erneuerungsinvestitionen im Hinblick auf die Alterung bestehender Leitun-
gen diskutiert und das Tabu, bestehende Gasverbraucher nicht mehr leitungs-
gebunden zu versorgen, kritisch hinterfragt. Nicht zuletzt wird aufgezeigt,
dass bei Aufrechterhaltung eines flächendeckenden Gasnetzes eine Sozial-
isierung der Netzkosten auf die verbleibenden Kunden notwendig wird. Insge-
samt zeichnen die vier Arbeiten aus unterschiedlichen Perspektiven ein klares
Bild von der Tendenz, dass die Frage nach einer kosteneffizienten und nach-
haltigen Energiebereitstellung in zukünftigen Energiesystemen nicht nur auf
sektoraler, sondern auch auf regionaler bzw. lokaler Ebene zu beantworten
sein wird.
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1. Introduction

1.1. Motivation

By 2023, the transition from a predominantly fossil fuel-based energy system
to a carbon-neutral one is well underway for some, while many others believe
it is progressing too slowly or may be too late altogether (Rogelj et al.,
2015). In particular, energy systems’ dependence on fossil natural gas plays
a significant role. In the European Union, for example, almost a quarter
of the gross available energy is natural gas (Eurostat, 2023). Regardless of
one’s individual perspective, which may be influenced by personal optimism
or pessimism, the scientific community agrees that despite the vast number of
publications on the subject of climate-neutral energy systems, many questions
remain unanswered (Pfenninger et al., 2014). In particular, this work aims
to contribute to a better understanding of some of these unresolved issues
associated with the face-out of natural gas, which is essential to achieve
climate neutrality of energy systems, focusing on the heating of buildings.

Specifically, this thesis presents a comprehensive analysis of the impact of the
phase-out of fossil natural gas on energy networks. It spans the bow from the
distribution grid level down to the end-user investment decision. The focus is
on modeling energy systems and networks at different spatial scales and from
different perspectives, under scenarios that comply with climate neutrality by
mid-century. Four cases of integrated energy system planning are examined.
In addition to analyzing the impact of natural gas phase-out on heating
systems and district heating networks at the energy system and building level,
the study also examines the economic viability of gas distribution networks
in the face of declining gas demand from the perspective of the network
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1. Introduction

operator. Furthermore, the study analyzes also the changing needs of local
distribution grids for electricity and district heating in a neighborhood once
a gas-free heat supply is implemented. Figure 1.1 illustrates the focus of the
thesis in three dimensions.

Sectoral

Electricity

Heating

Natural gas

P
er
sp
ec
ti
ve

End-user and governance

Distribution grid operator

Transmission grid operator

Energy system

G
e
o
g
r
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p
h
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Building level

Neighborhoods

Local areas

Federal state

Europe

Figure 1.1.: Illustration of the scope of the thesis in three dimensions. Each of the four
cases of the thesis is represented by a color and one or more spheres, indicating
its scope in each dimension.

The first dimension is sectoral and has electricity, heating, and natural gas
as elements. The second dimension is the perspective. It ranges from the
perspective of the energy system to that of the end user. The third dimen-
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1. Introduction

sion is geographical. It ranges from the European down to the building level.
Here is just one example to help understand the figure. One of the cases, as
mentioned above, looks in detail at the heating sector from an energy system
perspective. It uses downscaling to disaggregate values from the European
to the local level to examine district heating networks in the context of de-
carbonizing the European energy system. This case is represented by the two
blue spheres (at the top in Figure 1.1). As the main scope of the thesis is now
given, the four cases, and in particular their underlying research questions,
are described in more detail.

1.2. Research questions (RQ 1-4)

This thesis addresses four research questions about a natural gas face-out
reaching carbon-neutral energy systems. Each research question is answered
in a peer-reviewed article published by the author of this thesis as the main
author. In the following, each research question along with a brief overview
of its motivation and topic is presented.

The first contribution (Zwickl-Bernhard et al., 2022b) elaborates on the im-
plications of the face-out of natural gas on the heating sector. In particular,
it focuses on the role of district heating networks supplying low-temperature
building heat demand (blue spheres in Figure 1.1). The first research ques-
tion, defined from the energy system perspective, is as follows.

Research question 1: What would a deep decarbonization of building heat
demands in Austria by 2050 look like, and what are the implications of this
sustainable energy mix for district heating?

It bridges the gap between decarbonization plans/pathways at the European
and country level with energy planning at the community and, thus, network
levels. For this purpose, cost-effective heat supply of different European de-
carbonization scenarios generated by the aggregate large-scale energy system
model GENeSYS-MOD (The Global Energy System Model)1 from the na-

1https://git.tu-berlin.de/genesysmod/genesys-mod-public/-/releases/
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1. Introduction

tional to the community level in Austria is downscaled. The main idea is
to test whether or not large-scale energy system models (such as GENeSYS-
MOD) are capable of covering local trends in district heating and its economic
viability at the local levels and how locally determined district heating and
heat densities could be returned into the aggregate models in the sense of
a feedback loop. That would allow refining assumptions in the large-scale
upper-level models, which in turn will increase the plausibility and realism
of pathways at the European level.

The second contribution (Zwickl-Bernhard et al., forthcoming) deals with the
future development and trajectory of gas networks and their infrastructure
under the expectation of declining natural gas demands and the increasing
integration of green gases, such as synthetic gas and hydrogen. The second
research question, defined from the perspective of the gas network operator,
is as follows.

Research question 2: Which decommissioning and refurbishment invest-
ment decisions result in a cost-effective gas network infrastructure by 2050?

The focus lies on gas network infrastructure that ensures the coverage of var-
ious energy service needs (e.g., residential building heat, industrial process
heat). Associated with this is the question of which gas network infrastruc-
ture is needed to supply the non-substitutable natural gas demands under
consideration of possible stand-alone natural gas supply options (delivery of
liquified natural gas by truck, etc.). In this case, the gas network infrastruc-
ture of a federal state in Austria is modeled.

The third contribution (Zwickl-Bernhard and Auer, 2022) elaborates on deep
decarbonization in an urban neighborhood in Vienna, Austria. The focus is
on decommissioning the gas distribution grid for heat supply rather than try-
ing to feed in “green” gas in the future. The third research question, defined
from the perspective of the distribution network operator, is as follows.

Research question 3: Which alternative distribution grid capacities and
sector coupling technologies are required to ensure adequate, but sustainable

genesysmod3.0
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1. Introduction

development in the provision of local heat energy services (e.g., space heating
and hot water)?

The core objective is to demonstrate that alternative network infrastructures
and energy technologies ensure not only an adequate but also an even superior
provision of local heat energy services.

The fourth and last contribution (Zwickl-Bernhard et al., 2022a) aims to
demonstrate equitable decarbonization of heat supply in residential multi-
apartment rental buildings. A modeling framework is developed to deter-
mine a socially balanced financial governance support strategy between the
property owner and tenants to trigger a heating system change from a nat-
ural gas-based heating system towards a sustainable alternative. The fourth
research question, defined from the governance’s perspective, is as follows.

Research question 4: What is a cost-optimal and socially balanced subsi-
dization strategy for a multi-apartment building to trigger investments in a
sustainable heat supply?

The scope of this paper aims at exploring how to deal with one of the “hot
potatoes” on the road to a sustainable society: to trigger investments for deep
decarbonization of the rented residential building sector in terms of heating
system change and passive retrofitting. The focus is put on multi-apartment
buildings in urban areas that are often heated by natural gas-based heating
systems. Moreover, the frequently occurring ownership structure within the
building with a single property owner (building or at least apartment owner)
and numerous tenants plays a key role in the analysis as this is a generally
crucial relationship.

Figure 1.2 aims to illustrate the connection between the four distinct research
questions. The figure builds on the three dimensions (sectoral, perspective,
geographical) introduced in Figure 1.1. In principle, Figure 1.2 is divided
into two parts. One part, at the top of the figure, shows the three research
questions 1, 3, and 4 that focus on the heating sector in detail. The other
part, at the bottom of the figure, relates to research question 2 which focuses
on the natural gas in detail. The link between the three research questions

5
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1. Introduction

of the heating sector is spatial magnification. It starts on the far left with
research question 1 at the European and national level and ends on the far
right at the building level. However, the link between these three is more
than that. Research question 3 essentially takes the "where" (i.e. localization
of district heating networks) of research question 1 and asks the "what" (i.e.,
what distribution grids in one district heating network). Research question 4
goes even one step further, essentially taking the "what" of research question
3, and asking "how" buildings implement sustainable heating. The link from
research question 2 to the other research questions is shown in green. The
question of how the profitability of alternative heat supply options to natural
gas, such as district heating, changes is the link between research questions
1 and 2. The extent to which alternative distribution grids are needed to
provide sustainable heat to buildings is also influenced by the decision to
decommission parts of the gas networks. The latter aspect thus links research
questions 2 and 3. Whether the decommissioning of parts of the gas network
is at all possible and can be considered depends on whether it is possible to
realize the "last mile" and substitute gas demand in buildings. This is less a
technical-economic question than a question of implementation.

1.3. Structure of the thesis

The remainder of this thesis is organized as follows:

In Chapter 2, the literature review is presented. The review begins with a se-
lection of studies related to deep decarbonization pathways of energy systems
on different scales. Then, it discusses the implications of large-scale numeri-
cal model results at the local level, forming the basis of the discussion on the
effects of decarbonization on the heating sector. This discussion focuses on
the building and end-user perspectives. The chapter also examines justice in
energy systems, considering the socially balanced aspects of a sustainable en-
ergy transition. Finally, the chapter concludes by summarizing the progress
beyond the state of the art of this thesis.

In Chapter 3, the methodologies employed to address the research questions
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are presented in detail. Each method answering one of the research questions
is described in a dedicated section (Sections 3.1 to 3.4), beginning with an
overview of the problem, followed by a comprehensive explanation of the
mathematical formulation and nomenclature used. This ensures a clear and
systematic presentation of the methods and facilitates a better understanding
of their application in addressing the research questions.

In Chapter 4, the results are presented. Each section (Sections 4.1 to 4.4)
focuses on one of the four research questions. In Section 4.1, the results
of downscaling the European cost-optimal heat supply to the level of dis-
trict heating networks are presented. Section 4.2 examines the cost-optimal
decommissioning and refurbishing investments of gas networks at the federal-
state level. The results of local deep decarbonization of urban neighborhoods
are presented in Section 4.3, while Section 4.4 shows the findings on equitable
decarbonization in multi-apartment residential buildings.

Chapter 5 provides a broad synthesis of the key findings presented in the
previous chapters. It discusses the findings of the thesis and describes the
conditions for the transferability of the present results. In addition, the
limitations of the methods are critically discussed.

Chapter 6, concludes the thesis by summarizing the main conclusions drawn
from the research, while the final Chapter 7 outlines future work based on
the thesis work.
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2. State of the art and progress
beyond

In this chapter, the reader will find relevant background information related
to the scope of this thesis. The first four Sections 2.1 to 2.4 are dedicated to
the existing literature. The last section 2.5 presents the contribution of this
thesis and discusses its progress beyond the state of the art. Section 2.1 starts
with the literature about deep decarbonization pathways on energy systems
on different scales. This is followed by a discussion related to the implications
of large-scale numerical model results at the local levels in Section 2.2. Then,
Section 2.3 deals particularly with the implications of decarbonization on the
heating sector, while Section 2.4 presents selected literature on the crucial
question of justice in future energy systems and socially balanced sustainable
energy transitions.

2.1. Deep decarbonization pathways of energy systems
on different scales

In light of the energy system transition, deep decarbonization is of paramount
importance and determines key priority challenges toward sustainable energy
provision (Wesseling et al., 2017). For this reason, many scientific contri-
butions provide comprehensive studies dealing with (i) sustainable energy
provision (Zhang et al., 2010), (ii) efficiency-enhancements (Vaillancourt et
al., 2017), and (iii) measures for energy demand reduction (Sorrell, 2015).
Generally, these studies carry out analyses with different emphases and on
various scales (such as global, regional, or national levels (Kueppers et al.,
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2021)).

The high-level goals are important cornerstones from an energy planning
perspective and give guidance and future orientation. In this context, the
work in (Loftus et al., 2015) provides a critical review of global decarboniza-
tion scenarios covering several sectors. The authors in (Victor et al., 2018)
and (Brown and Botterud, 2021) conduct studies, in particular, for the decar-
bonization of the U.S. power sector. The trends of power system decarboniza-
tion in Europe (Haller et al., 2012), China (Khanna et al., 2019), and other
regions (see exemplarily in (Dranka and Ferreira, 2018)) also head in a similar
direction similar to those outlined in the U.S. studies. The decarbonization
study in (Auer et al., 2020b) targeting climate neutrality in Europe in 2040
and 2050 is more comprehensive and covers several important sectors as there
are energy, industry, building, and transport. Examples of in-depth analyses
on decarbonization pathways in the transport sector and heavy industry can
be found in (Göhlich et al., 2021) and (Obrist et al., 2021), respectively.

Furthermore, there exist already studies attempting to downscale global/high-
level studies to fine-granulated structures or local levels (Benestad, 2004).
Moreover, there is an increasing need for comprehensive down- and upscal-
ing measures and tools, engaging the possibilities to map higher-level energy
system goals on a local level (Tlili et al., 2020). For example, in (Chen et
al., 2020), it is identified that the implementation of aligned and sustain-
able energy planning is also important on the province, district, or neighbor-
hood level. Consequently, comprehensive studies work on the disaggregation
(or mapping) of superior/generalized decarbonization pathways on higher re-
solved spatial levels. The implementation of decarbonization pathways for
whole cities is shown in Ibrahim (2017) (and also in (Echeverri, 2018) fo-
cusing on investment needs on city levels). The studies in (Leibowicz et al.,
2018) and (Zhang et al., 2020) decompose decarbonization pathways on an
even higher resolution, such as on the building level. Thereby, the first study
focuses on building thermal efficiency improvements, and the latter one, in
particular, focuses on achieving the predefined national climate goals. Fi-
nally, it is important to note that spatial characteristics of the particular
area need to be taken into account when developing the local decarboniza-
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tion pathways. Different local areas or settlement patterns require different
efforts. However, the scope of this work is densely populated and urban ar-
eas. Hence, it is exemplarily referred to the work in (Zhao et al., 2020) which
detects a clear decarbonization trend in urban areas and considers the unique
characteristics of highly populated neighborhoods.

2.1.1. Trade-Offs in energy system planning and key performance
indicators

A vast number of scientific contributions have already dealt with trade-off
analyses in energy systems (see, e.g., (Nerini et al., 2018)). In general,
these kinds of analyses are caused by the fact that energy systems often
have to meet different contradictory requirements (Jing et al., 2021). The
bandwidth of energy supply needs and objectives concerns, among others,
techno-economic, security/reliability, and sustainability/environmental re-
lated goals. Therefore, energy system analyses accept the challenges to ad-
dress multiple objectives (Gracceva and Zeniewski, 2014). This is achieved
by integrated (Mirakyan and De Guio, 2013), holistic (Sperling et al., 2011),
and multi-criteria (Tsoutsos et al., 2009) energy planning approaches.

At the same time, further works depict that solutions optimized with respect
to one specific objective are distant from each other keeping in mind the
solutions of all possible objectives. Therefore, studies often analyze the so-
called Pareto Front (describing a set of optimal solutions) (Ganjehkaviri et al.,
2017). For example, the work in (Fleischhacker et al., 2019) shows that the
optimal cost-minimizing and emission-minimizing solutions lie on the extreme
points of the Pareto Front. Therefore, it is likely that optimizing one objective
leads to producing a suboptimal result related to another (compare, e.g., the
ambivalence between cost-optimal and security-optimal solutions (Wang and
Singh, 2006)). Notwithstanding, in most energy system planning analyses
predominantly cost-minimal solution has been mainly addressed so far (see,
e.g., (Krishnan and Das, 2015)).

Nevertheless, climate change-related measures can no longer be placed behind
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the question of myopic economic viability considerations (Santoyo-Castelazo
and Azapagic, 2014). Hence, several works suggest that strategic energy
system-related decisions should strive to be subjected to the principle of sus-
tainability and environmental-friendliness (Vuuren et al., 2020). This takes
into account binding agreements of climate and sustainable development goals
(Tanasa et al., 2020) (see also, e.g., in (Bosetti et al., 2009)). In addition,
there are strong efforts to take increased account of still scarcely adopted cost
components, such as externality and greenhouse gas emission costs.

In particular, long-term strategic decisions governing sustainable energy sys-
tem transition require further benefit evaluation criteria. In scientific con-
tributions and real-life applications, benefit/performance indicators enable a
fundamentally enhanced assessment and supersede high-complex or rather
academic multi-criteria analysis approaches. The fundamental work con-
ducted in (Afgan and Graça Carvalho, 2000) develops sustainability indica-
tors for the assessment of energy systems. The studies in (Vera and Langlois,
2007) and (Kemmler and Spreng, 2007) are heading in a similar direction and
conduct energy indicators for sustainable developments. Looking rather from
a more general/global perspective, the work in (Reuter et al., 2020) carries
out a comprehensive indicator set for measuring energy efficiency benefits.

2.1.2. Aggregation and flexibility responses with different
objective

Flexibility options for energy systems are manifold. Lund et al. (2015) list
grid reinforcement and expansion, flexible dispatchable power plants, en-
ergy storage, sector coupling, energy markets, and demand side management.
Demand- and supply-side flexibility, sector coupling through power-to-gas or
power-to-heat, and energy storage can be provided centrally with large-scale
technologies or by distributed small-scale applications. Large-scale flexibility
options are already included in large-scale energy system models (such as ex-
emplarily the EMPIRE model Marañón-Ledesma and Tomasgard (2019) and
Backe et al. (2021)) and similar tools to investigate the future development of
energy systems with a high penetration of variable renewable energy sources.
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Although the potential for distributed flexibility is significant, it is yet un-
clear for what purpose the flexibility should be utilized and how flexibility
responses differ with different objectives (Backe et al., 2022).

In a perfectly competitive electricity market, profit-maximizing decisions in
smaller firms will also maximize social welfare given complete and correct
price signals (Green, 2000). This is also true in electricity systems with vari-
able renewable energy sources and electricity storage (Korpås and Botterud,
2020). In reality, the challenge is to ensure that flexibility providers are
faced with complete and correct price signals, including production prices,
grid prices, and pollution prices. Eid et al. (2016) review different applica-
tions, incentives, and market designs for the flexibility management of dis-
tributed energy resources. Schwabeneder et al. (2019) provide a classification
for demand response and investigate the impact of different general flexibil-
ity characteristics on the profitability of load shifting. They highlight that
market-driven flexibility optimization does not necessarily yield a reduction
in carbon emissions of the electricity system. Nolting and Praktiknjo (2019)
conduct a techno-economic analysis of flexible heat pump controls and find
that the economic efficiency and the environmental efficiency are in conflict.
This is supported by Fleischhacker et al. (2019) who optimize the portfolios of
ECs with different objectives. They conclude that solutions for minimum cost
and minimum carbon emissions are contrary to each other. Schwabeneder et
al. (2021) investigate business cases for aggregators of residential customers
with flexible technologies in different European electricity markets. They
show that neglecting household-specific costs in the optimization of an ag-
gregator’s portfolio can yield sub-optimal results.

These findings suggest that individual objectives from a private perspective
and the objectives from a system perspective may not always coincide without
complete and correct prices. This poses a challenge for the integration of
distributed flexibilities in a system analysis framework. The computational
complexity of a capacity expansion planning model for multiple European
countries that considers a high number of distributed small-scale flexibility
options represents another challenge. It can be tackled by aggregating all
flexibilities at a country or node level and simplifying their representation
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in the optimization model. Müller et al. (2019b) provide a generic approach
for this purpose using zonotopic sets: The feasible region of a flexibility
option in a linear optimization problem describes a convex polytope. In their
approach, they inner-approximate this region by a subclass of polytopes,
known as zonotopes, and they show how zonotopes can be aggregated and
disaggregated efficiently.

2.2. Implications of large-scale energy system model
results at the local levels

For quantifying solutions for complex energy system planning problems, re-
searchers use numerical models. In general, these models strike a balance be-
tween complexity and aggregation. Integrated assessment models (IAMs) are
large numerical models covering complex interrelationships between climate,
society, economics, policy, and technology (Dowlatabadi, 1995). Particu-
larly, IAMs contribute to the understanding of global energy decarbonization
pathways (Wilkerson et al., 2015). Evaluating and discussing IAM involves,
among others, the appropriate level of regional (spatial) aggregation of coun-
tries in the modeling analysis (Schwanitz, 2013). Generalizing this aspect
reveals an aspect already known but essential in the context of large numeri-
cal models. Setting priorities regarding the level of detail becomes necessary
for modelers, which inevitably creates trade-offs in the analysis regarding
the granularity of temporal, spatial, and other dimensions (Gargiulo and
Gallachóir, 2013). Accordingly, IAMs should increasingly be supplemented
with other models and analytical approaches (Gambhir et al., 2019). Not
least for this reason, large-scale detailed energy systems models also play a
significant role in the analysis of energy systems in the context of climate
change. Compared to IAMs, they more strongly emphasize the level of detail
in terms of techno-economic characteristics. However, the lack of granular-
ity remains; these global systems models consider only a highly aggregated
spatial resolution. To name just two selected approaches, PRIMES (Capros
et al., 2012) and GENeSYS-MOD (Löffler et al., 2017) are aggregate energy
system models focusing on the European energy system with a spatial res-
olution at the country level. Further approaches are needed to disaggregate
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results obtained at the country level to finer scales, such as districts, neigh-
borhoods, and other local levels. In this context, a novel approach in the
context of merging local activities/behavior in sustainable local communities
into a large energy system model (bottom-up linkage) is presented in (Backe
et al., 2021). In this study, local flexibility options are integrated into the
large-scale energy system model EMPIRE, which provides, in principle, only
country-level resolution. This and other work confirms the emerging trend of
making top-down and bottom-up linkages between different spatial-temporal
levels of resolution to drive decarbonization across all sectors.

2.3. Implications of decarbonization on the heating
sector

The scope of changes required by 2030/2050 in the heating sector becomes
even clearer at the national level. In Europe, the share of renewable energies
in the heating and cooling sector in 2018 is only just above 20 % on average
(Eurostat, 2021). In Austria, it reaches 34%. However, fossil fuels continue
to dominate there as well. In 2015, the heat demand for low-temperature
heat services in Austria was around 96 TWh. This heat volume encompasses
low-temperature heat demand of residential buildings (domestic spacial heat-
ing demand, calculated on the basis of the outdoor temperature), industrial
heat demand below 100°C (e.g., food sector, machinery, and wood), and pro-
cess heat demand (Burandt et al., 2018). In the residential building sector,
natural gas, oil, and coal account for almost 45% of space heating and hot
water demand (Öesterreichs Energie, 2018). The share of district heating
reaches almost 15%, and more than one million households are connected to
district heating networks. According to (Statistik Austria, 2016), the total
heat production from district heating was around 24 TWh in 2016. Thereby,
the share of renewable energy was 45%. Besides, the share of waste sources
was 9%. In 2018, district heating supplied 18% of the total heat demand
in the residential building and service sector with a share of 48% renewable
heat sources. Thereby, the amount of district heating was 20 TWh.
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Nevertheless, of the nearly 4,000,000 residential dwellings in Austria, more
than one million are heated with natural gas, and more than 500,000 are
heated with oil (Statistik Austria, 2020a). If these heating systems are con-
verted to renewable energy supply by 2040, this corresponds to a retrofitting
of more than 80,000 units per year or more than 225 per day - only in Aus-
tria. To achieve this goal, measures that go beyond the electrification of the
heat supply are necessary, which may require an expansion of district heating
networks. This holds true even when substantial heat-saving measures are
implemented (Jalil-Vega and Hawkes, 2018).

In Europe, good conditions for district heating exist (Persson et al., 2019),
especially in the provision of heat services in densely populated or urban
areas (Inage and Uchino, 2020) because of the high heat densities that are
found there. In addition to heat density, the connection rate is a key fac-
tor determining the efficiency of district heating/cooling networks and thus
their implementation. In Austria, a benchmark of 10 GWh/km2 at a con-
nection rate of 90 % is currently used when deciding whether to supply an
area with district heating1. This reference value considers the area effectively
supplied by district heating and not the total area. Thus, the exclusion of
land areas that contain woodland, mountain, agricultural, and other low
heat-density areas is crucial. The reference/benchmark value is in line with
findings regarding district heating networks also from the Scandinavian re-
gion (Denmark, Sweden, and Finland) (Zinko et al., 2008). These are rough
estimates, but they do allow an initial assessment of the economic viability or
feasibility of a district heating network. In a detailed consideration and eval-
uation of district heating networks, numerous factors play a decisive role. For
example, the design and topology of district heating networks demonstrate
a significant impact on their cost-effectiveness (Nussbaumer and Thalmann,
2016; Zvoleff et al., 2009). In addition, the cost-optimized heat supply is
also influenced by the location of heat generation units/sources within the
networks (Laasasenaho et al., 2019). The influence of the connection rate
and linearly decreasing heat densities on the profitability of district heating
networks is investigated in (Nilsson et al., 2008) and (Dochev et al., 2018).
The study in (Bordin et al., 2016) presents an optimization approach for

1http://www.austrian-heatmap.gv.at/ergebnisse/
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district heating strategic network design. Further works also evaluate the
impact of the heating system topology on energy savings (Allen et al., 2020).
When examining the economic viability of district heating networks, building
renovation measures must also be taken into account (Andrić et al., 2018).
Recently, the results in (Hietaharju et al., 2021) show that a 2 − 3% build-
ing renovation rate per year results in a 19 − 28% decrease of the long-term
district heating demand, which consequently also reduces the heat densities
of district heating networks. However, studies show that a reduction in heat
density is not necessarily a barrier to district heating networks (Persson and
Werner, 2011). For example, energy taxes which can certainly be expected
in the future (e.g., higher taxes on fossil fuels) can improve the profitability
of sparse district heating networks (Reidhav and Werner, 2008). Following
these considerations and in light of ambitious CO2 reduction targets assump-
tions exist that rising CO2 prices exhibit a similar effect. However, this is
valid only in the case of deep decarbonization of the generation mix feeding
into district heating networks. In general, a variety of alternatives to de-
carbonize the energy mix of district heating networks exists. Among others,
geothermal (Kyriakis and Younger, 2016), biomass (Di Lucia and Ericsson,
2014), waste (Hiltunen and Syri, 2020), and heat recovery from industrial
excess heat (Bühler et al., 2017) are likely to be the primary heat sources
in sustainable district heating networks. Eventually, the increasing cooling
demand and the co-design of district heating and cooling networks can also
increase the economic viability of these and counteract the reduction of heat
density from an economic point of view (Zhang et al., 2021).

2.3.1. Natural and green gases in sustainable energy systems

It is debatable whether natural gas will play a significant role in the energy
transition over the next few decades, and if so, under what conditions. Gür-
san and Gooyert (2021) provide a recent and concise review of the state of the
art of natural gas in reducing CO2 emissions from energy systems. Kotek et
al. (2019) conduct a study on the European natural gas infrastructure in the
context of the energy transition. Already in 2012, Stephenson et al. (2012)
discuss natural gas as a transition fuel in the sustainable transformation of
energy systems. They concluded that a natural gas climate solution is unsub-
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stantiated. This is also reflected in a large number of studies on cost-optimal
energy supply until 2050. Auer et al. (2020b), for example, investigate the
European energy supply until 2050 for various decarbonization scenarios un-
der the remaining European fraction of the CO2 budget and discover that
natural gas is almost completely replaced in the primary energy demand in
2040.

Green gases are becoming increasingly important, as evidenced by not only
the results of Auer et al. for Europe but also, those of Zhang et al. (2022) for
China. Against this background, it is certainly possible to see existing natural
gas networks as a crucial part of the energy transition to transport and deliver
green gases. Recently, Quintino et al. (2021) elaborate on aspects of green gas
introduction in natural gas networks. Dodds and McDowall (2013) examine
the long-term future of gas networks and state that the most cost-effective
strategy might be to convert the networks to deliver green gases2. Similarly,
Mac Kinnon et al. (2018) investigate the role of natural gas networks in
mitigating greenhouse gas emissions. Gillessen et al. (2019) elaborate on the
role of natural gas as a bridge to sustainable energy systems and related
infrastructure expansion of gas networks. Gondal (2019) studies hydrogen
integration into gas transmission networks.3

Nonetheless, although the expected potential of green gases exists, it is
nowhere large enough to replace the current amount of natural gas in the en-
ergy supply. Accordingly, the discussion of existing natural gas networks may
and should include decommissioning as part of the solution space. Further-
more, this possibility should no longer be seen as a taboo subject but rather as
a real decision option that can even be argued from a techno-economic point
of view. Giehl et al. (2021) examine cost-optimal gas networks and focus par-
ticularly on the distribution network level, finding a declining need for gas

2Interestingly, Dodds and McDowall find in their scenarios that hydrogen injection into
gas networks has only a small role and low impact on gas networks.

3Particularly, Gondal states that (i) at the transmission network level, compressors are
the determinant element and limit the value of hydrogen by 10%; (ii) at the distribution
network level, pipelines and storage elements allow shares up to 50% of hydrogen; and (iii)
at the level of end-use appliances, a tolerant range and share of 20-50% of hydrogen is
possible.
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distribution networks in their future scenarios. Feijoo et al. (2018) find risks
of underutilization of gas networks (i.e., pipeline capacities) in a low-carbon
future economy even at the interstate and transmission level. Brosig et al.
(2017) compare the cost-effectiveness of different future pathways between
the expansion and decommissioning of the gas grid network.

In this context, local renewable energy sources and technologies are becoming
increasingly important. For example, district heating contributes in densely
populated and urban areas to the decrease of natural gas in the supply of
energy service needs. Möller and Lund (2010) examine the conversion of in-
dividual natural gas heating units to district heating. Hofmann et al. (2014)
show the use of geothermal sources for heat generation for both residential
and industrial. At the national level, Geyer et al. (2021) present scenarios,
energy carriers, and infrastructure requirements for a completely renewable
energy-based industry sector. Rahnama Mobarakeh et al. (2021) show, par-
ticularly the reduction of gas demands and associated CO2 emission for the
pulp and paper industry by electrification of energy service needs. Bachner
et al. (2020) focus on the replacement of gas and other fossil fuels in the steel
and electricity sector from a macroeconomic perspective4.

Findings of the literature in the previous paragraph indicate that large por-
tions of natural gas demands can, in principle, be substituted by sustainable
alternatives. Against this background and considering that natural gas net-
works are regulated entities of the energy system, are capital intensive, and
therefore require long-term strategies or planning, avoidance of stop-and-go
policy is crucial. Exemplarily, Then et al. (2020b) study the operator strategy
and economic viability of gas networks in the face of decreasing gas demands.
Hickey et al. (2019) identify significant challenges and risks to policymakers
and investors in using gas networks in sustainable energy systems encompass-
ing the risk of stranded assets resulting not only from declining gas demand
but also from changes in regulation and how tariffs are allocated. Hausfa-
ther (2015) focuses on the policy decisions for natural gas and its network

4In the context of a decarbonized electricity supply, Qadrdan et al. (2015) investigate
the impact of transitioning to a low-carbon electricity sector on gas network infrastructure.
Particularly, the authors focus on the gas network in Great Britain and find that despite
the declining gas demand, the peak gas demand remains unchanged.
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infrastructure until 2030 as they irreversibly impact the future of natural
and synthetic gas in the period 2030 to 20505. Glachant et al. (2014) study
and identify the fundamental reasons for diverging gas network and mar-
ket developments. Mosácula et al. (2018) propose a novel methodology for
gas network charges design, which builds on economic efficiency as the main
principle. Hutagalung et al. (2017) deal with the economic implications of
natural gas infrastructure investments. Tata and DeCotis (2019) focus on
risks and responsibilities associated with natural gas infrastructure develop-
ment. Capece et al. (2021) benchmark and analyze the efficiency of natural
gas distribution utilities. Sacco et al. (2019) analyze maintenance risks asso-
ciated with gas networks. Sesini et al. (2020) assess resilience and security
in gas network systems. The key findings can be summarized since decisions
on natural gas infrastructure development should not be made through a
single-lens view.

2.3.2. Distribution grid planning and energy infrastructure
decommissioning

Energy technology infrastructures are undergoing rapid changes. It is the
consequence of various factors, such as the already mentioned ongoing decar-
bonization, but also decentralization, digitalization (Di Silvestre et al., 2018)
and, ultimately "democratization" of the energy systems. Thus, in particular,
energy distribution grid planning faces enormous challenges (i.e., incorpora-
tion of flexibility options (Klyapovskiy et al., 2019), energy demand response
(Medina et al., 2010), or providing the interface for charging high shares of
electric vehicles (Yang et al., 2014)). In either case, distribution grid planning
analyses require more than ever integrated/holistic approaches (Müller et al.,
2019a). This includes, among others, sector coupling (Fridgen et al., 2020).
Since a large number of scientific contributions already comprehensively dealt
with sector coupling, it is referred to the literature in this context (see, e.g.,
in (Brown et al., 2018), many further contributions, and additionally in the
recently published review in (Ramsebner et al., 2021)).

5Moreover, Hausfather concludes that policy decisions are needed leading to the decar-
bonization of natural gas no later than 2030.
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In addition to energy network infrastructures and facilities, also innovations
in the energy technology supply portfolio develop very fast (see in (Fleis-
chhacker et al., 2019) and especially related to energy storage deployment
in (Ziegler et al., 2019)). This is the main driver for the already partial
phase-out and decommissioning of selected energy technologies and related
infrastructures, respectively (Hansen et al., 2019). In particular, the work in
(Fowler et al., 2014) focuses on decommissioning of natural gas infrastruc-
ture in the upstream energy sector. However, these actions led to profound
changes and enabled the linkage and interaction of different energy tech-
nologies and carriers in energy systems. Considering this work’s scope, the
relevant study in (Then et al., 2020a) analyzes interrelationships in the down-
stream sector between gas and electricity distribution grid planning (as well
as building energy retrofit decisions). In this regard, the authors also explic-
itly want to cite the study in (Weidenaar et al., 2011) that develops options
for the Dutch gas distribution grid in a changing natural gas market.

Complementing the scientific literature review above, the following paragraph
should provide a few insights into the practical relevance of gas distribution
grid decommissioning considerations. Thus, the real-world applicability of
this work’s study is visible. In this context, the Netherlands can be cited
as a role model to discuss the future of gas without taboos. Although the
Netherlands is considered a European country with one of the highest natural
gas reserves, they have committed themselves to consider a gas-free energy
system in 20506 that would fundamentally change the heat supply of new
buildings and the existing building stock. This discussion also includes the
related meaninglessness of green gas (but not, of course, those of hydrogen
to supply higher-priority energy services in other sectors). Moreover, indi-
vidual cities in the Netherlands (e.g., Utrecht) have set even more ambitious
targets and aim for a gas-free energy supply in 20307. Furthermore, the city
of Zürich in Switzerland with its 400 thousand inhabitants is pursuing a pi-
oneering attempt8. The planned phase-out of the gas-based heat supply in

6https://www.oxfordenergy.org/publications/the-great-dutch-gas-transition/
7https://www.german-energy-solutions.de/GES/Redaktion/DE/Publikationen/

Marktanalysen/2021/zma-niederlande-2021-energieeffizienz-gebaeude.html
8https://www.ebp.ch/sites/default/files/2020-12/2019_EBP_Fachbericht_

Zukunft_Gasinfrastruktur.pdf
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the next years in two districts explicitly includes "stranded costs" consider-
ations of end-users gas supply infrastructure and appliances. Consequently,
compensation payments for non-depreciated end-user investments associated
with a gas supply are granted.

This real-world example in Zürich is a first indication that in the energy
transition, it is increasingly important to compare both the costs of remov-
ing "stranded assets" (including compensation payments to those who are
affected) and the costs of inaction (including the costs of possible future
penalties for failing to meet climate targets). Even more, business models
and economic viability analyses in the energy transition must increasingly ad-
dress these kinds of opportunity costs alongside the prices of energy carriers
and their externalities. This casts already a different light on the attractive-
ness of gas-based business models both now and in the future.

2.3.3. Modeling gas networks

Particularly, the previous paragraph regarding the challenges and risks of
long-term planning of gas networks provides the starting point for this sec-
tion dedicated to modeling and simulation of gas networks. Ríos-Mercado
and Borraz-Sánchez (2015) present a comprehensive state of the art review
on the optimization of natural gas networks encompassing both the trans-
mission and distribution network level. Osiadacz and Gorecki (1995) provide
an even broader summary of gas network optimization modeling approaches.
Particularly, they mention heuristic, continuous, and discrete methods of the
optimal design of gas networks. Feijoo et al. (2016) propose a long-term par-
tial equilibrium model that allows for endogenous gas network infrastructure
expansion and nonlinear cost functions. Fügenschuh et al. (2011) develop
an optimization model with a quadratic formulation. Fodstad et al. (2016)
and Aßmann et al. (2019) use stochastic optimization including gas demand
uncertainties in the optimization of gas networks. Latter use a decompos-
able robust two-stage optimization model. Von Wald et al. (2022) propose
a multiperiod planning framework for the decarbonization of integrated gas
and electric energy systems.
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The long-term planning of gas networks is exemplarily shown by Hubner
and Haubrich (2008) and Giehl et al. (2021). The latter proposes a green-
field approach and optimization model for gas networks without considering
the existing network infrastructure (i.e., from scratch). Mikolajková et al.
(2017) show the optimization of a natural gas distribution network with the
potential future extension of the transmission network level. Kashani and
Molaei (2014) present the techno-economical and environmental optimiza-
tion of natural gas network operation. Farsi et al. (2007) show a national
case study regarding the cost efficiency of gas distribution networks. Partic-
ularly, they emphasize the impact of customer density and network size in
the Swiss gas distribution sector. Odetayo et al. (2018) show the modeling
flexibilities of gas networks for energy system operation. Diéguez et al. (2021)
show the modeling of decarbonization transition in a national integrated en-
ergy system including hourly operational resolution of gas networks. Yusta
and Beyza (2021) emphasize the modeling of large-scale gas storage facilities
by a dynamic approach. Kerdan et al. (2019) link a spatially resolved gas
infrastructure optimization model with an energy system model.

2.4. Justice in energy systems and a socially balanced
sustainable energy transitions

The aspect of justice in energy systems is addressed in various studies. Ac-
cording to them, a key part of achieving climate targets is to ensure that no
one is left behind in climate action. More generally, the three energy justice
tenets are distributional, recognition, and procedural9. Recently, they are
comprehensively discussed and reviewed by Pellegrini-Masini et al. (2020).
Considering this work’s scope, focus is put on procedural justice, as it repre-
sents measures that reduce potential barriers to new clean energy investments
Oxford Institute for Energy Studies (2021).

Dealing with sustainable energy systems is a monumental task and seems to

9In some works, restorative and cosmopolitan justice are also mentioned in this context;
see exemplarily in Oxford Institute for Energy Studies (2021).
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be very challenging to be generalized. However, studies focusing on certain
local areas are likely to be the most promising approach. Recently, Bommel
and Höffken (2021) conducted a review study focusing on energy justice at
the European community level. Besides that, Lacey-Barnacle et al. (2020)
elaborate on energy justice in developing countries. Coming back to this
paper’s content and spatial scope, Mundaca et al. (2018) present two local
European case studies in Germany and Denmark assessing local energy tran-
sition from an energy justice perspective. Their findings are in line with
those from Jenkins et al. (2018) showing that energy justice and transition
frameworks can be combined and achieved simultaneously. However, Hiteva
and Sovacool (2017) conclude from a business model perspective that energy
justice may be realized through market principles but not through the market
alone.

Recently, Hanke et al. (2021) have investigated renewable energy commu-
nities and their capability to deliver energy justice. They explore insights
from 71 European cases and highlight the necessity of distributing affordable
energy to vulnerable households. Furthermore, it is necessary to focus this
regard on low-income households. Exemplarily, Xu and Chen (2019) pro-
pose on the basis of their results that low-income households need tailored
assistance to ensure energy justice. In particular, they demonstrate that low-
income households are renters and thus have low energy-efficient appliances.
Sovacool et al. (2019a) point in the same direction and discuss the difficul-
ties for households who lack the capital for sustainable energy investments
and are predominantly tenants and not owners of their homes. Moreover,
renters also often have higher residential heating energy consumption; an in-
dicator for energy efficiency Reames (2016). In this context, Greene (2011)
discusses the so-called “efficiency gap” or “energy paradox", showing that
consumers have a bias to undervaluation of future energy savings in relation
to their expected value. The main reasons are a combination of two aspects,
namely, uncertainty regarding the net value of future fuel savings and the
loss aversion of typical consumers. Filling the abovementioned efficiency gap
is crucial in order to achieve both energy transition and energy justice. Sova-
cool et al. (2019b) show that unfolding the energy transition results in deeper
injustices.
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2.5. Contribution to the progress beyond the state of
the art

Based on the research questions presented earlier and the literature review
conducted, this study has identified four distinct areas of novelty and contri-
bution to the scientific literature. Each of these areas is closely linked to one
of the published papers.

With respect to research question 1, a simplified optimization model is de-
veloped for downscaling European decarbonization scenarios of the heating
sector to the community levels serving end-users in 2050. Compared to the
existing literature presented, this thesis includes the following novelties:

• The topography of district heating networks is of particular importance
and plays a crucial role in applied downscaling. This allows estimates of
realistic decarbonized district heating networks in 2050 to be obtained,
which can be compared with existing networks. Thereby, the heat den-
sity of district heating networks serves as a comparative indicator and
permits a rough estimation of the changes needed for district heating
networks considering the 1.5 °C and 2.0 °C climate targets.

• In particular, downscaling considers the highly efficient and local use of
sustainable heat sources in district heating (e.g., geothermal, co-firing
synthetic gas and hydrogen, and large-scale waste utilization)

• An Austrian case study is conducted, downscaling the cost-effective
results of the heating sector in 2050 from the large numerical energy
system model GENeSYS-MOD, from the country to the community
level. In general, GENeSYS-MOD exhibits a focus on generic heat
supply options based on primary energy sources, rather than local heat
sources which is in general the fundamental idea of district heating.

• Accordingly, this study can be seen as an attempt for a stress test ap-
plying GENeSYS-MOD’s heat supply in the context of district heating.
The GENeSYS-MOD results, and thus the values to be downscaled im-
plicitly, include the remaining European carbon budget in line with the
1.5 °C and 2.0 °C climate targets.
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With respect to research question 2, a linear optimization model is developed
with the objective to minimize the network operator’s net present value over
time. Compared to the existing literature presented, this thesis includes the
following novelties:

• A cost-effective trajectory of existing gas network infrastructure is mod-
eled considering the expectation of both declining gas demands result-
ing from the defossilization of energy services and the increasing but
limited integration of green gases, such as synthetic gas and hydrogen.

• Since existing gas network infrastructure requires the refurbishment of
its gas pipelines due to the expiration of the technical lifetime, it is
shown how the gas network operator decides from a techno-economic
point of view between decommissioning and refurbishment investment
of gas pipelines at different network and pressure levels (transmission,
high-pressure and mid-pressure).

• The optimization of a cost-effective trajectory of existing gas network
infrastructure includes the gas network operator’s decision between sup-
plying or not supplying available gas demand (i.e., disconnection from
the gas network by decommissioning gas pipelines and implicitly im-
plementing stand-alone gas supply alternatives). Particularly, the long-
term planning horizon of the model allows for investigating this trade-
off decision between investment/capital costs, related book values, and
expected revenue and purchase streams for individual gas pipelines.

• The application of the proposed model on a real test bed in a federal
state region in Austria until 2050 provides useful insights that can be
used directly by decision and policymakers. The investigated test bed
is representative of other gas networks since it comprises, on the one
hand, gas demands that are supplied in different end-user sectors, and,
on the other hand, encompasses different gas network/pressure levels.

With respect to research question 3, the extension and coupling of two ver-
ified open-source models enable high-spatially resolved modeling exercises
that focus on the distribution network of electricity, natural gas, and district
heating. Compared to the existing literature presented, this thesis includes
the following novelties:

• A deep decarbonization analysis of a multiple-energy carrier energy
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system of a local urban neighborhood is carried out by focusing on
decommissioning the natural gas distribution grid rather than trying
to supply the gas grid with green gas in the future. This is motivated
by the energy policy decision to no longer allow natural gas connections
for future new building areas. The demonstration of sustainable supply
alternatives and thus the demystification of the necessity of sticking to
the existing gas distribution grid is one of the main novelties.

• The case study of the spatially limited urban neighborhood clearly
shows that high-level decarbonization goals are not something abstract
or intangible, but can be implemented locally, taking into account sev-
eral specific characteristics on-site. This includes mapping the local
energy supply alternatives and network infrastructures as well as the
building stock to enable detailed decarbonization scenario studies and
assessment of its economic viability. Even more, high-resolution lo-
cal mapping also allows for the quantification of possible synergies by
achieving economies of scale and estimating the opportunity costs of al-
ternative energy supply compared with inactivity (e.g., persisting with
the current natural gas distribution grid and end-user devices).

• The extension and application of the two open-source models can be
seen as a significant contribution not only to the open-source scientific
community but also to a wider public interested in transparent and com-
prehensive energy transition analysis tools. The functionality extension
with regard to economies of scale in the modeling framework covers non-
linearities describing not only the optimal local district heating/cooling
expansion path but also implicitly the opportunity costs and penalties
in light of unachievable climate targets as a result of inaction or inertia
in the energy system transition.

• Tailor-made benefit/performance indicators enhance benchmarking of
the distinct local deep decarbonization pathways and make related en-
ergy system achievements and efforts measurable. They enable moni-
toring of long-term sustainable or even net-zero emission energy supply
pathways, such as those that are aimed at the climate target years 2040
and 2050. In particular, the introduced indicators serve to quantify the
relative differences between the various energy system planning deci-
sions of the respective decarbonization scenarios from a technical and
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economic perspective.

With respect to research question 4, the development of a linear optimization
model with the aim of minimizing the net present value of the government’s
financial support over time, in order to achieve a socially balanced subsidy
strategy for an apartment building to trigger investment in a sustainable heat
supply. Compared to the existing literature presented, this thesis includes
the following novelties:

• An equitable and socially balanced change of a currently gas-based
heating system toward a sustainable alternative in a rented multi-
apartment old building is modeled considering the complex ownership
structure and relations between the property owner and tenants to “take
action”.

• Since the governance’s first and foremost aim is that the heat system
exchange in the multi-apartment building takes place, it is shown how
the governance incentivizes sustainable investment through monetary
and regulative support for both the property owner and tenants. While
respecting the property owner’s and tenants’ individual financial inter-
ests, the governance’s optimal financial support strategy puts particular
emphasis on the highly efficient provision of the residential heat service
needs, heat demand reduction, and building efficiency improvements.

• The developed analytical framework determines a cost-optimal and so-
cially balanced governance’s subsidization strategy for the decarboniza-
tion of the heat demand at the building level. That includes, among
others, the profit-oriented behavior of the property owner and the ten-
ants, as well as the abovementioned financial support parity among
both sides. Especially, the proposed optimization model allows detailed
quantitative analyses of justice in low-carbon residential buildings and
the heating sector with an eye on the complex ownership structure
within buildings. Moreover, this work focuses on the economic trade-
offs between different agents in the energy transition, particularly the
government’s role in triggering private investments and social balance
with an eye on the costs of inaction (opportunity costs) and increasing
carbon prices.

• Different sensitivity analyses play a key role in this paper, understand-
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ing that the impact of varying allocations of the costs of inaction among
the governance, the property owner, and the tenants can be seen as one
of the main novelties of this work. Moreover, the importance of build-
ing stock renovation in the context of public monetary payments is
critically discussed. Insights in that respect can help build a more reli-
able understanding of a sustainable future urban society predominantly
living in highly efficient rental apartments.
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This chapter introduces the four methods used in this thesis to address the
research questions. The first method, described in Section 3.1, is the down-
scaling model, which links European decarbonization scenarios with district
heating networks to answer research question 1. Section 3.2 presents the de-
commissioning model, which is related to natural gas networks and used to
address research question 2. In Section 3.3, the distribution grid model is
presented, which is associated with electricity and district heating networks
and used to answer research question 3. Finally, Section 3.4 outlines the
equitable model for a sustainable heating switch of buildings, which is used
to address research question 4.

3.1. Downscaling model to link European
decarbonization scenarios and district heating
networks

The detailed description of the downscaling model is divided into three parts.
First, Section 3.1.1 presents the output from the European Horizon 2020
project openENTRANCE (incl. GENeSYS-MOD results), since this is the
main input for the downscaling. Therein, information about the different heat
sources/generation technologies that are downscaled is provided. Section
3.1.2 explains the mathematical formulation of the optimization model in
detail. Then, Section 3.1.3 shows the workflow that is used to determine the
implemented shares of district heating. Finally, Section 3.1.4 presents the
nomenclature of the model’s variables and parameters. Further information
can be also found in Appendix A.
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3.1.1. Heat supply of the Austrian residential and commercial
sector in four decarbonization scenarios 2050

This section presents the heat generation mix covering the Austrian residen-
tial and commercial heat demand in 2050 for four different scenarios, which
have been developed within the European Horizon 2020 openENTRANCE
project. They are named as follows: Directed Transition, Societal Commit-
ment, Techno-Friendly, and Gradual Development. Within each of them,
specific fundamental development of the energy systems is described while
aiming for a sustainable transition of the provision of energy services. The
first three scenarios assume different approaches to limit global warming to
around 1.5 ◦C as laid out in the Paris Agreement. Particularly, the results
of these scenarios implicitly consider the remaining European fraction of the
CO2 budget of the 1.5°C climate target. The last scenario (Gradual De-
velopment) can be interpreted as a less ambitious scenario, limiting global
warming to around 2.0 ◦C climate target. Accordingly, the results of this
scenario consider the remaining European fraction of the CO2 budget of the
2.0°C climate target. Below, the scenarios are described briefly, before the
quantitative results at the country level are presented. For a more detailed
description of the scenarios, refer to (Auer et al., 2020a; Auer et al., 2020b;
Hainsch et al., 2022). Further information is also available on the website of
the project1 and on GitHub2.

The underlying concept of the four scenarios is a three-dimensional space
consisting of the following parameters: technology, policy, and society. Each
scenario describes a specific pathway to reach a decarbonized energy system
taking into account a pronounced contribution of two dimensions. Regarding
the third dimension, a development is assumed that leads to no significant
contribution to the decarbonization of the energy system.

• Directed Transition looks at a sustainable provision of energy services
through strong policy incentives. This bundle of actions becomes nec-
essary because neither the markets nor the society adequately pushes

1https://openentrance.eu/
2https://github.com/openENTRANCE
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sustainable energy technologies.

• Societal Commitment achieves deep decarbonization of the energy sys-
tem by a strong societal acceptance of the sustainable energy transition
and shifts in energy demand patterns. Thereby, decentralized renewable
energy technologies together with policy incentives facilitate a sustain-
able satisfaction of energy service needs. Due to the shift in energy
demand, no fundamental breakthroughs of new clean technologies are
required.

• Techno-Friendly describes a development of the energy system where a
significant market-driven breakthrough of renewable energy technolo-
gies gives rise to the decarbonization of the energy service supply. Ad-
ditionally, society’s acceptance supports the penetration of clean energy
technologies and the sustainable transition.

• Gradual Development differs from the other scenarios; it assumes emis-
sions reductions that (only) stabilize the global temperature increase
at 2.0 ◦C. At the same time, a combination of each possible sustainable
development initiative of the energy system is realized in this scenario.
Although the other three dimensions contribute to decarbonization,
they do not push it sufficiently, and this results in a more conservative
scenario than the others.

Table 3.1 shows the heat generation by source/technology in Austria in 2050
for the four scenarios. These values were obtained during the course of the
openENTRANCE project and are generated by the open-source aggregate
model GENeSYS-MOD (Burandt et al., 2018).

In this work, the naming convention of heat sources/generation technologies
from GENeSYS-MOD is essentially followed to ensure consistency between
aggregated (i.e., downscaling input values) and local (i.e., downscaling out-
put values) levels. However, waste and geothermal heat sources were not
initially included in the list of heat sources from the openENTRANCE re-
sults and have therefore been added. To complement the GENeSYS-MOD
results, waste has been separated from biomass and geothermal from heat
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obtained from GENeSYS-MOD

2020 2050

Generation by source in TWh - DT SC TF GD
Biomass 13.00 3.37 3.37 3.37 3.37
Direct electric 4.10 2.13 1.98 1.53 1.81
Geothermal 0 2 2 2 2
Natural gas (fossil) 43.67 0 0 0 0
Heat pump (air) 11.37 22.73 15.71 25.96 9.68
Heat pump (ground) 0 17.50 19.47 4.69 19.21
Hydrogen 0 1.03 2.18 7.43 8.65
Oil 0.66 0 0 0 0
Synthetic gas 0 0.36 1.35 2.79 5.35
Waste 1.2 2 2 2 2
Total 74.0 51.12 48.06 49.77 52.07
Rel. reduction compared to 2020 - -31% -35% -33% -30%
District heating (Qdh

GENe in Sec. 3.1.2) 16.75 15.38 27.20 22.84

Table 3.1.: Heat generation by source in Austria in 2020 and the four different decarboniza-
tion scenarios in 2050 obtained from GENeSYS-MOD. Geothermal, hydrogen,
synthetic gas, waste, and half of the heat pump (air-sourced) generation are
used in district heating. Sources: Auer et al. (2020b), Könighofer et al. (2014),
and Büchele et al. (2015)

pump (ground-sourced) heat generation, respectively, using estimates from
Austrian national studies in (Könighofer et al., 2014) and (Büchele et al.,
2015). Note that the values obtained from GENeSYS-MOD do not explicitly
include district heating, which is why its 2020’s value in Table 3.1 cannot
be specified. The total heat generation (and thus total heat demand) is sig-
nificantly reduced when comparing the values of 2020 and 2050. The heat
demand reduction varies between -30% and -35% and is highest in the Societal
Commitment scenario. District heating (bottom row in Table 3.1) describes
the amount of heat generation used for district heating. In this work, the as-
sumption is made that geothermal, hydrogen, synthetic gas, waste, and half
of the total heat generation by heat pumps (air-sourced) are used in district
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heating. Therefore, it is claimed that

• geothermal (Weinand et al., 2019) and waste (Fruergaard et al., 2010)
as renewable heat sources contribute to the decarbonization of heat
supply by the integration into district heating.

• the limited amounts of synthetic gas and hydrogen are preferably used
in district heating (i.e., co-firing in cogeneration plants (Zwickl-Bernhard
and Auer, 2022)) if they supply (residential and commercial or low-
temperature) heat demands (Gerhardt et al., 2020; Jensen et al., 2020;
Dodds et al., 2015).

• half of the cost-optimal heat supply of heat pumps (air-sourced) of the
aggregate model GENeSYS-MOD are used in district heating through
the implementation of large-scale heat pumps. Accordingly, heat pumps
(air-sourced) significantly contribute to supplying decarbonized district
heating networks (Bach et al., 2016).

3.1.2. Mathematical formulation of the downscaling model

Building upon the amount of district heating obtained by the aggregate model
GENeSYS-MOD, this section explains the optimization model used to down-
scale heat supply to the LAU level in detail. In Appendix A, Table A.1
shows the spatial nomenclature of this work based on the NUTS nomencla-
ture. Particularly, this includes representative examples for the LAU level.
Against this background, Equation 3.1 shows the objective function of the
model that is used for the downscaling.

max
qdh

l
,qdec

l

�
l

qdh
l

ϕl · Al� �� �
within LAU l

+ qsur
l

Asur
l� �� �

around LAU l

(3.1)

Therein, qdh
l is the amount of district heating supply per LAU, qdec

l the
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amount of heat demand supply decentralized/on-site, ϕl a scaling factor to
obtain the effective supplied area of district heating based on the permanent
settlement area Al per LAU l. This becomes necessary since Al includes the
space available for agriculture, settlement, and transport facilities. qsur

l is the
amount of district heating in the surrounding LAUs of l. Asur

l is the effec-
tive area of the surrounding LAUs. Equation 3.2 links the aggregate model
GENeSYS-MOD with the developed optimization for the downscaling since
the upper bound of district heating is set to the amount of district heating
from GENeSYS-MOD’s cost-optimal solution Qdh

GENe.

�
l

qdh
l ≤ Qdh

GENe (3.2)

Equation 3.3 is the demand constraint per l, ensuring that the total heat
demand qtotal

l is covered either by district heating or decentralized/on-site at
l.

qdh
l + qdec

l = qtotal
l : ∀l (3.3)

Equation 3.4 calculates the amount of district heating in surrounding areas
of l, which is expressed by the subset Lsur

l containing all LAUs bordering l

and the effective area Asur
l . Latter is performed similarly to the first term

(within LAU) in the objective function in Equation 3.39.

qsur
l =

�
l∈Lsur

l

qdh
l and Asur

l =
�

l∈Lsur
l

ϕl · Al : ∀l (3.4)

Equation 3.5 ensures non-negativity of the decision variables qdh
l and qdec

l .
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qdh
l , qdec

l ≥ 0 : ∀l (3.5)

3.1.3. Workflow to obtain implemented shares of district heating
and their networks

In order to maximize the objective function value, the described mathemat-
ical formulation of the optimization model allocates the amount of district
heating to the LAU level. However, this does not necessarily ensure that
obtained heat densities of district heating networks reach the benchmark of
10 GWh/km2 being assumed in this work. Consequently, this section explains
in detail how the optimal values of qdh

l (i.e., district heating at the LAU level)
are further processed resulting in heat densities of district heating higher than
the benchmark value. The developed workflow is as follows:

1. Starting with the optimal amount of district heating qdh
l at the LAU

level obtained from the optimization model.

2. Identification all LAUs that do not achieve the required heat density
benchmark value of 10 GWh/km2.

3. For each of those LAUs, the heat density of district heating within the
corresponding NUTS3 region and thus network level is calculated.

4. In case the heat density reaches values higher than the benchmark at
the NUTS3 level, the supply using district heating remains since LAUs
are then connected to or in the surrounding area of high heat density
areas.

5. Otherwise, qdh
l is set to zero as no economic viability can be expected

there due to lower achieved heat densities than the benchmark.

Finally, steps 1 to 5 allow us to calculate implemented district heating under
the condition that either the local heat density at the LAU or the network
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heat density at the NUTS3 level achieves the assumed heat density bench-
mark value of 10 GWh/km2.
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3.1.4. Nomenclature downscaling model

Type Description Unit
Set and index

l ∈ L = {1, . . . , L} Local administrative unit / commu-
nity, index by l

Variables

qdh
l

Amount of district heating supply
per l

MWh, GWh, TWh

qdec
l

Amount of decentralized / on-site
heat supply per l

MWh, GWh, TWh

qsur
l

Amount of district heating in the
surrounding of l

MWh, GWh, TWh

Parameters

Qdh
GENe

District heating in GENeSYS-
MOD’s results MWh, GWh, TWh

qtotal
l Total heat demand per l MWh, GWh, TWh

ϕl
Scaling factor to obtain effectively
supplied area per l

1

Al Permanent settlement area per l km2

Asur
l

Effectively supply area in surround-
ing communities per l

km2
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3.2. Decommissioning model to determine future gas
network trajectory

This section explains the proposed methodology of the decommissioning model.
First, Section 3.2.1 introduces the model. Then, Section 3.2.2 presents the
mathematical formulation in detail. Section 3.2.3 explains the different model
runs and defined scenarios. In Appendix B a detailed description of the test
bed is provided. In the end, in Section 3.2.4, an outline of the latest version of
the model which is an extension of the previously described model is given. It
adds further functionality to the model in terms of how to deal with available
gas demand and how to decommission economically inefficient gas pipelines
before they reach their technical lifetime. Finally, the nomenclature of the
model’s variables and parameters is shown in Section 3.2.5.

3.2.1. Introduction to the main idea of the optimization problem

Figure 3.1 provides an overview of the method, including the interrelation-
ships between the inputs (left), the modeling framework (middle), and the
outputs (right). Generally, the inputs (and thus parameters) can be divided
into three different categories, namely, technical parameters (e.g., existing
pipeline capacity per network/pressure level and the year of construction),
economic parameters (e.g., refurbishment investment costs per pipeline), and
further empirical data needs (e.g., gas demand and supply at the local com-
munity level and seasonal gas storage capacities). The modeling framework
(CANCEL) is developed as a linear program and is based on graph theory.
It emphasizes the high spatial resolution in modeling. Particularly, a sin-
gle node in the gas network graph corresponds to a community and covers
an area of approximately 40 km2 on average. The temporal resolution and
thus investment planning horizon are until 2050, whereas an individual year
is monthly resolved. Since the modeling framework is an investment and
dispatch model, the outputs can also be divided into these categories. The
outputs related to the investment decision are particularly the decommission-
ing and refurbishment investment decision per pipeline and gas network level.
Additionally, the outputs encompass the dispatch of the gas networks on a
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monthly resolution. This includes the utilization of pipelines and particularly
the gas demand and gas demand not supplied per community.
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Figure 3.1.: Overview of the method

3.2.2. Mathematical formulation

This section is dedicated to providing a detailed mathematical formulation of
the modeling framework. It starts with the objective function and has delib-
erately chosen the further order of equations so that the following equation
builds on the previous one as far as possible.

Equation 3.6 shows the objective function of the model where Capex is the
net present value of the capital expenditures, Opex of the operational expen-
ditures, Rev of the revenues from the supply of gas demands, and Purch of
purchasing gas. Capex and Opex represent the decommissioning and invest-
ment decision, whereas Rev and Purch the dispatch of the gas networks.

min
x

Capex + Opex − Rev + Purch (3.6)
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Additionally, x represents the decision variables of the model. Equation 3.7
shows the calculation of the discount factor per year y (αy), where i is the
interest rate and y0 is the reference year.

αy = 1
(1 + i)y−y0

(3.7)

Building upon, Capex is calculated as shown in Equation 3.8 where ω is the
weighted average cost of capital and Πy is the book value of the pipelines in
y.

Capex =
yend−1�

y

αy · ω · Πy + αyend
· Πyend� �� �

early depreciation

(3.8)

Similarly, Opex is calculated as shown in Equation 3.9 where λy is the fixed
(operating) costs of the pipelines in y.

Opex =
�

y

αy · λy (3.9)

Equation 3.10 shows the calculation of the λy where cfix
l is the specific fixed

(operating) costs per l and γl,y is the installed pipeline capacity per l in y.

λy =
�

l

cfix
l · γl,y (3.10)

Equation 3.11 shows the calculation of γl,y where γp,l,y is the installed pipeline
capacity at p and l in y and Pl the subset of all pipelines at l.

γl,y =
�
p∈Pl

γl,y,p (3.11)

Equation 3.12 defines the capacity of a pipeline p at l in y where γpre
p,l,y is the

preexisting capacity and γref
p,l,y is the refurbished capacity of p at l in y.

γp,l,y = γpre
p,l,y + γref

p,l,y (3.12)

Similarly, Equation 3.13 defines the book value of a pipeline p at l in y,
where Πpre

p,l,y is the book value of the preexisting pipeline (capacity), Πref
p,l,y of
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the refurbished capacity of p at l in y, and f ref
p,l the discount factor at p and

l.

Πp,l,y = Πpre
p,l,y + f ref

p,l · Πref
p,l,yinv

p,l

(3.13)

Equation 3.14 sums the book values of all pipelines and network levels to
obtain the total book value per y (Πy).

Πy =
�

p

�
l

Πp,l,y (3.14)

The following equation defines the refurbished installed capacity per p at l in
y resulting from the refurbishment (or decommissioning) decision in the year
of the decision (yinv

p,l ).

γref
p,l,y =

0 : ∀y | y < yinv
p,l

γref
p,l,y−1 : ∀y | y > yinv

p,l

(3.15)

Equation 3.16 calculates the book value of the refurbishment investment at
p and l in yinv

p,l .

Πref
p,l,yinv

p,l

= cinv
l · γref

p,l,yinv
p,l

(3.16)

Equations 3.17 and 3.18 define the total gas export and import from n at l

in y and m where qp,l,y,m is the amount of gas transported by p at l in y and
m. Additionally, P exp

n,l and P imp
n,l define the subsets containing all pipelines

that can export and import gas from n at l.

qexp
n,l,y,m =

�
p∈P exp

n,l

qp,l,y,m (3.17)

qimp
n,l,y,m =

�
p∈P imp

n,l

qp,l,y,m (3.18)

Equations 3.19 and 3.20 set the lower and upper bound of the amount of gas
transported with respect to the installed pipeline capacity.

qp,l,y,m ≤ γl,y,p (3.19)
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−qp,l,y,m ≤ γl,y,p (3.20)

The last two equations underline that a pipeline in the model has a cer-
tain direction in which the amount of gas transported is counted positively.
Therefore, this direction defines for a node n whether a pipeline p is consid-
ered positively in the import or export balance (compare Equations 3.17 and
3.18). Exemplarily, a pipeline p could be considered in the export sum of a
node n on the one hand with a positive value if p in fact exports gas from
n but on the other hand with a negative value if p imports gas to n in the
dispatch of the model decision3.

Equation 3.21 shows the general formulation of the balance constraint at
n where qsto

n,l,y,m is the amount of gas from or to storage. Particularly, this
equation is defined for each network level l. The coupling of different network
levels (e.g., the high- and mid-pressure network levels) is considered implicitly
in the definition of the different gas demand variables (see Equation 3.22
below). Additionally, ξm is a scaling (or transformation) factor that is defined
for each month and is used to couple total values per month (e.g., qdem

n,l,y,m)
and peak values.4

qfed
n,l,y,m − qdem

n,l,y,m − ξm ·

qexp

n,l,y,m + qimp
n,l,y,m


+ qsto

n,l,y,m = 0 (3.21)

Exemplarily, Equation 3.22 shows the calculation of the gas demand at net-
work level l, where qdel

n,l′,y,m is the amount of gas delivered from network level
l to l′ and qdem,loc

n,l,y,m is the local gas demand supplied at n. For example, l could
correspond to the transmission network level and l′ to the high-pressure net-
work level. Note that the pressure in pipelines at l is higher than at l′.

qdem
n,l,y,m = qdem,loc

n,l,y,m + qdel
n,l′,y,m (3.22)

3This approach is used to prevent binary decision variables. Particularly, binary de-
cision variables increase the computation time of graph-theory-based models significantly.
For more information, it is referred to (Kotzur et al., 2021) and their comprehensive review
on how to handle complexity in energy system optimization.

4It reflects the fact that Equation 3.21 encompasses variables that are associated with
nodes (qfed

n,l,y,m, qdem
n,l,y,m, qsto

n,l,y,m) modeled at a monthly resolution and with lines (qexp
n,l,y,m,

qimp
n,l,y,m) modeled at a hourly resolution.
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Equation 3.23 is the essential demand constraint and sets the upper bound of
the decision variable qdem,loc

n,l,y,m to the maximum available gas demand (dmax
n,l,y,m),

in which is defined as an input parameter.

qdem,loc
n,l,y,m ≤ dmax

n,l,y,m (3.23)

Particularly, Equation 3.23 allows the model by its mathematical operator
with the less than or equal sign (≤) to decide between supplied and not
supplied gas demand at the nodal level. This decision is in the foreground
of the conducted analysis here, which is why Equation 3.23 is used to define
different model runs and thus scenarios. Accordingly, the model runs and
scenarios differ by the individual specification of the demand constraint (i.e.,
≤ or = and dmax

n,l,y,m as the upper bound of the equation). It is referred to
Section 3.2.3 for a detailed description of the model runs and scenarios.

The (total) quantity of gas fed at l′ is defined as stated in Equation 3.24
where qfed,local

n,l′,y,m is the quantity of gas fed directly from n.

qfed
n,l′,y,m = qfed,local

n,l′,y,m + qdel
n,l′,y,m (3.24)

Equation 3.25 defines the balance constraint of a storage unit. Additionally,
qsto,soc

n,l,y,m is the state of charge. η is the storage efficiency and thus models the
losses with respect to the storage of gas between 2 months.

qsto,soc
n,l,y,m = η · qsto,soc

n,l,y,m−1 + qsto
n,l,y,m (3.25)

Equation 3.26 calculates the revenues created by the local gas demand sup-
plied where ploc

l,y is the price.

revn,l,y,m = ploc
l,y · qdem,loc

n,l,y,m (3.26)

Accordingly, the revenues (Rev from the objective function in Equation 3.39)
are calculated as shown in Equation 3.27.

Rev =
�

y

�
n

�
l

�
m

αy · revn,l,y,m (3.27)
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Purch is calculated as shown in Equation 3.28, where pgas
y,m is the gas price

in y and m.

Purch =
�

y

�
n

�
m

αy · pgas
y,m · qdel

n,l,y,m with l = high-pressure (3.28)

Particularly, the influence of the gas price in the dispatch of gas networks
is considered if gas is delivered from the transmission to the high-pressure
network level. This is why Equation 3.28 is only defined for the high-pressure
network level. This simplification is quite justified, first, because the gas stor-
age, whose operation is significantly determined by the monthly gas price,
are only present at the high-pressure level, and second, because no gas deliv-
ery from the high-pressure level to the transmission system is possible in the
model.

3.2.3. Model runs and defined scenarios

Three different model runs are conducted, each associated with a scenario.
Thereby, the model runs and defined scenarios differ in terms of consideration
of the coverage of existing gas demands. Particularly, this is achieved by the
modification and tailor-made adaption of the gas demand constraint in Equa-
tion 3.23. As mentioned above, this emphasizes the model decision regarding
the cost-optimal amount of gas demand supplied and not supplied. Table 3.2
provides information for all model runs and associated scenarios related to
the formulation/adaption of Equation 3.23, the obtained gas network design,
and the individual results. Note that the cost-optimal gas demand supplied
( ∗qdem

n,l,y,m) without ensured supply (output of model run 1) is used as an input
for model run 2 since it allows the tailor-made adaption of Equation 3.23
to assess the shadow price λCO

n,l,y,m for the cost-optimal gas network without
ensured gas supply. Similarly, model run 3 is used to obtain the shadow
price λES

n,l,y,m in case of cost-optimality with an ensured supply of the gas
network.
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Input Output

Model
run

Formulation of
Equation 3.23

Scenario description/gas network design
(abbreviation)

Results or
further used variable

1 qdem
n,l,y,m ≤ dmax

n,l,ym Cost-optimal without ensured supply (CO)
Demand supplied ( ∗qdem

n,l,y,m)

2 qdem
n,l,y,m = ∗qdem

n,l,y,m Shadow price (λCO
n,l,y,m)

3 qdem
n,l,y,m = dmax

n,l,ym Cost-optimal with ensured supply (ES) Shadow price (λES
n,l,y,m)

Table 3.2.: Model runs and associated formulation of the gas demand constraint (Equation
3.23), scenarios, and results or further used variables.

3.2.4. Further functionalities and extensions

Selected functionalities that extend the standard model are described be-
low. These have been developed as part of an ongoing national project. At
the time of writing, the project is in its final stages. However, the results
of the extended model cannot be published until a later date, so only the
methodology is presented.

In principle, the extended model includes new functionalities, including how
to deal with available gas demand and how to decommission economically
inefficient gas pipelines before they reach their technical lifetime. These are
explained in more detail below.

3.2.4.1. Dealing with available gas demand

The default model decides whether or not available gas demands are supplied
by the network mainly by the trade-off decision between the costs of pipelines
(Capex and Opex in Equation 3.8 and 3.9 respectively) on the one side, and
the revenues achieved by transporting gas through the pipeline to meet gas
demand (Ref in Equation 3.27). In the extended model, decision variables
qdem,loc,not

n,l,y,m that represent the amount of gas demand that is not met (see
Equation 3.29) are added.
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qdem,loc
n,l,y,m + qdem,loc,not

n,l,y,m = dmax
n,l,y,m (3.29)

Latter is used to calculate the costs when not meeting gas demand through
the network. It is called the "Cost of Alternative Supply" (CoAS). The math-
ematical formulation for the CoAS is shown in Equation 3.30.

CoASn,l,y,m = qdem,loc,not
n,l,y,m · pdem,loc,not (3.30)

In particular, the parameter pdem,loc,not, given in EUR/MWh, is very inter-
esting here, as it allows us to link investment in gas networks and associated
gas pipelines with the option of meeting gas demand not through the gas
network but, for example, by using trucks to transport gas to where it is
needed. However, this economic comparison is by no means trivial. This is
particularly true when considering the flexibility of networks to deliver en-
ergy where it is needed. To take into account the flexibility of piped gas,
which acts like on-site storage, the cost of transportation, as well as the local
investment required in local storage capacity when not supplied by the net-
work, are included. This approach is essential when comparing gas supply
through pipelines with gas supply through trucks as it is ultimately the ques-
tion of how to supply the same energy service in both cases. Consequently,
pdem,loc,not consists of two parts as shown in Equation 3.31, whereas ptransport

represents the costs for transporting gas through trucks and pstorage,loc the
costs for the local gas storage capacity. Note that pstorage,loc significantly
depends on the size of the storage and whether for instance monthly or bi-
monthly storage is needed.

pdem,loc,not = ptransport + pstorage,loc (3.31)

To give an idea, ptransport is estimated in the range of 20 EUR/MWh. Of
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course, this fraction is actually distance dependent, but it is also estimated
with this value in the literature for the distribution network as a first ap-
proximation (see e.g. in (Economics, 2021)). pstorage,loc is in the range of
200 to 300 EUR/MWh, depending mainly on the size of the storage as men-
tioned above. The higher estimate, for example, is mainly in line with the
assumptions made in (Dias et al., 2020). In addition, estimates for other
local gas storage capacities, such as hydrogen, can also be used to estimate
local storage costs. In this respect, the study in (Abdin et al., 2022) provides
relevant information and data for local hydrogen storage capacities. Building
upon the assumptions made therein, gaseous storage costs are between 250
and 400 EUR/MWh. However, when comparing the storage costs between
gas and hydrogen, it is important to keep in mind the significantly higher
pressure levels for hydrogen than for gas. This property is one of the main
drivers of storage costs.

3.2.4.2. Decommissioning gas pipelines before the technical lifetime

The decommissioning of gas pipelines, before they reach the end of their
technical life, is an important function when there are pipelines of different
ages. In particular, pipelines with a "young age", i.e. with a long period of
time until the end of their technical life, offer the potential for cost savings
in decommissioning. This is mainly achieved through savings in maintenance
and fixed costs of pipelines (i.e., opex).5 In the case study here, the assumed
age structure of gas pipelines results in the fact that the time of the refurbish-
ment investment decision and the time of the early decommissioning decision
of pipelines coincide. However, in general, this is not the case, which led us
to add Equation 3.32 to the model including the decision of early decommis-
sioning of pipelines. Therein, σ is a binary decision variable, and can thus
take either the value of zero or one.

5From a regulatory perspective on gas networks, it can also be argued that capex can
be saved by saving depreciation costs. However, from an economic point of view, the
investment costs and therefore the capex has already been made. It is therefore a question
of cost distribution rather than cost saving.
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γearly
p,l,y = σ · γpre

p,l,y (3.32)

Consequently, Equation 3.12, which determines the total available transport
capacity of a pipeline is extended as shown in Equation 3.33.

γp,l,y = γpre
p,l,y + γref

p,l,y − γearly
p,l,y (3.33)

In addition to the detailed described new functionalities of the model, the
consideration of the capex in the model is extended. Therefore, the de-
preciation costs of the investments into refurbished pipelines are included.
Equation 3.34 shows the formulation of the depreciation costs ∆p,l,y that are
added to the capex as formulated in Equation 3.8. τ represents the economic
depreciation period.

∆p,l,y =
Πref

p,l,yinv
p,l

τ
: ∀y | y > yinv

p,l (3.34)
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3.2.5. Nomenclature decommissioning model

Type Description Unit
Set and index
p ∈ P = {1, . . . , P} Pipeline for gas transport, index by p
n ∈ N = {1, . . . , N} Node of the gas network, index by n

l ∈ L = {1, . . . , L} Gas network level (e.g., high-pressure), index
by l

y ∈ Y = {1, . . . , Y } Years, index by y
m ∈ M = {1, . . . , M} Months, index by m

Primal Decision Variables (Selection)
Capex Capital expenditures EUR
Opex Operational expenditures EUR
Rev Revenues generated by gas supply EUR
γp,l,y Capacity of pipeline p at l in y MW, GW
qdem

n,l,y,m Gas demand supplied at n and l in y and m MWh, GWh

qp,l,y,m
Quantity of gas transported at p and l in y and
m

MW, GW

Πp,l,y Book value of pipeline p at l in y EUR
Dual Decision Variables

λCO
n,l,y,m

Cost-optimal shadow price of gas supply with-
out ensured supply at n and l in y and m

EUR/MWh

λES
n,l,y,m

Cost-optimal shadow price of gas supply with
ensured supply at n and l in y and m

EUR/MWh

Parameters (Selection)
γpre

p,l,y Preexisting capacity of pipeline p at l in y MW, GW
dmax

n,l,y,m Maximum gas demand at n and l in y and m MWh, GWh
qfed

n,l,y,m Quantity of gas fed in at n and l in y and m MW, GW
cinv

l Specific refurbishment investment costs at l EUR/MW/km
Πpre

p,l,y Book value of preexisting pipeline p at n in y EUR

yinv
p,l

Year of refurbishment/decommissioning per p
and l

1

ω Weighted average cost of capital %

i
Interest rate (for calculating the net present
value) %
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3.3. Demystifying model for sectoral planning of
decarbonized distribution grids

In the following, the methodology of the demystifying model is presented. It
is divided into two main parts. The coupled open-source models are described
in Section 3.3.1. Then, a comprehensive set of benefit indicators is introduced
in Section 3.3.2. The nomenclature of the model’s variables and parameters
is given in Section 3.3.3. The numerical example and scenarios are defined
in Appendix C.

3.3.1. Linking the two open-source models "rivus" and "GUSTO"

This work uses the two existing open-source models "rivus" (Dorfner, 2016)
and "GUSTO" (Zwickl-Bernhard and Auer, 2021b). Consequently, the ap-
proach provides a framework that includes a complete analysis toolbox using
the different/unique model strengths. Thereby, rivus facilitates the model-
ing of the (local) energy system with a high spatial resolution. In contrast,
GUSTO’s strength is the modeling of local energy systems (i.e., small areas,
such as neighborhoods or communities) with a high temporal resolution (e.g.,
hourly). Exploiting the models’ differences and strengths in a single analysis
framework that arises from the coupling approach provides a comprehen-
sive toolset to answer this work’s research question. The two open-source
models used are already applied in different scientific contributions (e.g., in
(Fleischhacker et al., 2019)6, (Zwickl-Bernhard and Auer, 2021b), (Zwickl-
Bernhard and Auer, 2021a)). Therefore, the following sections highlight both
models’ most relevant aspects only (in the context of this work) and, in ad-
dition, explain the specific functionality extensions of rivus that are carried
out in this work.

6Note that a similar methodological concept has been provided in (Fleischhacker et
al., 2019). However, this study is not only a methodological and analytical extension of
the latter reference according to the description of the own contribution and novelties
in Section 2.5, but also the level of detail and granularity in this work, as well as the
complexity and spatial extension of the test-bed in the urban neighborhood exceeds that
one in Fleischhacker et al., 2019 substantially.
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3.3.1.1. Existing open-source model rivus

The open-source model rivus is developed by Dorfner and published under
the terms of the GNU General Public License. The model itself is well-
documented, and the Python codebase is available on GitHub7. In the fol-
lowing, relevant aspects of the model are described. For a more detailed de-
scription, refer to the model’s manual, the GitHub repository, and Dorfner,
2016. The model is a mixed-integer linear program for cost-minimizing capac-
ity planning of energy infrastructure networks. In general, different spatial
scales of energy systems can be analyzed. In addition, the model allows to
consider different energy carriers or commodities (e.g., electricity, natural gas,
heating/cooling). The temporal resolution is represented by a few selected
characteristic weighted time steps (i.e., base, high, peak).

The main model elements are (i) commodity sources, (ii) commodity trans-
port connections (e.g., distribution lines), and (iii) commodity sinks. Hence,
the optimal cost-minimizing solution ensures the satisfaction of the energy de-
mand by using the available energy carrier supply and expansion of the trans-
port connection capacities. Consequently, the essential model constraints ad-
dress the limitation of the (nodal) commodity sources availability, the maxi-
mum transport connection capacity, and the (nodal) energy demand-supply
satisfaction. The inputs of the model are technical and economic parameters
(e.g., length-specific investment costs, specific capital costs, maximum trans-
port line capacities, etc.) and high-resolved spatial data8. The outputs of the
model are, among others, the commodity transport connection capacities.

3.3.1.2. Implementation of economies of scale

There are a variety of possibilities to consider economies of scale in energy
systems. An example is the reduction of specific investment costs of energy

7https://github.com/tum-ens/rivus.
8This data is provided in shapefiles, and its handling requires considerable experience.

The GitHub repository by Dorfner already provides some small case examples. Further-
more, all relevant files of this work are published in the authors’ GitHub profile in a repos-
itory. Thus, the authors are committed to removing possible barriers in this context.
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technologies and infrastructure as a result of large-scale penetration as a
result of technological "learning rates". This is not the approach adopted
in this work. Instead, economies of scale of a massive district heating and
cooling network expansion are considered from the perspective of opportunity
costs and penalty payments due to CO2 emissions.

In many cases, scientific contributions deal with the optimal expansion path
and the corresponding design of district heating networks9 (see in (Nuss-
baumer and Thalmann, 2016)). In many instances, the existing district heat-
ing distribution grid design aims for supplying special heat consumers with
a significant heat demand (see the purple line in Figure 3.2a). Subsequently,
further expansion stages can be realized: (Stage 0) connecting technically and
economically feasible consumers to the existing infrastructure (e.g., heat con-
sumers in the immediate proximity of the existing infrastructure) and (Stage
1/2/3) expanding the existing infrastructure to further connect those in ad-
dition to justify feasibility. Thereby, the different stages (1-3) distinguish
by their heat density and consequently by their ratio of additional imple-
mented line length and corresponding heat demand supplied in the case of
connection10 (see Figure 3.2b).

In general, non-linearities along the optimal district heating grid expansion
path (i.e., additional line lengths and capacities) and additional heat supply
demand are indicated in the connection curve in Figure 3.2b. The implication
of this non-linear curve is taken into account in this work’s objective function
as follows: each point on the non-linear optimal expansion curve factors
explicit (e.g., capital costs) and implicit costs. The latter is declared in this
work as opportunity costs. These significantly depend (inversely) on the
expansion scale of the district heating network (e.g., economies of scale) and
consequently directly on the gas-based heat supply. Hence, the objective
function is extended as follows:

9Note that this applies to the same extent for the district cooling network. Therefore,
it is sufficient to only address the district heating network in the following.

10Note that in this work Case A - Baseline represents the status quo, and Case C -
Network represents the exhaustive optimal district heating grid infrastructure expansion
within the feasible area. Both cases represent the corners of the analysis in this work. For
a detailed scenario definition, it is referred to Section C.2 in the Appendix.
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¯costs = costscap + costseos (3.35)

costscap is the capital and investment costs (i.e., specific costs in EUR/MW
and EUR/m), costseos is the implicit opportunity costs as so-called economies
of scale. These latter costs are defined as:

costseos =
�

τ

ατ · π · h · rτ · ∆CO2
τ · pCO2

τ (3.36)

ατ is the annuity present-value factor in 1/year, π is the natural gas con-
nection capacity in MW, h is the full-load hours (or capacity factor) of the
natural gas infrastructure in h, r is the renovation rate as a demand reduc-
tion factor in %, ∆CO2

τ is the difference in specific emissions between natural
gas and district heating, and pCO2

τ is the CO2 price in EUR/t for each year
τ . Hence, costseos reflects CO2 emission penalty payments due to gas-based
heat supply and limited district heating energy supply (infrastructure expan-
sion). The relation between natural gas connection capacity π and district
heating expansion degree is the optimal district heating expansion path f in
Equation 3.37

π = f

�
i

ξdh
i

	
(3.37)

ξdh
i,s is the implemented line length of the district heating distribution grid

at a specific line i. The modus operandi to determine f is as follows. In
the first step, the optimization model calculates the optimal district heating
expansion path taking into account discrete expansion stages. Hence, a single
model calculation run includes the limitation of the total district heating line
length as follows
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�
i

ξdh
i ≤ ξdh,max

s (3.38)

ξdh,max
s is the maximum district heating grid line length at expansion stage

s. Simultaneously, the natural gas connection capacity can be calculated.
Finally, this (non-linear) relation (Equation 3.37) is implemented in the opti-
mization framework as an input using the well-known SOS2 variables11. This
approach highlights a perspective on large-scale energy distribution grid plan-
ning decisions (i.e., district heating and cooling network expansion) and its
emission cost-saving potentials. In particular, related potentials are even dis-
aggregated on a human scale and building level, respectively, in this work
using tailor-made benefit indicators. Further details on these indicators can
be found in Section 3.3.2.3.

3.3.1.3. Existing open-source model GUSTO

This section briefly explains the open-source model GUSTO. The model is a
mixed-integer linear program and builds upon the existing open-source model
"urbs"12 (Dorfner, 2016). Since the authors already published works using
this model, it is referred to the references (Zwickl-Bernhard and Auer, 2021b)
and (Zwickl-Bernhard and Auer, 2021a). Therefore, it can be dealt with the
most relevant aspects and highlights of the model in the following. GUSTO
aims to optimize energy technology planning and technology dispatch on a
local level taking into account a high temporal resolution. However, the
model’s spatial scope is, to some extent, limited. The tailor-made func-
tionality expansion compared with the base model urbs provides a complete
toolkit for low-level local energy system analyses (e.g., energy communities or
local neighborhoods). In general, different objective functions can be consid-
ered. Among others, minimizing total costs of supply (i.e., investments and
operation costs) and minimizing total greenhouse gas emissions are those

11A specific binary decision variable set enables the linearization of non-linear relations
between continuous model decision variables.

12https://github.com/tum-ens/urbs.
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(a) Local area and its different district heating expansion paths (Stage 0-3) taking into account the
existing infrastructure (magenta)

(b) Optimal district heating expansion path and corresponding gas-based heat supply considering
different stages of expansion for varying heat density areas

Figure 3.2.: Indication of optimal district heating expansion paths on the basis of the ex-
isting infrastructure (a) and resulting non-linear relation between the district
heating network and gas-based heat supply (b)

with the highest practical applicability. In addition, the model allows tak-
ing into account the provision of different energy services (and commodity
supply). The main constraints of the model’s mathematical framework are
the energy demand satisfaction of the (local) energy services (e.g., electricity,
heating/cooling). In general, GUSTO includes also natural gas as an energy
carrier (not needed here).

In this modeling framework, GUSTO’s results are used as an input for the
rivus model in the High Electrification decarbonization pathway (see Section
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C.2). This scenario describes an (almost) complete electrification of the pro-
vision of local heating and cooling services within the neighborhood. The
model coupling modus operandi is as follows. First, GUSTO calculates the
optimal energy technology dispatch on the building level (different building
types are carried out - see C.3). Note that the energy technology invest-
ment decision is determined by the corresponding decarbonization pathway
(i.e., small-scale heat pumps for heat and compression machines for cooling
supply). The high-temporal resolved results provide (i) peak demand and
(ii) temporal distribution of the required/resulting electricity demand. Both
characteristics are included in the rivus model’s inputs. With respect to
model coupling approaches, this can be denoted as so-called soft coupling.

3.3.2. Definition of benefit indicators

This section provides the definition and description of this work’s benefit in-
dicators. They are founded on comprehensive literature research (see among
others in (Vera and Langlois, 2007), (Kemmler and Spreng, 2007) and also
(Pramangioulis et al., 2019)). Moreover, the expansion of the tailor-made set
of benefit indicators allows for a detailed benchmarking of small-scale local
energy systems committed to deep decarbonization and sustainable energy
supply. Four different benefit indicators dimensions are carried out.

3.3.2.1. Capability and resource benefit indicators

These qualitatively defined indicators address energy system benefits from a
capability/resource perspective. This means that the different scenarios (or
subsequently decarbonization pathways) enable wide-range resource utiliza-
tion options. The corresponding benefit indicators (see Table 3.3) serve as a
qualitative benchmark of their exploitation potentials. For example, Waste
qualitatively addresses the integration/utilization potential for the provision
of energy services using waste incineration (analogous to the remaining items
in Table 3.3).
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Indicator Description Unit

Waste Waste incineration

N
on

e/
Lo

w
/M

id
/H

ig
h

Geothermal Large-scale
On-site PV Rooftop, building-integrated
Heat pump Small- and large-scale
Green gas Biomethane, synthetic gases
Solarthermal Rooftop

Table 3.3.: Description of capability and resource benefit indicators

3.3.2.2. Technological benefit indicators

These quantitative indicators touch on technological benefits from a practical
implementation perspective (see Table 3.4). Peaks describes the network
connection capacity expected to supply the neighborhood’s energy services,
and Length is the total distribution line length in the neighborhood. Note
that both indicators take into account sector coupling and, therefore, include
all energy carriers/commodities.

Indicator Description Unit

Peak Peak public network connection capacity MW
Length Distribution line length km

Table 3.4.: Description of technological benefit indicators

3.3.2.3. Economic benefit indicators

These quantitively defined economic indicators assess both cost and saving
benefits in the different scenarios (see Table 3.5). Thereby, Costs describes
the annualized technology cycle costs13. Forex indicates the cost savings per
year by replacing natural gas in the energy service supply. In addition, End-
user considers the average costs per building including (i) the capital and
investment costs as well as (ii) the CO2 price-driven penalty payments as
introduced in Section 3.3.1.2.

13I.e., economic depreciation of technologies and infrastructures.
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Indicator Description Unit

Costs Annualized technology cycle costs EUR/MWh
Forex Annual natural gas forex savings $/year
End-user Average end-user energy and emission costs EUR/building

Table 3.5.: Description of economic benefit indicators

3.3.2.4. Sustainability benefit indicators

Finally, these quantitative indicators address relevant sustainability benefits
and benchmark the deep decarbonization process and success in the urban
neighborhood. Due to the self-explanatory (and intuitive) description in Ta-
ble 3.6, a further detailed explanation is renounced.

Indicator Description Unit

CO2 CO2 tons saved per year tCO2/year
Fossil Reduced fossil fuel consumption per year MWh

Table 3.6.: Description of sustainability benefit indicators
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3.3.3. Nomenclature demystifying model

Type Description Unit
Set and index
c ∈ C = {1, . . . , C} Commodity/energy carrier, index by c
n ∈ N = {1, . . . , N} Node of the energy network, index by n

Decision Variables
cinv Total investment costs EUR
cfix Total annual fix costs EUR
ceos Total cost savings from economies-of-scale EUR

P max
c,l,k

Line capacity of commodity c between
node l and k

MW

qsource
c,n

Connection capacity to the public grid of
c at node n

MW

σc,l,k
Supplied demand of c by line between l
and k

MW

ξc,l,k
Line implemented of c between l and k
(Binary)

lc Total line length of commodity c m

ψc,l,k
Directional use of line of c between l and
k (Binary)
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3.4. Equitable model for a sustainable heating switch
of buildings

This section explains the methodology and the optimization framework of
the equitable model. After a general introduction to the model in Section
3.4.1, a detailed description of the mathematical formulation is presented in
Section 3.4.2. The model’s nomenclature of the variables and parameters is
given in Section 3.4.3. The case study, input data, and further information
can be found in Appendix D.

3.4.1. Overview on the methodology

In general, the three agents governance, property owner, and tenants are
considered in the model with the following characteristics:

The governance’s main objective is to decarbonize the residential heating
sector. Therefore, the policy is to trigger a heating system change to a sus-
tainable alternative on the multi-apartment building level through financial
support for both the property owner and the tenants. The avowed aim is
to find a cost-minimal and socially balanced solution. The financial sup-
port for the property owner can be realized either or both by an investment
grant (paid directly from the governance) and adjusted rent-charge-related
revenues (paid from the tenants). The tenants, for their part, can be finan-
cially supported directly by the governance through heating costs subsidy
payments.

The property owner of the multi-apartment building provides the heating
system for the tenants and is profit-oriented. Thus, a heating system change
toward a sustainable alternative is only realized in case of the economic vi-
ability of an investment. In this context, the property owner can achieve
profitability of the alternative heating system by receiving an investment
grant (to reduce the overnight investment costs) from the governance and a
rent-charge-related revenue cash flow (from the tenants).
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The tenant rents a dwelling/unit within the multi-apartment building from
the property owner and has rent-related and energy-related spendings. The
tenant cannot change the heating system on its authority but depends on
the property owner’s willingness to invest into a sustainable alternative. In
connection with the existing heating system, the tenant’s costs are increasing
in consideration of CO2 emissions and associated CO2 prices. Nevertheless,
the tenant aims to limit total costs in case of a heating system change at the
level of the initial condition.

Figure 3.3 shows a sketch illustrating the interrelations between the gover-
nance, the property owner, and the tenants. The governance can support
the property owner financially through investment grants and by the permis-
sion of rent charge adjustments. At the same time, tenants are supported
by a heating cost subsidy payment. The gray bar in the middle indicates
that these financial benefits need to be socially balanced and overcome the
differences in ownership within the multi-apartment building. The rent or
rent charge adjustment is the direct financial exchange between the property
owner and the tenant.

Governance

Heating cost subsidy

payments (Ω)
Inv

est
ment

 gr
ant

 (Ψ
) an

d 

ren
t-re

late
d r

eve
nue

s (λ
)

Partly renovated multi-apartment rental building

Property owner Tenants

Tenant 1
Tenant 2

...
Tenant n

Interest rate (it)
Heat demand (d)
Rented area, etc.

Interest rate (il)
Investment and
construction costs

Number of tenants (n)
Energy prices (p)
Initial rent price (r), etc.

Equitability through subsidy balance

Figure 3.3.: Sketch of the model illustrating the interrelations between the governance,
property owner, and tenants. Financial support from the governance is socially
balanced at the partly renovated multi-apartment rental building.
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3.4.2. Mathematical formulation of the equitable model

This section explains the mathematical formulation of the optimization model
in detail. First, the objective function is defined. Then, a detailed explana-
tion of the model’s constraints is given.

3.4.2.1. Model’s objective function

The objective function of the model is to minimize governance’s total costs,
including investment grants and subsidy payments14. Therefore, the objective
function can be written as follows:

min
x

Ψ +
�

y

�
m

n

(1 + ig)y
· Ωy,m (3.39)

where Ψ is the investment grant paid to the property owner and Ωy,m is the
heating costs subsidy payment paid to a single tenant in year y and month
m. In addition, n is the number of tenants15 and ig the governance’s interest
rate. The model’s decision variables are included in the decision variable
vector x.

3.4.2.2. Model constraints

Equation 3.40 defines the financial support parity between the property owner
and all tenants at the multi-apartment building level from the governance’s
perspective

Ψ + n ·
�

y

�
m

a · ry,m

(1 + ig)y� �� �
property owner financial support

= n ·
�

y

�
m

Ωy,m

(1 + ig)y� �� �
tenants financial support

(3.40)

14This corresponds to the maximization of the governance’s net present value.
15It is assumed that the multi-apartment building consists of n equal tenants/units.
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where a is the area of a tenant’s dwelling and ry,m is the rent charge adjust-
ment associated with the heating system change in y and m. The equation
operationalizes equitability as a subsidy balance. Moreover, social equity be-
tween the property owner and tenants consists in both bearing no economic
burden of the energy transition (i.e., higher energy and/or CO2 prices). These
costs are borne by governance. Note that other definitions of and views on eq-
uitability in sustainable energy systems exist in literature16. Equation 3.41
describes the load satisfaction of the total heat demand within the multi-
apartment building using the alternative heating system in each time step
(year and month)

n · dy,m ≤ qy,m : ∀y, m (3.41)

where dy,m is the total heat demand of a tenant’s dwelling and qy,m is the
heat demand covered by the alternative heating system in y and m. Building
on this, Equation 3.42 defines the minimum required newly installed capacity
of the heating system alternative

αm · qy,m ≤ π : ∀y, m (3.42)

where αm is the load factor transforming the monthly amount of heat de-
mand to the corresponding peak demand. Equation 3.43 defines the property
owner’s overnight investment costs (ζ)

ζ = π · calt + n · ccon − Ψ (3.43)

where calt is the specific investment costs of the heating system alternative
and ccon is the construction costs to adapt one dwelling/unit. Equation 3.44
defines the upper bound for the investment grant

Ψ ≤ d̂ · calt + n · ccon (3.44)

where d̂ is the peak value of the heat demand. Equation 3.45 defines the
16E.g., Green and Gambhir (2020).
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rent-related revenues of the property owner (λy,m)

λy,m = a · n · ry,m : ∀y, m (3.45)

As defined here (and as used in Equation 3.46), this is the adjustment of the
rent-related revenues (not the total rent-related revenues). The initial rent
price does not enter this definition. Equation 3.46 sets the property owner’s
net present value of the alternative heating system investment equal to 0

−ζ +
�

y

�
m

1
(1 + il)y

· λy,m = 0 (3.46)

where il is the property owner’s interest rate. The equation ensures that
the landlord does not gain profits through the subsidy payments from the
governance (i.e., avoidance of a snowball effect for the governance). Equation
3.47 defines the initial annual spendings of all tenants (κy) using the existing
heating system

κy = n · (r̄ · a +
�
m

qload,y,m · pinit,y,m) : y = y0 (3.47)

where r̄ is the initial rent price and pinit,y,m is the price of the conventional fuel
initially supplying the heat demand in y and m. Building on this, Equation
3.48 sets the tenants’ total spendings (Kinit)

Kinit = −
�

y

1
(1 + it)y

· κy0 (3.48)

where κy0 represents the initial tenants’ spendings from Equation 3.47 above,
and it the tenant’s interest rate. Equation 3.49 defines the total spending
of all tenants (Kalt) in case of implementing the sustainable heating system
alternative.

Kalt = −
�

y

�
m

n

(1 + it)y
(a · (r̄ + ry,m) + qy,m · palt,y,m − Ωy,m) (3.49)
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The middle term within the brackets on the right-hand side represents the
fuel costs of the heat system alternative. Equation 3.50 defines constant
remaining spending (i.e., economic viability) for the tenants in case of a
heating system change. The equation ensures that the tenant does not gain
profits through the subsidy payments from the governance (i.e., avoidance of
a snowball effect for the governance).

Kalt = Kinit (3.50)

Equation 3.51 defines constant heating costs subsidy payments and Equation
3.52 is the constant total rent price for a tenant in y.

Ωy,m = Ωy,m−1 : y (3.51)
r̄ + ry,m = r̄ + ry,m−1 : y (3.52)

Equation 3.53 allows rent charge adjustments by the property owner only
every two years and Equations 3.54 and 3.55 set an upper bound to the rent
charge adjustment

r̄ + ry,m = r̄ + ry−1,m : ∀y\{y0}, m if y mod 2 = 0 (3.53)
r̄ + ry,m ≤ ρ · r̄ : y = y0 (3.54)

r̄ + ry,m ≤ ρ · (r̄ + ry−1,m) : ∀y\{y0} (3.55)

by introducing ρ as the rent charge adjustment upper bound. Table 3.7 sum-
marizes the mathematical formulation and provides a qualitative overview of
the model.
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3.4.3. Nomenclature equitable model

Type Description Unit
Set and index
y ∈ Y = {1, . . . , Y } Years, index by y
m ∈ M = {1, . . . , M} Months, index by m

Decision variables
Ψ Investment grant to the property owner EUR
Ωy,m Subsidy payment to a tenant in y and m EUR

λy,m
Rent-related revenues of the property
owner in y and m

EUR

qy,m
Heat demand supplied by the new heating
system alternative in y and m

kWh

π
Capacity of the new heating system alter-
native kW

ry,m Rent charge adjustment in y and m EUR/m2

Relevant parameters

n
Number of tenants within the multi-
apartment building 1

i
Interest rate of an agent (governance,
property owner, tenant) %

dy,m Total heat demand per unit in y and m kWh

αm
Load factor (ratio total and peak demand)
in m

1

calt
Investment costs of the heat system alter-
native EUR/kW

ccon

Construction costs (for adaption of one
dwelling/unit) of the heat system alterna-
tive per unit

EUR

r̄ Initial rent price EUR/m2

ρ
Upper limit of the biannual rent charge
adjustment %
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4.1. Deep decarbonization of building heat in Austria
2050

This chapter presents the results of the first research question as presented
in (Zwickl-Bernhard et al., 2022b). The focus is put on the mix of heat
sources/generation technologies and district heating in the four different sce-
narios in Austria in 2050. Section 4.1.1 shows the heat supply of a rep-
resentative Austrian NUTS3 region in detail. Building upon this, Section
4.1.2 compares heat supply in an urban and a rural local administrative unit
(LAU). Section 4.1.3 presents the obtained heat densities of district heating
networks. Finally, Section 4.1.4 syntheses the results of district heating and
provides indications/information that could be returned into more aggregate
models, such as GENeSYS-MOD, in the sense of a feedback loop.

4.1.1. Heat supply at NUTS3 level for a representative region

This section presents the results of the NUTS3 region Salzburg and Sur-
roundings (AT323). Figure 4.1 shows the most relevant results in this region
on the LAU/district level for the four different scenarios. District heating
supplies heat demands in 5 different LAUs/communities. In particular, the
LAUs are in the surrounding area of Salzburg City (marked by the star).
The remaining LAUs in the NUTS3 region are supplied decentralized/on-
site. Details of the heat sources that supply heat demands in LAUs with
district heating and with decentralized/on-site heat systems are presented in
the following section 4.1.2. The amount of district heating varies between
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1.045 and 1.132 TWh per year (Figure 4.5, top right). The highest value is
achieved in the Gradual Development scenario since this is the scenario with
the lowest heat demand reduction. The heat density of district heating in
the 5 LAUs is shown in Figure 4.5, bottom right. The highest heat density
is achieved in Salzburg city and reaches approximately 30 GWh/km2 in each
scenario. The comparable low heat densities in two of the five LAUs (marked
by a rectangle and plus) are further discussed in section 4.1.4.

Salzburg and Surroundings
(AT323)

District Heating Dec. / On-Site

10km

DT SC TF GD
0.0

0.5

1.0

1.111
1.045 1.082 1.132

District heating in TWh

DT SC TF GD
0

10

20

30

40

Heat density in GWh
km2

Figure 4.1.: District heating and decentralized/on-site heat supply in the representa-
tive NUTS3 region (incl. LAUs/communities) ’Salzburg and Surroundings’
(AT323). Left: LAUs with district heating or on-site heat supply. Top right:
Total amount of district heating in the four different scenarios. Bottom right:
heat density of district heating in the four different scenarios.

70



4. Results

4.1.2. Comparison of the heat supply of urban and rural small
region at the community level

Building upon the so-far presented results of the NUTS3 region Salzburg and
Surroundings, this section shows the heat sources/generation technologies
supplying heat demands in an urban and rural LAU/community. Salzburg
City (urban community) and Abtenau (rural community) are used as rep-
resentative LAUs. Figure 4.6 shows the mix of heat sources supplying heat
demands in both LAUs.

10km

DT SC TF GD
0.0

0.2

0.4

0.6

0.8

1.0
0.89

0.84 0.87 0.91

Heat supply in urban LAU with DH in TWh

Urban LAU with DH

Rural LAU with no DH

Heat sources / technologies

Biomass

Direct electric

Geothermal

Synthetic gas

Large-scale HP (air)

Small-scale HP (air)

HP (ground)

Hydrogen

Waste DT SC TF GD
0

10

20

30

40
34.01

31.96 33.11 34.63

Heat supply in rural LAU with no DH in MWh

Figure 4.2.: Comparison of heat supply in an urban LAU with district heating (’Salzburg’
city) and in a rural LAU with no district heating (’Abtenau’). Top right: Mix
of heat sources in the four different scenarios used in district heating. Bottom
right: Mix of heat sources used to supply heat demands decentralized/on-site.

The geographical location is shown on the top left in Figure 4.2. In Salzburg
city (marked by the orange edge), district heating supplies heat demands,
which uses large-scale heat pumps (air-sourced), hydrogen, synthetic gas,
and waste as heat sources/generation technologies. High shares of district
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heating particularly are generated by large-scale heat pumps (air) and using
hydrogen. On the contrary, the heat supply in the rural district of Abtenau
uses small-scale heat pumps (air), heat pumps (ground-sourced), biomass,
and direct electric heating systems. Among all four scenarios, high shares of
heat demands are supplied by heat pumps (air- and ground-sourced). How-
ever, the share of each technology varies to some extent significantly, which
becomes evident when comparing exemplarily the Techno-Friendly and Grad-
ual Development scenarios. In the Techno-Friendly, small-scale heat pumps
(air-sourced) are the dominant heat source, whereby heat pumps (ground-
sourced) supply high shares of heat demands in the Gradual Development
scenario.

4.1.3. Heat density of district heating networks

This section shows the heat density of district heating at the LAU/district
level in 2050. Figure 4.3 shows the heat density for the four different scenar-
ios. Particularly, the values of LAU’s heat densities are sorted in descending
order indicating those LAUs/communities that do not reach the required heat
density of economic viability, which is assumed to be 10 GWh/km2. Exem-
plarily, in the Directed Transition scenario, 107 LAUs with district heating
are found. In this scenario, the highest heat density is 43.17 GWh/km2. 2
of the 5 LAUs in the NUTS3 region Salzburg and Surroundings are high-
lighted, namely, Salzburg city (marker by the star in Figure 4.5) and Anif
(marked by the rectangle in Figure 4.5). Both LAUs are part of the same
district heating network as already illustrated in the left subfigure in Fig-
ure 4.5. Accordingly, the appearance of heat densities below the assumed
threshold/benchmark for economic viability can be argued as those LAUs
are connected to high heat density areas. The distribution of heat density
values remains mostly the same between the four different scenarios. For the
sake of clarity, explicit annotations are omitted in the three (smaller) scenario
subfigures at the bottom.
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Figure 4.3.: Heat density values at the LAU level in the four different scenarios in descend-
ing order indicating those LAUs that do not achieve the required heat density
benchmark for economic viability.

4.1.4. Geographical localization of district heating networks

This section focuses on those LAUs with lower heat densities than assumed to
be required for economic viability for district heating and their geographical
location with respect to other district heating supply areas. As indicated in
Figure 4.3, LAUs with low heat densities can be quite justified in case they are
located in the surrounding area of high heat density areas (e.g., Salzburg city
and Anif). However, other LAUs that do not achieve the required heat density
benchmark (of 10 GWh/km2) and at the same time are not closely located
in high heat density areas are unlikely to be implemented. Accordingly,
Figure 4.4 shows the heat map of district heating in Austria at the LAU level
under the requirement that district heating achieves the required heat density
benchmark within NUTS3 regions in the Directed Transition scenario. As
previously mentioned, the model basically decides to supply heat demands
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in 105 LAUs by district heating. 63 of them already achieved heat densities
higher than the benchmark value. The heat map in Figure 4.4 still shows 68
LAUs since 5 are closely located in high heat density areas and thus achieve
in total the benchmark (at the NUTS3 level).

Scenario: Directed Transition

Heat density of district heating in 2050

50km

0 15 30 45

in GWh
km2

Figure 4.4.: Heat density of district heating in the Directed Transition scenario in 2050
achieving the required heat density benchmark value of 10 GWh/km2 at the
NUTS3 level.

Accordingly, district heating is unlikely to be implemented in 37 LAUs. Table
4.1 summarizes the results for district heating in the four different scenarios.
It shows that as a result of the heat density benchmark at the NUTS3 level,
the share of implemented district heating varies between 74 and 90%. In
particular, this means exemplarily that in the Techno-Friendly scenario, 74%
of the assumed heat supply using district heating leads to heat density values
higher than 10 GWh/km2. In view of the previous assumptions that 50% of
heat pumps (air-sourced) are used in district heating, this results in imple-
mented shares between 23% and 40%, whereby the highest share is achieved
in the Directed Transition scenario.
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Results in the four scenarios (from Section 3.1.1) DT SC TF GD
District Heating (from GENeSYS-MOD) in TWh 16.75 15.38 27.20 22.84
LAUs with district heating (from downscaling) 105 105 107 105
- of which with more than 10 GWh/km2 63 57 62 64
- of which with less than 10 GWh/km2 42 60 45 41
LAUs with district heating (10 GWh/km2 at NUTS3) 68 66 68 68
District heating (10 GWh/km2 at NUTS3) in TWh 14.57 13.08 20.09 20.62
- share in district heating from GENeSYS-MOD in % 87 85 74 90
- share of large-scale heat pumps (air) in % 40 35 23 26

Table 4.1.: Overview of district heating supplying heat demands in 2050 in the four dif-
ferent scenarios Directed Transition (DT), Societal Commitment (SC), Techno-
Friendly (TF), and Gradual Development (GD). The resulting district heating
that reaches the heat density benchmark of 10 GWh/km2 at the NUTS3 level
is marked in gray.

In view of the underlying narratives of particularly the three ambitious de-
carbonization scenarios from Section 3.1.1 (therefore excluding the Gradual
Development scenario), two interesting implications can be derived from the
results here:

• In absolute terms, the Techno-Friendly scenario demonstrates the high-
est share of district heating with 20.09 TWh under the condition that
district heating networks within the NUTS3 levels achieve the heat
density benchmark of 10 GWh/km2. The main driver for this is the
significant penetration of (large-scale) heat pumps (air-sourced) that
characterizes this scenario.

• Nevertheless, the implemented share of district heating in GENeSYS-
MOD’s district heating assumptions is the highest in the Directed Tran-
sition scenario and reaches 87 %. Also, this result is reflected in the fact
that the share of large-scale heat pumps (air-sourced) achieves here its
maximum with 40 %.
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4.2. Decommissioning and refurbishment investment
decisions for a cost-effective gas network
trajectory to 2050

This chapter presents the results of the first research question as presented in
(Zwickl-Bernhard et al., forthcoming). It presents the most relevant results
of the analyzed test bed in Vorarlberg, Austria. A detailed description of
the test bed can be found in Appendix B. Section 4.2.1 presents the cost-
optimal gas network without an ensured supply of available gas demands
(model run 1). Section 4.2.2 puts focus on the (nodal) shadow prices of the
cost-optimal gas network without ensured supply (model run 2). Especially,
the latter highlights the impact of supplying additional gas demands at the
community (or local administrative unit (LAU)) level on network planning.
Section 4.2.3 shows the cost-optimal gas network with ensured supply (model
run 3). Section 4.2.4 compares total costs and shadow prices w/ ensured
supply. This includes the socialization of network costs until 2050. Finally,
Section 4.2.5 shows the cost-optimal gas network without ensured supply
under the lumpiness of gas pipelines.

4.2.1. Cost-optimal gas network without an ensured supply of gas
demand (CO)

In this case, the planning decision is made as follows: if the network operator
can treat all energy services equally and thus can decide without restrictions
if gas demands are supplied or not, then the gas networks will look like those
presented here. Accordingly, it is assumed that competitive alternatives with-
out dependence on gas networks exist for each energy service need. Figure
4.5 shows an overview of the most relevant results in this case. Figure 4.5
(a) shows the high- and mid-pressure gas networks. Given the existing gas
networks (see Figure B.1), it is evident that all high-pressure pipelines (in
red) are refurbished. At the same time, 59 % of the length of mid-pressure
pipelines are refurbished and 41 % are decommissioned. The maximum ca-
pacity of the high-pressure network level is 161.92 and 40.58 MW of the mid-
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pressure (see Figure 4.5 (b)). Figure 4.5 (c) and (d) shows the development
of gas demands supplied and not supplied for both pressure/network levels.
Particularly, high shares of the mid-pressure demands are covered as a re-
sult of comparable high revenues at this pressure level. At the same time,
no high-pressure gas demands are covered after 2030. Note that 2030 is the
assumed year of the decommissioning and refurbishment investment decision
for all pipelines within the networks.

(a)

High-Pressure Mid-Pressure

20km

High-Pres. Mid-Pres.

Max. [MW] 161.92 40.58

Length [km] 84.5 57.2

Decom. [%] 0 41

Refurb. [%] 100 59

(b)

(c)

(d)

2025 2030 2035 2040 2045 2050

0.0

0.5

1.0

Demand supplied [TWh]

2025 2030 2035 2040 2045 2050

0.00

0.25

0.50

0.75

Demand not supplied [TWh]

Figure 4.5.: Cost-optimal gas networks without ensured supply (model run 1): (a) high-
and mid-pressure pipelines, (b) overview of max pipeline capacity, length, and
share of decommissioned and refurbished pipeline lengths, (c) demand supplied,
and (d) demand not supplied at the high- and mid-pressure network level.
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4.2.2. Shadow prices for supplying additional gas demands of the
cost-optimal gas network without an ensured supply of gas
demands

This section takes the cost-optimal gas network without an ensured supply
of gas demands as a starting point and investigates the dual variables and
shadow prices of the (nodal) gas balance constraints. In this case, emphasis is
put on the question: What costs arise, and what network adaption is required
if the network operator is required to supply an additional gas demand at
the nodal level? Since the results of the previous section indicate that mid-
pressure gas demands are supplied only (see particularly Figure 4.5 (c)), this
section highlights (nodal) shadow prices of supplying additional gas demands
at the mid-pressure network level. Figure 4.6 shows shadow prices for LAUs
between 2025 and 2050.

2030 2040 2050

L
A
U
s

No expan.
(reduced)

Expan.
(reduced)

Expan.
(unaffected)

Expan.
(increased)

Mid-Pressure

(a) Heat map/capability of the network

2025 2030 2035 2040 2045 2050

0

50

100

150

200

250

300

Nodal shadow price (λCO) in EUR/MWh

Near-feed node (Dornbirn)

Off-feed node (Bludenz)

(b) Near-feed and off-feed node

Figure 4.6.: Shadow prices for supplying additional gas demands at the mid-pressure net-
work level: (a) heat map identifying the capability of the gas network to supply
additional mid-pressure gas demands, and (b) temporal development of the
shadow price for a near-feed node (Dornbirn) and an off-feed node (Bludenz).

Figure 4.6 (a) shows the heatmap of the shadow prices, where the x-axis
covers each year between 2025 and 2050 and the y-axis each node potentially
connected to the mid-pressure network level. Thereby, each combination (i.e.,
node and year) is divided on the basis of four categories (i) No expansion (re-
duced), which means that the network is able to supply the additional gas
demand without expansion and thus the objective function value is reduced
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by the revenues for selling the additional gas demand at the mid-pressure
network level; (ii) expansion (reduced), which means that the network needs
to be extended to supply the additional gas demand but the objective func-
tion value remains reduced but less than by the total revenues for selling
gas demand at the mid-pressure network level; (iii) expansion (unaffected),
which means that the network must be extended and the objective value
is unaffected and remains constant (i.e., shadow price equal to 0), and (iv)
expansion (increased), which means that the network needs to be extended
and the objective value would be increased (i.e., shadow price greater than
0). Figure 4.6 (b) presents the exact numbers of the shadow prices for two
representative nodes, namely, a near-feed node (Dornbirn) and an off-feed
node (Bludenz). Dornbirn is therefore near the gas supply/source node, and
Bludenz is further away from it. The shadow price at the off-feed node has
several peaks (three are marked in 2030, 2035, and 2046) and its maximum
is 299.2 EUR/MWh in 2030. The near-feed node has two peaks (in 2030
and 2035) and its maximum is 109 EUR/MWh in 2030. Particularly, the
development of the near-feed node after 2036 shows the capability of sup-
plying additional gas demands since pipeline capacities are available without
expansion.

4.2.3. Cost-optimal gas network with an ensured supply of gas
demands (ES)

This section shows the results in the case that the network operator should
cover all gas demands within the supply area. Contrary to the previous two
sections, no gas demands are not supplied. Figure 4.7 shows an overview of
the most relevant results in this case. Again, all high-pressure pipelines are
refurbished; however, 28 % of mid-pressure pipeline lengths are decommis-
sioned. The maximum capacity of the high-pressure network level is 465.06
and 66.36 MW of the mid-pressure. Unsurprisingly, the objective function
value increases significantly compared with the case without ensured sup-
ply. The objective function value increases by 96.29 MEUR. This value has
great importance and implications for the practical planning of future gas
networks. It can serve as a benchmark and is further investigated in the fol-
lowing section, which is dedicated to the comparison of the different cases.
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(a)

High-Pressure Mid-Pressure
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High-Pres. Mid-Pres.

Max. [MW] 465.06 66.36

Length [km] 84.5 69.0

Decom. [%] 0 28

Refurb. [%] 100 72
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Figure 4.7.: Cost-optimal gas networks with ensured supply (model run 3): (a) high- and
mid-pressure pipelines, (b) overview of max pipeline capacity, length, and share
of decommissioned and refurbished pipeline lengths, (c) demand supplied, and
(d) demand not supplied at the high- and mid-pressure network level.

4.2.4. Comparison of the cost-optimal gas network w/ ensured
supply of gas demands

This section compares the cost-optimal gas network with and without an
ensured supply of gas demands. The following abbreviations, as already used
in Table 3.2, are used: CO for the cost-optimal network without ensured
supply and ES with ensured supply. Focus is put on the difference in total
costs for the network operator and the shadow prices. Figure 4.8 shows the
most relevant results to compare the two cases, namely, the extra costs in the
case of ensured supply (see Figure 4.8 (a) and (b)), the distribution of 2030’s
shadow prices (see Figure 4.8 (c)), and shadow price development between
2030 and 2050 for the near-feed and off-feed nodes.
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Figure 4.8.: Comparison of the cost-optimal gas network w/ ensured supply of gas demands:
(a) and (b) socialized extra costs, (c) 2030’s shadow prices, and (d) shadow
prices between 2025 and 2050 for the near-feed and off-feed node. CO: Cost-
optimal without ensured supply; ES: Cost-optimal with ensured supply.

As mentioned, the ensured supply of all gas demands within the network
results in extra costs of 96.29 MEUR. Given an equal allocation to the LAUs
and years, this results in extra costs of 107 kEUR per LAU and year. This
value must be considered as an additional offset to the shadow prices of
the cost-optimal network with ensured supply to obtain the effective shadow
price and respect the already increasing total costs of the network operator.
Nevertheless, even the comparison of 2030’s values without this offset shows
that the shadow prices in the case with ensured supply increase significantly
compared with the case without ensured supply. Particularly, the median
raises from approximately 100 EUR/MWh to 400 EUR/MWh. Additionally,
the max value raises from approximately 300 to 1300 EUR/MWh. This in-
crease in shadow prices is also presented in Figure 4.8 (d), where again the
near-feed and off-feed nodes are shown.
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4.2.5. Cost-optimal gas networks without ensured supply under
lumpiness of gas pipelines

This section shows the results of the cost-optimal gas network without en-
sured supply. Contrary to the results presented above, the lumpiness of
gas pipelines in the network operator’s planning decision is considered here.
This analysis completes the results section against the background of two
important aspects. First, considering the lumpiness of gas network pipelines
increases the significance of the generated results for practical proposals since
the network operator’s decision is related to choosing specific diameters of gas
pipelines. Second, however, the introduction of the lumpiness of gas pipelines
extends the previous linear program to a mixed-integer linear program. This
is why no dual variables and shadow prices can be obtained. Table B.4 in B.2
shows the assumptions for the lumpiness of gas pipelines. 14 different capac-
ities (diameters between 0.1 and 1.3 m) for both the high- and mid-pressure
pressure/network levels are considered.

Figure 4.9 summarizes the results of the generated gas networks in case of
lumpiness. Interestingly, the consideration of lumpiness of gas pipelines leads
even in the cost-optimal case network without ensured supply to the de-
commissioning of 23 % high-pressure and 45 % mid-pressure pipeline length.
Furthermore, only gas demands at the mid-pressure network level are sup-
plied (as in Section 4.2.1 and model run 1). Again, all the high-pressure gas
demands are not supplied.

Figure 4.10 shows a comparison of the results under lumpiness with the pre-
vious results of the cost-optimal gas network w/ ensured supply (i.e., CO
and ES). Particularly, it shows the impact of lumpiness on an optimal net-
work design decision. In summary, the following interesting findings can be
observed:

• The cost-optimal network design without ensured supply under lumpi-
ness of gas pipelines increases the total costs (i.e., objective function
value) by only 1% (Figure 4.10, top left) but at the same time the
amount of mid-pressure gas demand increases (Figure 4.10, bottom
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Figure 4.9.: Cost-optimal gas networks with ensured supply under lumpiness of gas
pipelines: (a) high- and mid-pressure pipelines, (b) overview of max pipeline ca-
pacity, length, and share of decommissioned and refurbished pipeline lengths,
(c) demand supplied, and (d) demand not supplied at the high- and mid-
pressure network level.

right).

• Moreover, the lumpiness of gas pipelines results in both the decom-
missioning of high shares of the high-pressure network/pressure level
(Figure 4.10, top right) and the further decreasing of the maximum
pipeline capacity within the network (Figure 4.10, bottom left).
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Figure 4.10.: Results of the cost-optimal gas networks without ensured supply under lumpi-
ness of gas pipelines (CO-L). Top left: Comparison of the total costs. Top
right: Decommissioning and refurbishment decision at the mid- and high-
pressure network level. Bottom left: Maximum pipeline capacity. Bottom
right: Mid- and high-pressure gas demand that is supplied or not.

4.3. Distribution grids and sector coupling technologies
for the provision of sustainable heat services in a
neighborhood

This chapter presents the results of the third research question as presented in
(Zwickl-Bernhard and Auer, 2022). The presents the results of the analyzed
neighborhood in Vienna, Austria. A detailed description of the test bed can
be found in Appendix C. Section 4.3.1 presents the current state of supply
(Case A - Baseline). Sections 4.3.2 and 4.3.3 elaborate on Case B - Electrifi-
cation and Case C - Network, respectively. Section 4.3.4 shows the end-user
benefits in Case C as a result of the economies of scale achieved. Finally,
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Section 4.3.5 compares the three scenario results through the application of
the benefit indicators.

4.3.1. Case A - Baseline

At present, high shares of the local energy demand are supplied by the elec-
tricity (Figure 4.11) and natural gas distribution grid (Figure 4.12). The
mean electricity line capacity in the test bed is 1.34 MW, and the maximum
is 28.48 MW. The largest electricity line capacities serve as a grid connection
capacity to the public grid and supply the three special consumers (Stadium,
University, and Fair).

The natural gas distribution network supplies almost the entire heat demand
in the neighborhood. In addition, the district heating network supplies heat
demand of the three special consumer in the district (Figure 4.13). The
maximum district heating line capacity is 7.6 MW. Note that Case A neglects
cooling services because currently no district cooling network is implemented.
Figure 4.14 shows the line capacity frequency for electricity, natural gas, and
district heating using the so-called violin plot. In this illustration, the x-axis
(frequency) in the subplots is normalized to the width of 0.5 as common in
this plotting type. The horizontal bars indicate the mean line capacity value
for each energy carrier distribution network. Figure 4.15 shows the total
line length for the three energy carriers. Almost the same line lengths are
required for electricity and natural gas, accounting for 96 % of total local line
lengths. Finally, Figure 4.16 shows a binary heatmap for the networks of
the three energy carriers electricity (top), natural gas (middle), and district
heating (bottom). Each available distribution line is represented by a single
element in the map. Note that the location of the elements is derived from
the spatial setup in Figures 4.11-4.13.
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Figure 4.11.: Local electricity distribution network in Case A - Baseline

Figure 4.12.: Local natural gas distribution network in Case A - Baseline
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Figure 4.13.: Local district heating network in Case A - Baseline
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Figure 4.14.: Local distribution line capacity frequency of electricity (left), natural gas
(middle), and district heating (right) in Case A - Baseline

Figure 4.15.: Local distribution line length and its components in Case A - Baseline

Figure 4.16.: Binary heatmap of the local distribution network for electricity (top), natural
gas (middle), and district heating (bottom) in Case A - Baseline
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4.3.2. Case B - Electrification

In this scenario, the urban neighborhood pursues deep decarbonization by
electrification of its energy supply. In addition, the natural gas phase-out in
the heat supply, this scenario takes into account the cooling demand. The
latter is mainly supplied by compression cooling machines. As a consequence,
this further increases the local electricity demand. For example, the changes
in the local energy system patterns are shown in Figure 4.17a. It shows
the annual electricity duration curve for a characteristic multi-apartment
building in the neighborhood. Thereby, three different electrification levels
are compared: (i) Baseline (Case A - Baseline), (ii) Heat (100 %) considering
the electrification of the heat demand only but neglecting the cooling demand,
and (iii) a complete electrification (Heat and Cold (100 %)). Figure 4.17b
compares the total energy demand in Case A - Baseline and in Case B -
Electrification for the same multi-apartment building. Note that this section’s
further results take into account the electrification of both heating and cooling
demand (indicated by the blue duration line in Figure 4.17a).

(a) Annual electricity duration curve (b) Energy demand comparison

Figure 4.17.: Annual electricity duration curve (left) and comparison of total energy de-
mand (including its components) for a characteristic multi-apartment build-
ing

For the sake of clarity, a fully analogous result presentation similar to Case
A - Baseline is omitted. Instead, Figure 4.18 presents the distribution line
capacities (again by the violin plot) for the local electricity (left) and district
heating (right) distribution grid. Again, the mean line capacity values are
marked by the horizontal bars. In addition, the three figures in the middle
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of Figure 4.18 highlight the differences in electricity line capacities between
Case A - Baseline and Case B - Electrification (cutout of the line capacity
frequency (top), max line capacity (middle), and mean line capacity (bot-
tom)).

Figure 4.18.: Local electricity (left) and district heating (right) distribution line capacity
frequency including selected highlights comparing electricity line capacities in
Case A - Baseline and Case B - Electrification (cutout (top), max (middle),
and mean (bottom))

Figure 4.19 shows the resulting local distribution line lengths for electricity
and district heating. The latter are unchanged compared to Case A. The
electricity distribution line lengths are split into two parts, namely, the ex-
isting share of Case A (light orange) and the extra share of Case B (rich
orange).

Figure 4.19.: Total line length and its components in Case B - Electrification

The extended (binary) heatmap in Figure 4.20 shows the use of locally avail-
able distribution lines for electricity (top) and district heating (bottom). For
district heating the same results occur as in Case A - Baseline (Figure 4.16)
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as the existing network still supplies the special consumers’ heat demand. For
electricity, it mainly highlights the extra distribution lines demanded in Case
B - Electification (rich orange) compared with those in Case A - Baseline
(light orange).

Figure 4.20.: Extended (binary) heatmap of the local distribution network for electricity
(top) and district heating (bottom) in Case B - Electrification

4.3.3. Case C - Network

Figure 4.21 shows the local distribution line capacities for district heating
(left) and cooling (right). The district heating mean line capacity (top) and
max line capacity compared with the Case A - Baseline is shown in the
middle. It is evident that a significant increase for both is necessary to
cover the heat demand. In addition, a massive expansion of the district
cooling distribution grid is implemented, which is not existent in Case A -
Baseline.

The massive district heating and cooling network expansion is also reflected
by the extended heatmap in Figure 4.22. The latter indicates a high level
of available distribution line capacity utilization. Furthermore, it highlights
available distribution line elements that are used for both district heating and
cooling. The total distribution line length of the district heating network is
34.7 and 34.9 km of the district cooling network. Naturally, in this scenario,
the corresponding indicator (Costs) in Table 3.5 is very high as a result of
the scenario definition and the resulting massive network expansion. Never-
theless, it could be assumed that related results are too pessimistic (i.e., too
costly) as possible synergies and related cost-savings from a simultaneous im-
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Figure 4.21.: Local district heating (left) and district cooling (right) distribution line ca-
pacity frequency including a comparison of the district heating mean (top)
and max (bottom) distribution line capacity in Case C

plementation of the district heating and district cooling network expansion
are only considered to a limited extent. Thus, the following Section 4.3.4
considers the economies of scale of a district heating network expansion and
related cost components exclusively. The latter are mapped on the building
level to disclose end-user benefits in this sustainable local deep decarboniza-
tion pathway.

Figure 4.22.: Local district heating and cooling network heatmap in Case C - Network

4.3.4. Economies of scale related to cost savings on an end-user
level

The following analysis emphasizes the expansion of the district heating net-
work on a large scale in the entire supply area of the neighborhood accord-
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ing to the outlined scenario definition. This includes the associated "non-
discriminatory right" of the end-users to be connected to the grid (Case C -
Network). In particular, the analyses emphasize the cost comparison between
the current state of supply (Case A - Baseline) including its increasingly neg-
ative implications due to increasing CO2 emission costs and the deep decar-
bonization pathway in Case C - Network. Figure 4.23 compares the average
building costs within the neighborhood in Case A - Baseline and Case C -
Network for the heat demand supply taking into account a CO2 price devel-
opment1 aiming for the European climate target for the period under review
until 2050.

Figure 4.23.: End-user cost parity (on building level) comparing Case A - Baseline and Case
C - Network with current district heating specific emissions (red diamond) and
halving specific emissions from 2030 (green diamond)

In addition, two different scenarios of the district heating energy generation
mix are illustrated. The first scenario includes no further decarbonization in
the district heating fueling energy mix and assumes that today’s specific emis-

1This CO2 price development is taken from the European Horizon 2020 project ope-
nENTRANCE (https://openentrance.eu/). As a main contribution of the project, both
four different narrative storylines and corresponding quantitative scenarios have been devel-
oped. Thereby, three ambitious storylines/scenarios aim for the 1.5 ◦C climate target, the
more conservative one (Gradual Development) for 2.0 ◦C. The corresponding endogenous
CO2 prices from the Gradual Development scenario are taken in this analysis. For more
details, it is referred to (Auer et al., 2020b).
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sions remain constant until 2050. This assumption leads to average building
cost parity between Case A - Baseline and Case C - Network in 2046 as
indicated by the red diamond. Increasing decarbonization achievements of
the district heating generation mix (i.e., the stronger convex curvature of
the solid black line Case A - Baseline as a result of halving district heating
specific emissions from 2030) achieve earlier cost parity (green diamond in
2043). Moreover, the yellow marked area indicates the resulting total end-
user cost-savings after the trade-off years. These cost-savings also increase
with stronger convex curvature.

4.3.5. Result comparison with benefit indicators

Finally, this section conducts a results comparison using selected highlights
of the introduced benefit indicators. Figure 4.24 shows the capability and
resource benefit indicator results.

Figure 4.24.: Qualitative evaluation of capability benefit indicators including energy supply-
side options in the three Cases A, B, and C

They qualitatively assess the energy supply-side options in the different Cases
A, B, and C. Note, that the analysis of the quantitative energy supply-side
mix has not been the focus of this work. Thus, the discussion is qualita-
tive in nature. Nevertheless, Case A (marked by the solid gray line) enables
the integration of various distributed energy generation technologies, notably
on-site PV systems for local electricity self-generation. In addition, limited

94



4. Results

integration potentials for geothermal, waste, solar thermal, green gas, and
heat pumps exist. The main reason for this is the already existing heat sup-
ply of the special consumers within the neighborhood by the district heating
network. Case B - Electrification may boost both technologies, on-site PV
systems and small-scale heat pumps. As before, integration potentials for
further technology/resource options are limited. In addition, the share of
local PV self-consumption may significantly increase as a result of the elec-
trification of the cooling supply. In Case C - Network, sustainable heat gen-
eration resources, such as geothermal, waste, solar thermal, green gas, and
heat pumps, can be used to enable deep decarbonization in the heat supply.
In particular, in the context of fueling cogeneration plants for feeding into
the district heating grid, green gas may deliver a significant contribution in
this deep decarbonization pathway.

Figure 4.25 shows further selected (and partly quantitative) benefit indicators
related to the definition in Tables 3.3-3.6.

Figure 4.25.: Quantitative benefit indicators comparison between the three Cases A,B and
C

Thereby, in the two alternative decarbonization pathways, both a significant
reduction in CO2 emissions and natural gas forex savings can be achieved.
However, as indicated in both illustrations in Figure 4.25a&b, the real-world
application achievements of deep decarbonization in Case B and Case C may
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substantially depend on the energy supply-side mix. Furthermore, Figure
4.25c compares the two decarbonization pathways with results from the status
quo in Case A. The massive district heating and cooling network expansion
in Case C results in significant increasing costs related to the distribution
grid (see also the increasing total distribution line length). At the time,
the increase in costs is significantly lower in Case B. Furthermore, the high-
efficient electricity-based energy service supply in Case B leads to a significant
reduction of the Peak (max) connection capacity in the neighborhood. In
Case C, this capacity is almost constant compared with Case A.

96



4. Results

4.4. Socially balanced subsidy strategy for investment
in sustainable heat supply to buildings

This chapter presents the results of the third research question as presented
in (Zwickl-Bernhard et al., 2022a). It presents the most relevant quantitative
results of the proposed case study. A detailed description of the case study
can be found in Appendix D. Section 4.4.1 elaborates on the district heat-
ing option in the Directed Transition scenario. Section 4.4.2 focuses on the
implementation of a heat pump system in the Societal Commitment scenario
where the model indicates feasible solutions for a retrofitted building with a
lower heat demand only (compared with the default settings). A comparison
of the results of the district heating and heat pump-based heat supply in
the different scenarios quantified in this work is conducted in Section 4.4.3.
Finally, Section 4.4.4 presents the results in case of varying CO2 pricing cost
allocation between the property owner and the tenants.

4.4.1. District heating in the Directed Transition scenario

This section presents the results of the district heating implementation in
the Directed Transition scenario in detail. Figure 4.26 shows the net present
value of cash flows in general, and revenues in particular, of the property
owner and a single tenant within the time horizon of 2025-2040. Figure 4.26
(top left) presents the different items of the property owner consisting of
the overnight investment costs, investment grant, and rent-related revenues.
Note that the latter represents the additional rent-related revenues due to
the newly installed sustainable heating system. Figure 4.26 (bottom left)
shows the development of the property owner’s net present value of their
cash flow over time. Thereby, it is shown that the investment pays off for
the property owner by zero in 2040. The two Figures 4.26 (top right, bottom
right) illustrate the corresponding tenant’s cash flow items (top) and total
net present value (bottom) until 2040. The tenant receives subsidy payments
from the governance between 2025 and 2030. Thus, the tenant’s net present
value in 2040 matches the value in the reference case. The reference case
considers constant remaining rent and heat-related costs for the tenant based
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on the initial rent, gas-based heat system parameters, and CO2 prices as of
2025. In the years 2025-2029, the subsidy payments exceed the heating costs
of the tenant. Note that the tenant already pays a higher rent charge to
the property owner within the same period (see the yellow bars in Figure
4.26 top left). Most importantly, the tenant’s reference net present value
("Ref. (Gas/2025)"; gray dashed line in the Figure 4.26 bottom right) shows a
crucial aspect of the results and assumptions of the analysis which requires an
explanation. Since "Ref. (Gas/2025)" is used as the initial tenant’s spending,
the results also take into account the total opportunity costs (i.e., those costs
that would be incurred by sticking to the initial gas-based heating system
for the tenant due to a rising CO2 price). Note that the openENTRANCE
decarbonization scenarios used in this work do consider both a significant
increase of the CO2 price and a decrease of the specific emissions of the
district heating and electricity fueling mix. The quantitative results indicate
that the heating system change in this scenario is achieved with manageable
total governance subsidies.

4.4.2. Heat pump and building stock quality in the Societal
Commitment scenario

Interestingly, the model indicates for the heat pump implementation in the
Societal Commitment scenario is an infeasible solution. The reason for that
is, among others (investment costs of the air-sourced heat pump and the
electricity price), the high heating demand used in the default input settings2.
Therefore, in the following the focus is put on the impact of different building
renovation levels, the associated heating demand decrease, and finally the
impact on the feasibility of the model.

Figure 4.27 shows the results of the heat pump implementation in the Societal
Commitment scenario for four different building qualities (and thus heat de-
mand levels) in detail. Since the initial setting of the default building in terms

2The high electricity demand resulting from the low COP and related increasing elec-
tricity costs need high subsidy payments for the tenants in this case. Against the back-
ground of comparable low investment costs of the property owner, Equation 3.40 cannot
be satisfied.
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Figure 4.26.: Development of the property owner’s and tenant’s economic viability of the
district heating option in the Directed Transition scenario. Top left: property
owner’s cash flows, bottom left: property owner’s net present value, top right:
tenant’s cash flows, bottom right: tenant’s net present value

of total and peak heat demand leads to the infeasibility of the model, the fol-
lowing three additional renovation levels are studied: 10 %, 20 %, and 30 %
reduction of both the total and peak heat demands. In Figure 4.27 (top left),
the corresponding settings of the specific heat load (describing building qual-
ity) are indicated. In case of a 10 % reduction of the heat demand, the prop-
erty owner receives a significant investment grant equivalent to 29 % of the
property owner’s total overnight investment costs of the building retrofitting
measures (Fig. 4.27 top right). The associated tenant’s subsidy payment
takes place between 2025 and 2030 with a maximum of 2040 EUR/year (Fig.
4.27 bottom left). The rent charge adjustment and related revenues remain
almost constant during the period (Fig. 4.27 bottom right). In the case of a
20 % reduction of the heat demand, the property owner receives only a small
investment grant related to the total overnight investment costs (2 %). The
tenant’s subsidy payment takes place between 2025 and 2032 with a maxi-
mum of 2556 EUR/year. The property owner’s rent-related revenues increase
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until 2031 and then remain constant. In the case of a 30 % reduction of the
heat demand, the property owner receives as before a small investment grant
(3 %). Instead, the property owner makes significant rent-related revenues
(the highest among the three renovation levels). The tenant gets subsidy
payments in most years, excluding 2026 and 2028 to 2030 (mainly as a result
of the matching of the CO2 price and the specific CO2 emissions of the fuel-
ing energy mix). The maximum is 2796 EUR/year in 2040. The lower heat
energy-related costs as a result of the building renovation lead to higher rent
charge payments. Hence, smaller investment grants supporting the property
owner are sufficient.
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Figure 4.27.: Comparison of the heat pump option in the Societal Commitment (SC) sce-
nario for different renovation levels. Top left: governance’s objective value,
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payment per unit, bottom right: property owner’s rent-related revenues in
total
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4.4.3. Governance’s total subsidies in the different scenarios

In this section, a comparison of the governance’s total subsidies for district
heating (DH) or heat pump (HP) implementation in the different scenarios is
conducted. Table 4.2 and Figure 4.28 present the result of this comparison.

District heating (DH) Heat pump (HP)

Governance’s total financial support
DT GD LD SC GD LD

(1.5 ◦C) (2.0 ◦C) (-) (1.5 ◦C) (2.0 ◦C) (-)
Absolute in thous. EUR 211.4 195.5 190.1

in
fe

as
ib

le

in
fe

as
ib

le

351.5
Rel. change in % of LD (DH) 11.2 2.8 - 82.6
CO2 tax revenues in thous. EUR 66.6 38.9 25.7 10.3
Public financial deficit in thous. EUR 144.8 156.6 164.4 341.2

Table 4.2.: Comparison of governance’s total financial support for the different heating
system alternatives and scenarios (incl. CO2 tax revenues and public financial
deficit)

In summary, the following interesting observations are made:

• The total subsidies across the three district heating cases are relatively
stable and are within 11.2 %.

• The heat pump implementation in the two decarbonization scenarios
Societal Commitment and Gradual Development is infeasible for the
default setting of the building quality (see discussion already in Section
4.4.2).

• Only the low CO2 price development scenario provides a solution for the
heat pump but with a significantly higher subsidy +82.6 % compared
with the lowest subsidy scenario.

• The public financial deficit (governance’s total financial support minus
CO2 tax revenues) is the lowest (144.8 thous. EUR) in the Directed
Transition scenario.

When comparing Table 4.2 and Figure 4.28, it is important to note that the
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Figure 4.28.: Comparison of governance’s total financial support for the property owner
and the tenants for the district heating (DH) and heat pump (HP) implemen-
tations in the different scenarios

property owner’s rent-related revenues (orange bar) are an "implicit" subsidy.
Hence, the governance’s total financial support is equal to the sum of the ten-
ants’ heating costs subsidy (purple bar) and the property owner’s investment
grant (blue bar).

4.4.4. Allocation of carbon pricing related costs between the
governance, property owner, and tenant

This section examines the impact of the costs of inaction (i.e., sticking to
the initial gas-based heating system) on the governance’s total financial sup-
port. In detail, this means that the CO2 costs (i.e., opportunity costs) to be
expected due to increasing CO2 prices have to be allocated to the different
parties/agents (or a single one): governance, property owner, and tenant.
Table 4.3 shows the objective value (absolute value and relative change in %
from GD (DH)) for different allocations of opportunity costs. Exemplarily,
"Equally" (first row in Table 4.3) takes into account that the CO2 costs are
shared equally among the governance, property owner, and tenants. Each
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of them bears one-third of the costs. Note that the scenario setups from
Section D.4 (i.e., GD (DH)) considered so far that the total costs of inaction
are covered by the governance (see Equations 3.48 and 3.50). The mathe-
matical formulation of the modifications here in this section can be found
in D.1. Most importantly, the highest total subsidy reduction is obtained
when the property owner has to cover the costs of inaction (-49 % compared
with the reference value). The second highest reduction is achieved when the
opportunity costs are shared equally within the building among the property
owner and tenants (-34 %). Equally allocated opportunity costs reduce the
total subsidy by 25 %. It is evident that an even allocation between the gov-
ernance and the tenants (fourth row in Table 4.3) hardly leads to a reduction
of the objective value. The main reason for this is the financial support of
the property owner, which is necessary to create an investment incentive and
the fact that the financial support between the property owner and tenants
necessarily has the same net present value.

Building upon, Figure 4.29 shows the objective value for the varying property
owner’s interest rates. The varying property owner’s interest rates have two
important impacts. First, a decreasing interest rate reduces the objective
value as revenues are discounted less (see Fig. 4.29 for a fixed property
owner’s share in costs of inaction, e.g., 0.2). Second, as the interest rate
decreases, a feasibility limit becomes apparent. This means that the feasible
maximum of the property owner’s share in costs of inaction depends on the
property owner’s interest rate il (e.g., 100 % for il = 10 %, 70 % for il = 5 %
and 60 % for il = 3 %). Two interesting energy policy implications can be
derived from the results here:

• In case the property owner is very much profit-oriented (e.g., an interest
rate of 10 %) and the governance’s total subsidy payments are to be kept
as low as possible, complete allocation of the CO2-related opportunity
costs to the property owner results in a cost-optimal strategy.

• In contrast, in case the property owner rather serves a public-benefit
purpose (e.g., an interest rate of 3 %), the CO2-related opportunity
costs allocation among governance, property owner, and tenants is an
adequate strategy.
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Figure 4.29.: Comparison of the objective value for varying property owner’s interest rates
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105



5. Synthesis, discussion, and
interpretation of the results

This chapter provides a synthesis of the results. In particular, the main
findings for each research question are broadly discussed. This includes the
aspects such as the transferability of the results and the proposed underlying
methodology. In addition, the strengths and limitations of our work and
point out the lessons learned are critically discussed. The chapter is divided
into four Sections 5.1 to 5.4, one for each research question.

5.1. District heating 2050 (RQ1)

What would a deep decarbonization of building heat demands in Austria by
2050 look like, and what are the implications of this sustainable energy mix
for district heating?

The research question at hand is addressed by using a simplified optimiza-
tion model that scales down the cost-optimal solution of the European energy
system to the level of Austrian communities. By analyzing the heat supply
portfolio, it becomes possible to estimate the potential heat density and eco-
nomic efficiency of district heating networks. The findings indicate that, by
2050, there will be a significant increase in the use of electricity-based heat
supply, as a result of the complete substitution of natural gas in energy sys-
tems and building heating. However, other renewable heat sources, such as
waste heat, biomass, and geothermal heat, will also play a considerable role
in meeting the heat demand of buildings. The cost-optimal supply of building
heat will be affected by the regional availability of renewable heat sources.
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The three renewable heat sources mentioned above, together with the lim-
ited use of hydrogen and synthetic natural gas, will require district heating
networks for their efficient use and integration on a scale. Consequently, the
supply of building heat will become a regional issue, which highlights the
importance of optimal regional heat supply solutions in the future. This will
require the extension and density of existing district heating networks and
the development of new supply areas. The latter is likely to lead to some
district heating networks in areas where today’s heat densities, which indi-
cate economic viability, are not achieved. This leads directly to the question
of under what conditions these district heating networks with comparable
low heat density can nevertheless be operated economically in decarbonized
energy systems. Ultimately this will be a question answered by the compet-
itiveness of district heating with other heat supply options. On the supply
side, two main stages can be outlined. In the near future, district heat-
ing networks will compete primarily with gas heating systems and, in the
medium to long term, with electric-based heating systems such as small heat
pumps. However, the development of building renovation (i.e., the demand
side) is also highly relevant and is able to drive the share of district heating
in both directions. On the one hand, it is to be expected that the heating
demand and thus the heat density of district heating areas will decrease in
the course of renovations; on the other hand, it is also conceivable that more
efficient buildings will make areas eligible for district heating supply. This
refers to the reduction of the flow temperature of district heating networks
when supplying buildings with a high standard, which makes the integration
of renewable heat sources possible in the first place.

The basic trend towards more district heating that is emerging in the results
for Austria by 2050 is probably also transferable to other European countries.
The European decarbonization targets in the building heat sector make a
change in the energy generation mix necessary, which is likely to lead to more
district heating in other countries as well, for the aforementioned reasons of
the highly efficient integration of renewable heat sources. Whether this will
inevitably also lead to the supply of areas with lower heat density by district
heating is difficult to assess in general terms. What is certain, however, is
that building renovation will be necessary in other regions of Europe, for
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example. This certainly indicates that the heat densities of district heating
networks in other regions are also likely to be lower than those operated
economically today. In any case, a detailed further analysis of other regions
regarding their shares of district heating might be necessary.

A primary strength of the proposed method is certainly its simplicity, with
which aggregated values of the cost-optimal heat supply of the European en-
ergy system can be projected to the level of district heating networks. In
principle, the choice of heat sources in the energy generation mix in con-
nection with district heating networks can be very flexible and tailor-made
selected. Thus, the method offers the possibility to estimate quickly and with
few assumptions where district heating networks could be located. In addi-
tion, the supply-side determination of district heating networks of the method
also allows rough statements on the electrification rate. The previous point
leads frankly to the limits of the method. The downscaling results heavily
depend on all assumptions that are implicitly assumed in the aggregated val-
ues or in the large-scale energy system model. If there is no differentiation
between small and large heat pumps or if, for example, geothermal energy
is not considered a heat source, difficulties arise in the proposed method-
ology. Besides, the proposed spatial resolution is another limitation of the
methodology. While the community level already represents a very high spa-
tial resolution of aggregated values (i.e. at the national level), it is still very
highly aggregated for detailed planning of district heating networks. The
planning of district heating networks is usually done at the level of districts
or even streets, i.e. at a level where statements about the length of the re-
quired pipelines, the exact location of the feeders and consumers can be taken
into account and not only an average value of the heat density is known. Fur-
thermore, and this is the supposed last point of limitation worth mentioning,
the heat density is only the first rough indicator of the economic efficiency of
district heating networks. The extent to which the heat density of economic
district heating networks will change in the course of the decarbonization of
the entire energy system is unclear. Generally, development in both direc-
tions is conceivable, i.e., toward higher or lower heat densities for economic
operation.
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5.2. Cost-effective gas network decommissioning
(RQ2)

Which decommissioning and refurbishment investment decisions result in a
cost-effective gas network infrastructure by 2050?

The research question is addressed by developing a tailored graph-based op-
timization model which is then applied to an Austrian case study at the
federal-state level. Although the model was developed specifically for the
present case study, general observations can be made with an eye on the
findings. The results clearly show that both elemental decisions, i.e. de-
commissioning and the refurbishment investment of the existing gas network
infrastructure, will be taken by 2050. This also applies, considering a signifi-
cantly reduced gas demand in the course of the decarbonization of the energy
system in the coming years and decades. The split between decommissioning
and investment decisions will ultimately depend on how the cost-optimality
of gas-based energy services in decarbonized energy systems is determined. If
there is a demand for gas in the future, it is likely that piped gas will be the
most cost-effective way to deliver it. Other alternatives, such as stand-alone
solutions, are much more expensive and therefore not a realistic option.

However, with the overall demand for gas falling, the question for gas net-
work operators will be how to concentrate demand and consumers and still
meet significant volumes of demand with fewer pipelines and a smaller net-
work. On the one hand, this probably can be achieved by identifying and
using duplicate structures in the existing network or by rerouting (i.e. sup-
plying consumption via another pipeline). At the same time, the question
of regional biomethane production and integration into the existing gas grid
arises. In particular, the decentralized nature of biomethane production could
be another driver for re-investment and still large networks. In this case, the
decision to decommission high-pressure pipelines would also be strongly in-
fluenced, as these are likely to be needed for the inter-regional transport of
biomethane. At present, biomethane is mainly connected to the mid-pressure
network level. It is likely that recompression from the mid-pressure to the
high-pressure network level will be required for the inter-regional transport
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of biomethane. From today’s point of view, this is not promising, as recom-
pression requires high energy consumption. However, as the demand for gas
decreases, the operating pressure levels of the gas networks can be expected
to decrease. This will open the door to more uniform and lower pressure lev-
els, leading to significantly lower energy requirements for compression. The
reasons for re-investment are thus not only the point of aging of the existing
network, which is dealt with in detail in this work but also the changed trans-
port and supply task due to a strong integration of biomethane production.
Against the backdrop of refurbishment investments and considerably reduced
demands, an increase in network charges is also able to be expected. In our
work, an optimistic assessment in this regard has been made, namely, that
network charges will remain constant until 2050 compared to today. An in-
crease in network charges to ultimately compensate for the declining demand
and number of customers may also further reduce the economic viability of
gas compared to other energy supply options (e.g., electrification of energy
services). The higher network charges exemplarily can be implemented, as
suggested in our work, through the socialization of the additional costs to the
remaining consumers. Eventually, this discussion will also include not only
the socialization of costs within a network but also whether the socialization
of costs between networks (i.e., electricity, gas, hydrogen) can be justified.

With regard to the transferability of the results, some very clear trends can
be identified. On the one hand, independent of the present case study, it
can be deduced that even a low-utilized network and thus pipeline transport
is significantly cheaper than the alternative (i.e. trucks and local storage).
However, it also emerges that the cost-optimal gas network will be a regional
issue, which may be unsatisfactory in terms of transferability. The trajectory
of gas networks in the future will depend not only on the regional demand and
production of gas and biomethane but also on the availability of alternatives
(e.g. possible access to electricity and hydrogen networks). In some countries,
such as Germany, Italy, or Austria, regional biomethane production will play
a major role in the future role of gas networks.

A major strength of the approach is that differences in the future gas network
infrastructure can be made quantitatively visible. In this way, the aspect of
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cost-optimal handling of the available gas demand in the future is taken into
account and raised. The parameter of gas demand, which often dominates gas
network modeling and is usually defined exogenously, is critically examined
here and its influence is investigated. The long-term planning horizon allows
for the investigation of long-term decarbonization and its impact on the gas
network infrastructure. However, for computational reasons, this long-term
perspective requires a limited temporal resolution within one year (a monthly
resolution was chosen as a compromise), which means that hourly demand
peaks can only be modeled to a limited extent. This could lead to an un-
derestimation of gas network rehabilitation investments, as it only partially
captures daily peak demand and the associated need for network flexibility.

5.3. Distribution infrastructure of local neighborhoods
(RQ3)

Which alternative distribution grid capacities and sector coupling technologies
are required to ensure adequate, but sustainable development in the provision
of local heat energy services (e.g., space heating and hot water)?

The research question has been addressed by using two existing open-source
energy system models. In particular, the different scope of the models (one
focuses on temporal resolution, the other on spatial resolution) enables us to
determine not only the required capacities of the heat generation technologies
but also the transport capacities of the electricity, gas, and district heating
distribution grids. To demonstrate how an adequate, but sustainable devel-
opment in the provision of local heat service needs would look like, a small
neighborhood in a densely populated area in Vienna has been selected. So
far, this area’s heat demand is mainly covered by gas, whereas there is a pos-
sibility of being connected to the existing district heating network. Based on
the existing distribution grid, the required capacities, investments, and costs
are calculated for a scenario where the heat demand is mainly electrified and
a scenario where the heat demand is covered by the district heating network.
In the electrification scenario, the results indicate that the existing distribu-
tion grid capacities can essentially handle the additional load of electric heat
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supply within the neighborhood. However, large investments are needed in
heat generation technologies, such as small heat pumps in buildings to re-
place existing gas-based heating systems. In the district heating scenario,
the results indicate that large investments into the district heating grid and
its transport capacities are required. Nevertheless, the comparison with the
"no action" scenario, which maintains the current gas-based supply, shows
the economic advantage of the district heating scenario when an increasing
carbon price is assumed.

The present results are essentially transferable to other neighborhoods and
areas with comparable characteristics in terms of heat demand and heat de-
mand density. This is especially true for densely populated urban areas with
a high share of gas-based heat supply. However, even if the characteris-
tics of the areas are similar, some factors are relevant and need to be taken
into account when it comes to transferring the present findings to other ar-
eas. Essential for the findings is namely the fact there is an existing and
well-developed electricity distribution grid and a possible connection to an
existing district heating network. The possibility of connection is an ar-
gument that the district heating network on its supply side can meet the
additional heat demand of the neighborhood. In most cases, the latter can
be assumed small compared to the total heat demand covered by the net-
work. Besides, (local) energy prices play a key role when it comes to the
question of whether or not results are transferable and should be taken into
consideration. In particular, the district heating prices are important for the
finding of the previously mentioned economic advantages compared to the
existing gas-based heat supply. The specific carbon emissions of the district
heating network are also relevant, as rising carbon prices have a significant
impact not only on the cost of gas but ultimately also on the price of district
heating depending on the share of carbon-emitting energy carriers in the heat
generation mix. As with the price of district heating, the same applies to the
electricity price and its dependence on the carbon price.

Strengths of the methodology used lie in the comparison of the two most-
realistic decarbonization options for the heat supply in urban neighborhoods.
In particular, the method allows considering the existing distribution grid
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infrastructure, which is essential when assessing quantitatively the costs of
decarbonizing heat supply with the cost of sticking to a gas-based heat supply.
Moreover, as all the available heat demand is covered when switching to the
district heating network, the approach reveals the future trade-off between
the additional supply of as much heat demand as possible in an already
developed supply area (i.e., going in the direction of connection commitment)
and the possible supply of sub-areas with low heat density. This aspect ties
in with research question 1 and underlines its importance.

Limitations of the methodology include the cost components considered. So
far, only the costs of distribution network expansion and small heat pumps
have been included. For the district heating network, for example, no costs
are included for the additional heat generation capacity. It is simply assumed
that the district heating network can cover the additional heat demand with-
out additional costs on the generation side. This assumption reduces the
comparability of the two sustainable heat supply scenarios. Moreover, the
impact of electric vehicles is not considered. Electric vehicles are likely to
put a greater strain on the electricity distribution grid, which may require
more investment in the grid. In fact, this can already be seen in Norway, a
country with a significantly high share of electric vehicles and electric heat
supply. The distribution grid operator there sees district heating as a ma-
jor opportunity to reduce the load on the electricity distribution grid. This
is remarkable because district heating has not played a significant role in
Norway so far. The reasons for this are the lack of economic efficiency (the
price of cheap electricity essentially determines the price of district heating
for customers) and the comparatively low heat densities. Furthermore, costs
incurred by implementing either district heating or a small heat pump in the
buildings are only partially reflected. In principle, it is difficult to estimate
these costs within the building from the perspective of the distribution net-
work operator without knowing the relevant characteristics of the building.
Not only the size of the building in terms of individual apartments but also
to what extent components of the existing heating system are used play a key
role. For example, if a water-based heating system is already in place, the
switch to either district heating or a small heat pump can build on existing
water pipes within the apartments. In particular, this question of what is
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necessary to trigger a sustainable heat supply in buildings is below addressed
in research question 4.

5.4. Cost-optimal and socially balanced subsidization
(RQ4)

What is a cost-optimal and socially balanced subsidization strategy for a multi-
apartment building to trigger investments in a sustainable heat supply?

The research question is investigated based on a representative multi-apartment
building in an urban area that is currently heated with gas. Decarbonization
of the building achieves either a connection to the district heating network or
the installation of small heat pumps. A developed and tailor-made optimiza-
tion model enables the determination of a cost-optimal and socially balanced
heating switch from the governance’s perspective, taking into account the
individual strategies of the property owner and tenant. Essentially, the fo-
cus is on the split between investment grants, which reduce the property
owner’s overnight investment costs, and subsidy payments, which reduce the
tenant’s heating and rent costs. Against this background, the cost-optimal
and socially balanced subsidy strategy is defined as an equal split between an
investment grant, a rent increase, and a heating subsidy. The main findings
show that the district heating option is advantageous compared to the small
heat pump option.

Transferability of the results is given in particular for buildings in urban
areas and densely populated areas where currently heating systems are also
based on gas. Even for larger or smaller buildings (in terms of number of
apartments), the main findings are likely to be transferable. As described in
the text of the previous research question 3, energy prices of district heating
and electricity are important and could lead to the results in one or the
other direction, and thus total subsidies are required. However, even if other
energy prices are assumed, the results point in a similar direction as described
above. This can be drawn from the conducted sensitivity analysis regarding
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the allocation of a rising carbon price between the property owner and tenant.
It is made on the assumption that waterborne heating systems are in place
and their components can continue to be used after the heating system has
been replaced. This assumption should be true for most countries, as gas-
based heating systems are actually always waterborne. However, an example
should also be given where this is not the case. Norway, a country that was
already used as an example in the discussion of research question 3, is to
be assessed differently in this respect. If one were to examine a comparable
multi-apartment building there and consider a switch of the heating system
(e.g. from inefficient direct electricity heating to more efficient small heat
pumps or district heating), costs would have to be expected, some of which
would be considerably higher, as additional water pipes would have to be
laid in the apartments. However, as mentioned above, distribution system
operators in Norway do consider such cases, as electricity distribution systems
in particular are already sometimes operating at their limits and all possible
measures to relieve the pressure on the systems are being evaluated.

The strength of the methodology used is that the cost-optimal governance
solution respects the individual strategies of both the owner and the tenant.
This ensures not only a theoretically optimal cost-optimal solution but also
practicality. As the methodology incorporates the costs associated with a
rising carbon price (and therefore rising heating costs for the tenant), events
such as the energy price rally in 2022, when energy prices rise dramatically,
can be easily incorporated into the solution-finding process. In addition,
the method enables an investigation of the relation between the switch of
the heating system and the building renovation. This corresponds to the
consensus that both aspects of urban areas have to be considered together.
Indeed, it is very important to consider the efficiency of small heat pumps
in the modeling, especially when looking at social balance. Inefficient small
heat pumps, which are to be expected in most cases in urban area buildings
without building refurbishment, lead to comparatively high energy costs that
can hardly be compensated in the model by subsidies to the property owner.
In contrast, the district heating solution in refurbished proves to be somewhat
more robust and flexible in this regard.
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Although the focus of the model/method is on the replacement of the existing
gas-based heating system, some relevant aspects are only considered to a
limited extent perhaps. In particular, the findings on the strong influence of
building renovation on the results show that special attention should be paid
to the modeling of building renovation. However, the modeling of building
renovation is limited. Particularly in urban areas with a high proportion of
old buildings, the extent to which refurbishment can be carried out must
be carefully examined. The associated cost aspects and the effects on the
heating load or heating systems could be improved. From a very practical
point of view, the aspect of changing tenants should certainly be mentioned.
This point becomes particularly explosive when temporarily higher costs arise
for the tenant. The extent to which this cost increase can be borne by the
tenants from a social point of view is not currently being considered.
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A broad consensus exists on phasing out fossil natural gas as part of decar-
bonizing the energy system. However, its far-reaching implications in various
dimensions (e.g., economic, technological, social) are still unclear. Against
this background, the present work seeks to contribute to a clearer picture of
an energy system without fossil natural gas focusing on sustainable building
heat supply and gas networks. The research questions addressed in this thesis
highlight the economic benefits and challenges of the energy system’s natural
fossil gas independence at different levels and perspectives. Moreover, the
thesis underlines how maintaining dependence on fossil natural gas can lead
to an even more socially unbalanced energy system in the future.

While the downscaling of European decarbonization scenarios to the level of
communities brings light on the economic efficiency of future district heating
networks, the coupling of different open-source models with a focus on the
spatial and temporal resolution reveals which electricity and heat distribution
grids are required in gas-free urban neighborhoods. While typical energy sys-
tem models tend to overlook social equity aspects, developing a tailor-made
model demonstrates how to achieve a socially balanced "last mile" of heat
decarbonization for multi-apartment buildings, considering the different in-
terests of property owners and tenants. Given declining natural gas demands,
a simplified techno-economic model for the trajectory of future gas networks
proves to be appropriate in discussing up-to-now taboos such as supplying or
not supplying future gas demands.

Decarbonizing the energy system will change the framework of (existing)
business models. For example, district heating networks are likely to be
driven by the ability to efficiently integrate local renewable heat sources,
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even in areas where they would not be built today for current economic
reasons. Gas network operators are confronted with the issue of deciding
regionally to no longer meet the available but strongly declining demand for
gas, as reinvestment because of the aging of the pipelines or simply operating
the network is no longer economically justified. Both aspects underline the
regional dimension in deciding how to deliver energy services in future energy
systems. In terms of how they are delivered, a "MWh" demand thus needs to
be likely treated differently depending on the region and location in future
energy systems. Against this background of intentional regional differences
in the provision of energy services, and because the costs of inaction will
exacerbate injustice, social equity needs to increasingly come to the forefront.
Exactly what that can look like is certainly a big challenge, but the work has
shown an example of the equitable and sustainable heating system switch in
rented multi-apartment buildings.

The study’s findings rigorously analyze and showcase the capability of a large-
scale energy system model for district heating and demonstrate the economic
viability and equitable social impact of gas-free neighborhoods and build-
ings. The latter is particularly evident when considering the effect of mon-
etary and regulatory incentives triggering the switch to sustainable heating
systems. Furthermore, the cost-effective trajectory of gas networks provides
applicable insights for policymakers, as related results reveal the trade-off de-
cision between investment costs, expected revenues/purchase streams of gas
pipelines, and supplying or not supplying available gas demands.

The work has methodological limitations that necessitate downstream analy-
ses. For instance, if the economic efficiency of district heating networks at the
community level cannot be adequately evaluated based on the heat density, it
may be necessary to further downscale the results to the neighborhood or even
the building level. Additionally, concerns about the impact of other energy
services, such as mobility or cooling, on distribution networks may require an
extension of the energy demand under consideration. Therefore, electricity,
heat, mobility/transport, and cooling must be considered. At the building
level, the individuality of agents (e.g., tenants) could be more robustly in-
corporated. Implementing different willingness to pay for the sustainable
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provision of energy services or, more fundamentally, agent-based modeling
can consider these aspects. Analogous to the willingness to pay of agents, a
finer differentiation between gas demand and the associated energy service
it covers could strengthen the statement of whether gas demand is economi-
cally supplied. Ultimately, this question can only be answered by looking at
which alternative is possible and what is required for a stand-alone solution
regarding hubs, local storage, and transport options.
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This final chapter provides an outlook for future work that builds on this
thesis. Four different ideas/questions are described, each closely related to
one of the previous research questions. Each idea is discussed by first formu-
lating an open question that could be the starting point for future research.
A broader discussion then follows in a second step.

Refining assumptions in large-scale energy system
models based on downscaling results

Open question: How can the obtained district heating networks and their
heat densities be returned into more aggregate and large-scale energy system
models, such as GENeSYS-MOD, in the sense of a feedback loop? More
generally, how can results from local energy systems be used to refine the
assumptions and modeling of aggregate energy system models?

The following remarks are based on the ongoing work of the author published
in (Zwickl-Bernhard and Otti, forthcoming). Ultimately, the question heads
in the direction of how to increase the plausibility and realism of pathways
at the European level. In fact, best practices for elucidating the cornerstones
of sustainable energy systems are mainly built on model-based integrated
analyses. These models are, in particular, large-scale energy system models
that focus on the long-term decarbonization of energy systems. Their broad
vision of energy systems typically determines the optimal investment decision
and deployment of energy generation technologies and infrastructure at the
national or subnational level. However, the increasing complexity and size of
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the models (e.g., due to the integration of further sectoral demands such as
heat and transport or the consideration of a finer spatial granularity) require
simplifications with respect to various domains in the modeling, mainly to
keep computation time within reasonable limits. The scope here is to address
one of these simplifications often made in the representation of the heat sector
in large-scale energy system models. The focus is on district heating and its
role in large-scale energy system models because this centralized heat supply
option is often neglected and not explicitly considered in these models. Even
when district heating is considered in large-scale energy system models, it is
usually quantified aggregated values at the country level. This has proven to
be an insufficient spatial resolution for the analysis of district heating, as at
this resolution, for example, a realistic representation of infrastructure-related
investments is significantly limited or even impossible. There is no doubt that
most decarbonization pathways show a strong trend toward the electrification
of the heat sector. However, this trend does not necessarily say anything
about district heating, which is essentially a heat transport infrastructure but
can also be “fueled” electric (e.g. large-scale heat pumps). The focus here is
therefore on the trade-off between district heating (centralized) and building
heating (decentralized). The problem with large-scale energy system models
is that they cannot separate these two types of heating infrastructure.

The author’s first preliminary results on the topic have already been pub-
lished (see in Zwickl-Bernhard and Otti (forthcoming)). They are based on a
newly developed methodological approach, which is based on the method de-
scribed in Section 3.1. A detailed description of the methodology is therefore
not given here and reference is made to the literature cited above. Instead,
selected key findings are briefly exemplified.

• First, large-scale energy system models should separate heat pump gen-
eration into large-scale and small-scale. This could significantly improve
the relevance of their solution for further in-depth analyses (e.g., then
not all heat generation of heat pumps can be used for district heat-
ing). The electrification of heat demand is identified together with high
shares of unused other heat sources (e.g. waste heat and geothermal)
that could be used at the same time to relieve the electricity sector.
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• Second, the representation of geothermal sources can be improved.
However, this may also lead to the need for improved representation
of large-scale heat storage and how to enable a seasonal shifting of heat
generation. In addition, the use of waste (incineration) should be ex-
amined in detail as this heat source is sometimes not represented in the
cost-optimal decarbonized energy system.

Development of gas network tariffs in decarbonized
energy systems

Open question: How will the expected increase in gas network tariffs due
to lower gas demand affect the economics of gas and sustainable energy al-
ternatives?

Until now, natural gas has mainly been transported through pipelines. This
has been done at a very low cost, so the impact of transport on the economics
of gas and its competitiveness with other fuels has been limited. However,
with declining demand for natural gas and lower utilization of gas networks,
it is expected that gas network tariffs, and therefore the cost of transport-
ing natural gas, will increase significantly. This raises the question of the
trade-off between maintaining the supply of energy services through piped
gas and other supply options. There are two straightforward supply option
alternatives. First, the trade-off between natural gas and sustainable energy
alternatives could be studied in detail. This refers to the shift in the eco-
nomic efficiency of the two energy options for providing an energy service as
a result of the increase in gas network tariffs. However, even if the intention
is to maintain a natural gas-based energy supply for some reason (e.g., for
the so-called "hard-to-abate" energy sectors/services), alternative gas supply
options to piped supply, such as stand-alone solutions combined with on-site
gas storage, could be possible.

Two selected aspects that are relevant when examining gas network tariffs in
decarbonized energy systems are briefly discussed below.:
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• The use of hydrogen has a direct impact on the share of natural gas, as
they are usually used as alternatives to provide the same energy service.
However, a number of questions remain unanswered in the context of
hydrogen supply. In addition to the question of where and how hydro-
gen will be economically produced in sustainable energy systems, it is
also unclear what the cost of transporting hydrogen will be. This raises
the question of how to set tariffs for hydrogen networks. This is par-
ticularly important in the early stages of hydrogen deployment. One
possibility is to link hydrogen network tariffs to gas network tariffs, but
other options are also possible. Linking to electricity network tariffs is
also seen as a practical and pragmatic option. These broadly outlined
options point very strongly in the direction of socialization of network
costs, as already indicated in this paper. However, more detailed work
is needed.

• Utilizing the available biomethane potential in future energy systems
offers the opportunity to meet gas-based energy services in a sustainable
way. Depending on local conditions, there is a significant aggregated
potential for biomethane production. However, it is likely that these
production facilities will be widely dispersed, as they achieve rather
small production capacities per unit. This leads to the need for an
extensive gas transport network to make biomethane usable on a large
scale. In view of this, the design of the gas network in the future may be
driven more by the production side than by the demand side. However,
it is not clear how the network tariffs of such generation-driven gas
networks will be distributed between consumers and producers.

Comparing individual and system approaches for
phasing out natural gas in building heating

Open question: Compared to an individual-oriented approach, is there an
economic advantage to a system-oriented optimal phase-out of natural gas in
the heat supply of urban neighborhoods?
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In European countries, national governments have decided to phase out the
use of natural gas for heating buildings. In Austria, for example, the aim is
to be gas-free by 2040. When it comes to practical implementation, there are
two implications. On the one hand, from the point of view of individual end
users (e.g., households), the question arises as to when is the optimal time to
switch heating systems (i.e., from gas boilers to sustainable alternatives such
as small heat pumps or district heating) from an economic point of view. In
addition to the expected evolution of energy prices, such as electricity, gas,
and district heating, this also depends to a large extent on the existing end-use
equipment (i.e., already fully depreciated, recently replaced, or refurbished).
On the other hand, gas distribution network operators are confronted with
issues of decommissioning and continued operation of existing parts of the
gas distribution network. The latter applies in particular to the low-pressure
gas network level. Investigating various representative supply areas could
shed more light on this and provide essential insights for decision-makers.
The following pathways of phasing out natural gas could be considered.

• Individual or end-customer-oriented decision planning and subsequent
decommissioning or operational decision of the gas distribution net-
work operator (i.e., the gas demand of the end customer determines
the decision regarding the natural gas distribution network)

• System-oriented optimization, which considers both viewpoints, i.e.,
the end customer and the distribution grid operator together

As an example, the results can provide insights into the possible financial
room for operating compensation payments for end-user equipment and the
development of gas network tariffs, especially at the low-pressure level.

Interaction between government subsidy payments and
carbon tax revenues in decarbonizing building heating

Open question: What is the interaction between government subsidy pay-
ments and carbon tax revenues when considering the public finance deficit of
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triggering a switch to sustainable heating systems in buildings?

This thesis has already presented a socially balanced subsidy strategy for
rented apartment buildings. The results show that in such a case massive
cash flows from the government to the owner and the tenant are necessary.
However, it can be argued that, from a governance perspective, the focus is
more on the public finance deficit and how to keep it as low as possible:

• The government faces high risks if rising carbon prices lead to an in-
crease in energy and heating costs for end consumers. A similar situ-
ation has been already observed in 2022 when high energy prices for
consumers, due to peak fossil natural gas prices, had to be mitigated
by massive compensation payments from governments. In such a sense,
the costs of inaction for maintaining natural gas dependency have been
carried by the governance. Of course, one can argue that the situation
of energy prices in 2022 was an outliner. However, the carbon price can
have an identical effect on energy and heating prices in the future. This
raises the question of how possible revenues from carbon taxes and sub-
sidies for sustainable building heating compare. How can a scattergun
approach be avoided and how can targeted incentives and measures be
designed to support property owners and tenants? Moreover this ques-
tions also the optimal timing for the governance of monetary support.

• When it comes to modeling end-user decisions, the literature suggests
that agent-based modeling approaches are valuable. For example, agent-
based modeling could be useful to incorporate that the socially balanced
subsidy strategy requires building renovation measures. However, this
reasonable aspect may affect the property owner’s position on the sus-
tainable heating system change and how a socially balanced subsidy
strategy can be determined. The high investment costs of renovating
a building can quickly exceed a property owner’s financial means, even
if the renovation and replacement of the heating system may generate
higher rental income in the future. A new socially balanced and cost-
efficient subsidization strategy between the three agents may be needed
in such a case.

125



8. List of papers

i Zwickl-Bernhard, Sebastian, Daniel Huppmann, Antonia Golab,
and Hans Auer (2022). "Disclosing the heat density of district heating
in Austria in 2050 under the remaining European CO2 budget of the
1.5 ◦C climate target". In Sustainable Energy, Grids and Networks 31,
p. 100775. doi: 10.1016/j.segan.2022.100775.

ii Zwickl-Bernhard, Sebastian, Antonia Golab, Theresia Perger, and
Hans Auer (forthcoming). "Designing a model for the cost-optimal de-
commissioning and refurbishment investment decision for gas networks:
application on a real test bed in Austria until 2050". In Energy Strategy
Reviews

iii Zwickl-Bernhard, Sebastian and Hans Auer (2022). "Demystify-
ing natural gas distribution grid decommissioning: An open-source
approach to local deep decarbonization of urban neighborhoods". In
Energy 238, p. 121805. doi: 10.1016/j.energy.2021.121805.

iv Zwickl-Bernhard, Sebastian, Hans Auer and Antonia Golab (2022).
"Equitable decarbonization of heat supply in residential multi-apartment
rental buildings: Optimal subsidy allocation between the property owner
and tenants". In Energy and Buildings 262, p. 112013. doi: 10.1016/
j.enbuild.2022.112013.

126

https://doi.org/10.1016/j.segan.2022.100775
https://doi.org/10.1016/j.energy.2021.121805
https://doi.org/10.1016/j.enbuild.2022.112013
https://doi.org/10.1016/j.enbuild.2022.112013


8. List of papers

Complementary publications during PhD project:

• Backe, Stian, Sebastian Zwickl-Bernhard, Daniel Schwabeneder,
Hans Auer, Magnus Korpås, and Asgeir Tomasgard (2022). "Impact
of energy communities on the European electricity and heating sys-
tem decarbonization pathway: Comparing local and global flexibility
responses". In Applied Energy 323, p. 119470. doi: 10.1016/
j.apenergy.2022.119470.

• Zwickl-Bernhard Sebastian, Marcus Otti (forthcoming). "Is the
decarbonization of the European energy system driving district heating
in Norway?". In 19th International Conference on the European Energy
Market (EEM), pp. 1-6

Other relevant publications during PhD project:

• Zwickl-Bernhard Sebastian and Hans Auer (2022). "Green hydro-
gen from hydropower: A non-cooperative modeling approach assessing
the profitability gap and future business cases". In Energy Strategy
Reviews 43, p. 100912. doi: 10.1016/j.esr.2022.100912.

• Zwickl-Bernhard Sebastian and Hans Auer (2021). "Open-source
modeling of a low-carbon urban neighborhood with high shares of local
renewable generation". In Applied Energy 282, p. 116166. doi: 10.1016/
j.apenergy.2020.116166.

• Zwickl-Bernhard Sebastian and Hans Auer (2021). "Citizen par-
ticipation in low-carbon energy systems: Energy communities and its
impact on the electricity demand on neighborhood and national level".
In Energies 14 (2), p. 305. doi: 10.3390/en14020305.

• Huppmann Daniel, Matthew J Gidden, Nicholls Zebedee and Sebas-
tian Zwickl-Bernhard (13 more authors) (2021). "pyam: Analysis
and visualisation of integrated assessment and macro-energy scenarios
[version 2; peer review: 3 approved]". In Open Research Europe 1, p.
74, doi: 10.12688/openreseurope.13633.2.

127

https://doi.org/10.1016/j.apenergy.2022.119470
https://doi.org/10.1016/j.apenergy.2022.119470
https://doi.org/10.1016/j.esr.2022.100912
https://doi.org/10.1016/j.apenergy.2020.116166
https://doi.org/10.1016/j.apenergy.2020.116166
https://doi.org/10.3390/en14020305
https://doi.org/10.12688/openreseurope.13633.2


9. References

Books

Afgan, Naim Hamdia and Maria da Graça Carvalho (2000). “Energy system
assessment with sustainability indicators”. In: Sustainable Assessment
Method for Energy Systems. Springer, pp. 83–125. doi: https://doi.
org/10.1007/978-1-4615-4479-1_5 (cit. on p. 12).

Dorfner, Johannes (2016). “Open source modelling and optimisation of en-
ergy infrastructure at urban scale”. PhD thesis. Technische Universität
München (cit. on pp. 51, 52, 55).

Journal Articles

Abdin, Zainul, Kaveh Khalilpour, and Kylie Catchpole (2022). “Projecting
the levelized cost of large scale hydrogen storage for stationary appli-
cations”. In: Energy Conversion and Management 270, p. 116241. doi:
https://doi.org/10.1016/j.enconman.2022.116241 (cit. on p. 48).

Alam, Md Saniul, Paul Duffy, Bernard Hyde, and Aonghus McNabola
(2018). “Downscaling national road transport emission to street level: A
case study in Dublin, Ireland”. In: Journal of Cleaner Production 183,
pp. 797–809. doi: https://doi.org/10.1016/j.jclepro.2018.02.206
(cit. on p. 156).

Allen, Amy, Gregor Henze, Kyri Baker, and Gregory Pavlak (2020). “Evalua-
tion of low-exergy heating and cooling systems and topology optimization
for deep energy savings at the urban district level”. In: Energy Conver-
sion and Management 222, p. 113106. doi: https://doi.org/10.1016/
j.enconman.2020.113106 (cit. on p. 17).

128

https://doi.org/https://doi.org/10.1007/978-1-4615-4479-1_5
https://doi.org/https://doi.org/10.1007/978-1-4615-4479-1_5
https://doi.org/https://doi.org/10.1016/j.enconman.2022.116241
https://doi.org/https://doi.org/10.1016/j.jclepro.2018.02.206
https://doi.org/https://doi.org/10.1016/j.enconman.2020.113106
https://doi.org/https://doi.org/10.1016/j.enconman.2020.113106


9. References

Andrić, I, Jérémy Fournier, Bruno Lacarrière, Olivier Le Corre, and P Ferrão
(2018). “The impact of global warming and building renovation measures
on district heating system techno-economic parameters”. In: Energy 150,
pp. 926–937. doi: https://doi.org/10.1016/j.energy.2018.03.027
(cit. on p. 17).

Aßmann, Denis, Frauke Liers, and Michael Stingl (2019). “Decomposable
robust two-stage optimization: An application to gas network operations
under uncertainty”. In: Networks 74.1, pp. 40–61. doi: https://doi.
org/10.1002/net.21871 (cit. on p. 22).

Auer, Hans, Pedro Crespo del Granado, Pao-Yu Oei, Karlo Hainsch, Kon-
stantin Löffler, Thorsten Burandt, Daniel Huppmann, and Ingeborg
Grabaak (2020b). “Development and modelling of different decarboniza-
tion scenarios of the European energy system until 2050 as a contribu-
tion to achieving the ambitious 1.5°C climate target–establishment of
open source/data modelling in the European H2020 project openEN-
TRANCE”. In: e & i Elektrotechnik und Informationstechnik, pp. 1–13.
doi: https://doi.org/10.1007/s00502-020-00832-7 (cit. on pp. 10,
18, 31, 33, 93, 174).

Bach, Bjarne, Jesper Werling, Torben Ommen, Marie Münster, Juan M
Morales, and Brian Elmegaard (2016). “Integration of large-scale heat
pumps in the district heating systems of Greater Copenhagen”. In: En-
ergy 107, pp. 321–334. doi: https://doi.org/10.1016/j.energy.
2016.04.029 (cit. on p. 34).

Bachner, Gabriel, Brigitte Wolkinger, Jakob Mayer, Andreas Tuerk, and Karl
W Steininger (2020). “Risk assessment of the low-carbon transition of
Austria’s steel and electricity sectors”. In: Environmental Innovation and
Societal Transitions 35, pp. 309–332. doi: https://doi.org/10.1016/
j.eist.2018.12.005 (cit. on p. 19).

Backe, Stian, Magnus Korpås, and Asgeir Tomasgard (2021). “Heat and elec-
tric vehicle flexibility in the European power system: A case study of
Norwegian energy communities”. In: International Journal of Electrical
Power & Energy Systems 125, p. 106479. issn: 0142-0615. doi: https:
//doi.org/10.1016/j.ijepes.2020.106479. url: http://www.
sciencedirect.com/science/article/pii/S0142061520322079 (cit.
on pp. 12, 15).

129

https://doi.org/https://doi.org/10.1016/j.energy.2018.03.027
https://doi.org/https://doi.org/10.1002/net.21871
https://doi.org/https://doi.org/10.1002/net.21871
https://doi.org/https://doi.org/10.1007/s00502-020-00832-7
https://doi.org/https://doi.org/10.1016/j.energy.2016.04.029
https://doi.org/https://doi.org/10.1016/j.energy.2016.04.029
https://doi.org/https://doi.org/10.1016/j.eist.2018.12.005
https://doi.org/https://doi.org/10.1016/j.eist.2018.12.005
https://doi.org/https://doi.org/10.1016/j.ijepes.2020.106479
https://doi.org/https://doi.org/10.1016/j.ijepes.2020.106479
http://www.sciencedirect.com/science/article/pii/S0142061520322079
http://www.sciencedirect.com/science/article/pii/S0142061520322079


9. References

Backe, Stian, Sebastian Zwickl-Bernhard, Daniel Schwabeneder, Hans Auer,
Magnus Korpås, and Asgeir Tomasgard (2022). “Impact of energy com-
munities on the European electricity and heating system decarbonization
pathway: Comparing local and global flexibility responses”. In: Applied
Energy 323, p. 119470. doi: https://doi.org/10.1016/j.apenergy.
2022.119470 (cit. on p. 13).

Benestad, RE (2004). “Empirical-statistical downscaling in climate model-
ing”. In: Eos, Transactions American Geophysical Union 85.42, pp. 417–
422. doi: https://doi.org/10.1029/2004EO420002 (cit. on p. 10).

Bommel, Natascha van and Johanna I Höffken (2021). “Energy justice within,
between and beyond European community energy initiatives: A review”.
In: Energy Research & Social Science 79, p. 102157. doi: https://doi.
org/10.1016/j.erss.2021.102157 (cit. on p. 24).

Bordin, Chiara, Angelo Gordini, and Daniele Vigo (2016). “An optimiza-
tion approach for district heating strategic network design”. In: Euro-
pean Journal of Operational Research 252.1, pp. 296–307. doi: https:
//doi.org/10.1016/j.ejor.2015.12.049 (cit. on p. 16).

Bosetti, Valentina, Carlo Carraro, Emanuele Massetti, Alessandra Sgobbi,
and Massimo Tavoni (2009). “Optimal energy investment and R&D
strategies to stabilize atmospheric greenhouse gas concentrations”. In:
Resource and Energy Economics 31.2, pp. 123–137. doi: https://doi.
org/10.1016/j.reseneeco.2009.01.001 (cit. on p. 12).

Brown, Patrick R and Audun Botterud (2021). “The value of inter-regional
coordination and transmission in decarbonizing the US electricity sys-
tem”. In: Joule 5.1, pp. 115–134. doi: https://doi.org/10.1016/j.
joule.2020.11.013 (cit. on p. 10).

Brown, Tom, David Schlachtberger, Alexander Kies, Stefan Schramm, and
Martin Greiner (2018). “Synergies of sector coupling and transmission re-
inforcement in a cost-optimised, highly renewable European energy sys-
tem”. In: Energy 160, pp. 720–739. doi: https://doi.org/10.1016/j.
energy.2018.06.222 (cit. on p. 20).

Büchele, Richard, Reinhard Haas, Michael Hartner, Ricki Hirner, Marcus
Hummel, Lukas Kranzl, Andreas Müller, Karl Ponweiser, Marian Bons,
Katharina Grave, et al. (2015). “Bewertung des Potenzials für den Ein-
satz der hocheffizienten KWK und effizienter Fernwärme-und Fernkäl-
teversorgung”. In: TU Wien und Ecofys, Wien (cit. on p. 33).

130

https://doi.org/https://doi.org/10.1016/j.apenergy.2022.119470
https://doi.org/https://doi.org/10.1016/j.apenergy.2022.119470
https://doi.org/https://doi.org/10.1029/2004EO420002
https://doi.org/https://doi.org/10.1016/j.erss.2021.102157
https://doi.org/https://doi.org/10.1016/j.erss.2021.102157
https://doi.org/https://doi.org/10.1016/j.ejor.2015.12.049
https://doi.org/https://doi.org/10.1016/j.ejor.2015.12.049
https://doi.org/https://doi.org/10.1016/j.reseneeco.2009.01.001
https://doi.org/https://doi.org/10.1016/j.reseneeco.2009.01.001
https://doi.org/https://doi.org/10.1016/j.joule.2020.11.013
https://doi.org/https://doi.org/10.1016/j.joule.2020.11.013
https://doi.org/https://doi.org/10.1016/j.energy.2018.06.222
https://doi.org/https://doi.org/10.1016/j.energy.2018.06.222


9. References

Bühler, Fabian, Stefan Petrović, Kenneth Karlsson, and Brian Elmegaard
(2017). “Industrial excess heat for district heating in Denmark”. In: Ap-
plied Energy 205, pp. 991–1001. doi: https://doi.org/10.1016/j.
apenergy.2017.08.032 (cit. on p. 17).

Capece, Guendalina, Roberta Costa, and Francesca Di Pillo (2021). “Bench-
marking the efficiency of natural gas distribution utilities in Italy consid-
ering size, ownership, and maturity”. In: Utilities Policy 72, p. 101277.
doi: https://doi.org/10.1016/j.jup.2021.101277 (cit. on p. 20).

Capros, Pantelis, Nikolaos Tasios, Alessia De Vita, Leonidas Mantzos, and
Leonidas Paroussos (2012). “Model-based analysis of decarbonising the
EU economy in the time horizon to 2050”. In: Energy Strategy Reviews
1.2, pp. 76–84. doi: https://doi.org/10.1016/j.esr.2012.06.003
(cit. on p. 14).

Chen, Han, Lei Yang, and Wenying Chen (2020). “Modelling national, provin-
cial and city-level low-carbon energy transformation pathways”. In: En-
ergy Policy 137, p. 111096. doi: https://doi.org/10.1016/j.enpol.
2019.111096 (cit. on p. 10).

Di Lucia, Lorenzo and Karin Ericsson (2014). “Low-carbon district heating in
Sweden–Examining a successful energy transition”. In: Energy Research
& Social Science 4, pp. 10–20. doi: https://doi.org/10.1016/j.
erss.2014.08.005 (cit. on p. 17).

Di Silvestre, Maria Luisa, Salvatore Favuzza, Eleonora Riva Sanseverino, and
Gaetano Zizzo (2018). “How Decarbonization, Digitalization and Decen-
tralization are changing key power infrastructures”. In: Renewable and
Sustainable Energy Reviews 93, pp. 483–498. doi: https://doi.org/
10.1016/j.rser.2018.05.068 (cit. on p. 20).

Dias, Véronique, Maxime Pochet, Francesco Contino, and Hervé Jeanmart
(2020). “Energy and economic costs of chemical storage”. In: Frontiers
in mechanical engineering 6, p. 21. doi: https://doi.org/10.3389/
fmech.2020.00021 (cit. on p. 48).

Diéguez, Manuel Sánchez, Amirhossein Fattahi, Jos Sijm, Germán Morales
España, and André Faaij (2021). “Modelling of decarbonisation transi-
tion in national integrated energy system with hourly operational resolu-
tion”. In: Advances in Applied Energy 3, p. 100043. doi: https://doi.
org/10.1016/j.adapen.2021.100043 (cit. on p. 23).

131

https://doi.org/https://doi.org/10.1016/j.apenergy.2017.08.032
https://doi.org/https://doi.org/10.1016/j.apenergy.2017.08.032
https://doi.org/https://doi.org/10.1016/j.jup.2021.101277
https://doi.org/https://doi.org/10.1016/j.esr.2012.06.003
https://doi.org/https://doi.org/10.1016/j.enpol.2019.111096
https://doi.org/https://doi.org/10.1016/j.enpol.2019.111096
https://doi.org/https://doi.org/10.1016/j.erss.2014.08.005
https://doi.org/https://doi.org/10.1016/j.erss.2014.08.005
https://doi.org/https://doi.org/10.1016/j.rser.2018.05.068
https://doi.org/https://doi.org/10.1016/j.rser.2018.05.068
https://doi.org/https://doi.org/10.3389/fmech.2020.00021
https://doi.org/https://doi.org/10.3389/fmech.2020.00021
https://doi.org/https://doi.org/10.1016/j.adapen.2021.100043
https://doi.org/https://doi.org/10.1016/j.adapen.2021.100043


9. References

Dochev, Ivan, Irene Peters, Hannes Seller, and Georg K Schuchardt (2018).
“Analysing district heating potential with linear heat density. A case
study from Hamburg.” In: Energy Procedia 149, pp. 410–419. doi: https:
//doi.org/10.1016/j.egypro.2018.08.205 (cit. on p. 16).

Dodds, Paul E and Will McDowall (2013). “The future of the UK gas net-
work”. In: Energy Policy 60, pp. 305–316. doi: https://doi.org/10.
1016/j.enpol.2013.05.030 (cit. on p. 18).

Dodds, Paul E, Iain Staffell, Adam D Hawkes, Francis Li, Philipp Grünewald,
Will McDowall, and Paul Ekins (2015). “Hydrogen and fuel cell technolo-
gies for heating: A review”. In: International Journal of Hydrogen Energy
40.5, pp. 2065–2083. doi: https://doi.org/10.1016/j.ijhydene.
2014.11.059 (cit. on p. 34).

Dowlatabadi, Hadi (1995). “Integrated assessment models of climate change:
An incomplete overview”. In: Energy Policy 23.4-5, pp. 289–296. doi:
https://doi.org/10.1016/0301-4215(95)90155-Z (cit. on p. 14).

Dranka, Géremi Gilson and Paula Ferreira (2018). “Planning for a renewable
future in the Brazilian power system”. In: Energy 164, pp. 496–511. doi:
https://doi.org/10.1016/j.energy.2018.08.164 (cit. on p. 10).

Echeverri, Luis Gomez (2018). “Investing for rapid decarbonization in cities”.
In: Current opinion in environmental sustainability 30, pp. 42–51. doi:
https://doi.org/10.1016/j.cosust.2018.02.010 (cit. on p. 10).

Eid, Cherrelle, Paul Codani, Yannick Perez, Javier Reneses, and Rudi
Hakvoort (2016). “Managing electric flexibility from Distributed En-
ergy Resources: A review of incentives for market design”. In: Renewable
and Sustainable Energy Reviews 64, pp. 237–247. issn: 1364-0321. doi:
https://doi.org/10.1016/j.rser.2016.06.008. url: http://
www.sciencedirect.com/science/article/pii/S1364032116302222
(cit. on p. 13).

Farsi, Mehdi, Massimo Filippini, and Michael Kuenzle (2007). “Cost efficiency
in the Swiss gas distribution sector”. In: Energy Economics 29.1, pp. 64–
78. doi: https://doi.org/10.1016/j.eneco.2006.04.006 (cit. on
p. 23).

Feijoo, Felipe, Daniel Huppmann, Larissa Sakiyama, and Sauleh Siddiqui
(2016). “North American natural gas model: Impact of cross-border trade
with Mexico”. In: Energy 112, pp. 1084–1095. doi: https://doi.org/
10.1016/j.energy.2016.06.133 (cit. on p. 22).

132

https://doi.org/https://doi.org/10.1016/j.egypro.2018.08.205
https://doi.org/https://doi.org/10.1016/j.egypro.2018.08.205
https://doi.org/https://doi.org/10.1016/j.enpol.2013.05.030
https://doi.org/https://doi.org/10.1016/j.enpol.2013.05.030
https://doi.org/https://doi.org/10.1016/j.ijhydene.2014.11.059
https://doi.org/https://doi.org/10.1016/j.ijhydene.2014.11.059
https://doi.org/https://doi.org/10.1016/0301-4215(95)90155-Z
https://doi.org/https://doi.org/10.1016/j.energy.2018.08.164
https://doi.org/https://doi.org/10.1016/j.cosust.2018.02.010
https://doi.org/https://doi.org/10.1016/j.rser.2016.06.008
http://www.sciencedirect.com/science/article/pii/S1364032116302222
http://www.sciencedirect.com/science/article/pii/S1364032116302222
https://doi.org/https://doi.org/10.1016/j.eneco.2006.04.006
https://doi.org/https://doi.org/10.1016/j.energy.2016.06.133
https://doi.org/https://doi.org/10.1016/j.energy.2016.06.133


9. References

Feijoo, Felipe, Gokul C Iyer, Charalampos Avraam, Sauleh A Siddiqui, Leon
E Clarke, Sriram Sankaranarayanan, Matthew T Binsted, Pralit L Patel,
Nathalia C Prates, Evelyn Torres-Alfaro, et al. (2018). “The future of
natural gas infrastructure development in the United states”. In: Applied
Energy 228, pp. 149–166. doi: https://doi.org/10.1016/j.apenergy.
2018.06.037 (cit. on p. 19).

Fina, Bernadette, Hans Auer, and Werner Friedl (2019). “Profitability of ac-
tive retrofitting of multi-apartment buildings: Building-attached/integrated
photovoltaics with special consideration of different heating systems”.
In: Energy and Buildings 190, pp. 86–102. doi: https://doi.org/10.
1016/j.enbuild.2019.02.034 (cit. on pp. 172, 173).

Fleischhacker, Andreas, Georg Lettner, Daniel Schwabeneder, and Hans Auer
(2019). “Portfolio optimization of energy communities to meet reductions
in costs and emissions”. In: Energy 173, pp. 1092–1105. doi: https :
//doi.org/10.1016/j.energy.2019.02.104 (cit. on pp. 11, 13, 21,
51).

Fodstad, Marte, Ruud Egging, Kjetil Midthun, and Asgeir Tomasgard (2016).
“Stochastic modeling of natural gas infrastructure development in Eu-
rope under demand uncertainty”. In: The Energy Journal 37.Sustain-
able Infrastructure Development and Cross-Border Coordination. doi:
https://doi.org/10.5547/01956574.37.SI3.mfod (cit. on p. 22).

Fowler, AM, PI Macreadie, DOB Jones, and DJ Booth (2014). “A multi-
criteria decision approach to decommissioning of offshore oil and gas
infrastructure”. In: Ocean & Coastal Management 87, pp. 20–29. doi:
https://doi.org/10.1016/j.ocecoaman.2013.10.019 (cit. on p. 21).

Fridgen, Gilbert, Robert Keller, Marc-Fabian Körner, and Michael Schöpf
(2020). “A holistic view on sector coupling”. In: Energy Policy 147,
p. 111913. doi: https://doi.org/10.1016/j.enpol.2020.111913
(cit. on p. 20).

Fruergaard, Thilde, Thomas Højlund Christensen, and Thomas Astrup
(2010). “Energy recovery from waste incineration: Assessing the im-
portance of district heating networks”. In: Waste Management 30.7,
pp. 1264–1272. doi: https://doi.org/10.1016/j.wasman.2010.03.
026 (cit. on p. 34).

Gambhir, Ajay, Isabela Butnar, Pei-Hao Li, Pete Smith, and Neil Strachan
(2019). “A review of criticisms of integrated assessment models and pro-

133

https://doi.org/https://doi.org/10.1016/j.apenergy.2018.06.037
https://doi.org/https://doi.org/10.1016/j.apenergy.2018.06.037
https://doi.org/https://doi.org/10.1016/j.enbuild.2019.02.034
https://doi.org/https://doi.org/10.1016/j.enbuild.2019.02.034
https://doi.org/https://doi.org/10.1016/j.energy.2019.02.104
https://doi.org/https://doi.org/10.1016/j.energy.2019.02.104
https://doi.org/https://doi.org/10.5547/01956574.37.SI3.mfod
https://doi.org/https://doi.org/10.1016/j.ocecoaman.2013.10.019
https://doi.org/https://doi.org/10.1016/j.enpol.2020.111913
https://doi.org/https://doi.org/10.1016/j.wasman.2010.03.026
https://doi.org/https://doi.org/10.1016/j.wasman.2010.03.026


9. References

posed approaches to address these, through the lens of BECCS”. In:
Energies 12.9, p. 1747. doi: https://doi.org/10.3390/en12091747
(cit. on p. 14).

Ganjehkaviri, A, MN Mohd Jaafar, SE Hosseini, and H Barzegaravval (2017).
“Genetic algorithm for optimization of energy systems: Solution unique-
ness, accuracy, Pareto convergence and dimension reduction”. In: Energy
119, pp. 167–177. doi: https://doi.org/10.1016/j.energy.2016.12.
034 (cit. on p. 11).

Gargiulo, Maurizio and Brian Ó Gallachóir (2013). “Long-term energy mod-
els: Principles, characteristics, focus, and limitations”. In: Wiley Inter-
disciplinary Reviews: Energy and Environment 2.2, pp. 158–177. doi:
https://doi.org/10.1002/wene.62 (cit. on p. 14).

Geyer, Roman, Sophie Knöttner, Christian Diendorfer, Gerwin Drexler-
Schmid, and Verena Alton (2021). “100% Renewable Energy for Austria’s
Industry: Scenarios, Energy Carriers and Infrastructure Requirements”.
In: Applied Sciences 11.4, p. 1819. doi: https://doi.org/10.3390/
app11041819 (cit. on p. 19).

Giehl, Johannes, Tom Sudhaus, Ashlen Kurre, Flora v Mikulicz-Radecki,
Jeremias Hollnagel, Matthis Wacker, Jana Himmel, and Joachim Müller-
Kichenbauer (2021). “Modelling the impact of the energy transition on
gas distribution networks in Germany”. In: Energy Strategy Reviews 38,
p. 100751. doi: https://doi.org/10.1016/j.esr.2021.100751 (cit.
on pp. 18, 23).

Gillessen, Bastian, H Heinrichs, J-F Hake, and H-J Allelein (2019). “Natural
gas as a bridge to sustainability: Infrastructure expansion regarding en-
ergy security and system transition”. In: Applied Energy 251, p. 113377.
doi: https://doi.org/10.1016/j.apenergy.2019.113377 (cit. on
p. 18).

Glachant, Jean-Michel, Michelle Hallack, and Miguel Vazquez (2014). “Gas
network and market “à la Carte”: Identifying the fundamental choices”.
In: Utilities Policy 31, pp. 238–245. doi: https://doi.org/10.1016/
j.jup.2014.03.008 (cit. on p. 20).

Göhlich, Dietmar, Kai Nagel, Anne Magdalene Syré, Alexander Grahle, Kai
Martins-Turner, Ricardo Ewert, Ricardo Miranda Jahn, and Dominic
Jefferies (2021). “Integrated Approach for the Assessment of Strategies

134

https://doi.org/https://doi.org/10.3390/en12091747
https://doi.org/https://doi.org/10.1016/j.energy.2016.12.034
https://doi.org/https://doi.org/10.1016/j.energy.2016.12.034
https://doi.org/https://doi.org/10.1002/wene.62
https://doi.org/https://doi.org/10.3390/app11041819
https://doi.org/https://doi.org/10.3390/app11041819
https://doi.org/https://doi.org/10.1016/j.esr.2021.100751
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.113377
https://doi.org/https://doi.org/10.1016/j.jup.2014.03.008
https://doi.org/https://doi.org/10.1016/j.jup.2014.03.008


9. References

for the Decarbonization of Urban Traffic”. In: Sustainability 13.2, p. 839.
doi: https://doi.org/10.3390/su13020839 (cit. on p. 10).

Gondal, Irfan Ahmad (2019). “Hydrogen integration in power-to-gas net-
works”. In: International Journal of Hydrogen Energy 44.3, pp. 1803–
1815. doi: https://doi.org/10.1016/j.ijhydene.2018.11.164
(cit. on p. 18).

Gracceva, Francesco and Peter Zeniewski (2014). “A systemic approach to
assessing energy security in a low-carbon EU energy system”. In: Applied
Energy 123, pp. 335–348. doi: https://doi.org/10.1016/j.apenergy.
2013.12.018 (cit. on p. 11).

Green, Fergus and Ajay Gambhir (2020). “Transitional assistance policies for
just, equitable and smooth low-carbon transitions: who, what and how?”
In: Climate Policy 20.8, pp. 902–921. doi: https://doi.org/10.1080/
14693062.2019.1657379 (cit. on p. 64).

Green, Richard (2000). “Competition in generation: The economic founda-
tions”. In: Proceedings of the IEEE 88.2, pp. 128–139 (cit. on p. 13).

Greene, David L (2011). “Uncertainty, loss aversion, and markets for energy
efficiency”. In: Energy Economics 33.4, pp. 608–616. doi: https://doi.
org/10.1016/j.eneco.2010.08.009 (cit. on p. 24).

Gürsan, C and V de Gooyert (2021). “The systemic impact of a transition
fuel: Does natural gas help or hinder the energy transition?” In: Re-
newable and Sustainable Energy Reviews 138, p. 110552. doi: https:
//doi.org/10.1016/j.rser.2020.110552 (cit. on p. 17).

Hainsch, Karlo, Konstantin Löffler, Thorsten Burandt, Hans Auer, Pedro Cre-
spo del Granado, Paolo Pisciella, and Sebastian Zwickl-Bernhard (2022).
“Energy transition scenarios: What policies, societal attitudes, and tech-
nology developments will realize the EU Green Deal?” In: Energy 239,
p. 122067. doi: https://doi.org/10.1016/j.energy.2021.122067
(cit. on p. 31).

Haller, Markus, Sylvie Ludig, and Nico Bauer (2012). “Decarbonization sce-
narios for the EU and MENA power system: Considering spatial distri-
bution and short term dynamics of renewable generation”. In: Energy
Policy 47, pp. 282–290. doi: https://doi.org/10.1016/j.enpol.
2012.04.069 (cit. on p. 10).

Hanke, Florian, Rachel Guyet, and Marielle Feenstra (2021). “Do renewable
energy communities deliver energy justice? Exploring insights from 71

135

https://doi.org/https://doi.org/10.3390/su13020839
https://doi.org/https://doi.org/10.1016/j.ijhydene.2018.11.164
https://doi.org/https://doi.org/10.1016/j.apenergy.2013.12.018
https://doi.org/https://doi.org/10.1016/j.apenergy.2013.12.018
https://doi.org/https://doi.org/10.1080/14693062.2019.1657379
https://doi.org/https://doi.org/10.1080/14693062.2019.1657379
https://doi.org/https://doi.org/10.1016/j.eneco.2010.08.009
https://doi.org/https://doi.org/10.1016/j.eneco.2010.08.009
https://doi.org/https://doi.org/10.1016/j.rser.2020.110552
https://doi.org/https://doi.org/10.1016/j.rser.2020.110552
https://doi.org/https://doi.org/10.1016/j.energy.2021.122067
https://doi.org/https://doi.org/10.1016/j.enpol.2012.04.069
https://doi.org/https://doi.org/10.1016/j.enpol.2012.04.069


9. References

European cases”. In: Energy Research & Social Science 80, p. 102244.
doi: https://doi.org/10.1016/j.erss.2021.102244 (cit. on p. 24).

Hansen, Kenneth, Brian Vad Mathiesen, and Iva Ridjan Skov (2019). “Full
energy system transition towards 100% renewable energy in Germany in
2050”. In: Renewable and Sustainable Energy Reviews 102, pp. 1–13. doi:
https://doi.org/10.1016/j.rser.2018.11.038 (cit. on p. 21).

Hausfather, Zeke (2015). “Bounding the climate viability of natural gas as
a bridge fuel to displace coal”. In: Energy Policy 86, pp. 286–294. doi:
https://doi.org/10.1016/j.enpol.2015.07.012 (cit. on p. 19).

Hickey, Conor, Paul Deane, Celine McInerney, and Brian Ó Gallachóir (2019).
“Is there a future for the gas network in a low carbon energy system?”
In: Energy Policy 126, pp. 480–493. doi: https://doi.org/10.1016/
j.enpol.2018.11.024 (cit. on p. 19).

Hietaharju, Petri, Jari Pulkkinen, Mika Ruusunen, and Jean-Nicolas Louis
(2021). “A stochastic dynamic building stock model for determining long-
term district heating demand under future climate change”. In: Applied
Energy 295, p. 116962. doi: https://doi.org/10.1016/j.apenergy.
2021.116962 (cit. on p. 17).

Hiltunen, Pauli and Sanna Syri (2020). “Highly renewable district heat for
Espoo utilizing waste heat sources”. In: Energies 13.14, p. 3551. doi:
https://doi.org/10.3390/en13143551 (cit. on p. 17).

Hiteva, Ralitsa and Benjamin Sovacool (2017). “Harnessing social innovation
for energy justice: A business model perspective”. In: Energy Policy 107,
pp. 631–639. doi: https://doi.org/10.1016/j.enpol.2017.03.056
(cit. on p. 24).

Hofmann, Hannes, Simon Weides, Tayfun Babadagli, Günter Zimmermann,
Inga Moeck, Jacek Majorowicz, and Martyn Unsworth (2014). “Potential
for enhanced geothermal systems in Alberta, Canada”. In: Energy 69,
pp. 578–591. doi: https://doi.org/10.1016/j.energy.2014.03.053
(cit. on p. 19).

Huppmann, Daniel, M Gidden, Zebedee Nicholls, Jonas Hörsch, Robin Lam-
boll, P Kishimoto, Thorsten Burandt, Oliver Fricko, Edward Byers,
Jarmo Kikstra, et al. (2021). “pyam: Analysis and visualisation of in-
tegrated assessment and macro-energy scenarios”. In: Open Research
Europe 1.74, p. 74. doi: https://doi.org/10.12688/openreseurope.
13633.2 (cit. on pp. 158, 165, 176).

136

https://doi.org/https://doi.org/10.1016/j.erss.2021.102244
https://doi.org/https://doi.org/10.1016/j.rser.2018.11.038
https://doi.org/https://doi.org/10.1016/j.enpol.2015.07.012
https://doi.org/https://doi.org/10.1016/j.enpol.2018.11.024
https://doi.org/https://doi.org/10.1016/j.enpol.2018.11.024
https://doi.org/https://doi.org/10.1016/j.apenergy.2021.116962
https://doi.org/https://doi.org/10.1016/j.apenergy.2021.116962
https://doi.org/https://doi.org/10.3390/en13143551
https://doi.org/https://doi.org/10.1016/j.enpol.2017.03.056
https://doi.org/https://doi.org/10.1016/j.energy.2014.03.053
https://doi.org/https://doi.org/10.12688/openreseurope.13633.2
https://doi.org/https://doi.org/10.12688/openreseurope.13633.2


9. References

Hutagalung, Aldi Martino, Djoni Hartono, Maarten Arentsen, and Jon Lovett
(2017). “The economic implications of natural gas infrastructure invest-
ment”. In: Energy Sources, Part B: Economics, Planning, and Policy
12.12, pp. 1080–1087. doi: https://doi.org/10.1080/15567249.
2017.1366600 (cit. on p. 20).

Ibrahim, Nadine (2017). “Decarbonization unique to cities”. In: Nature Cli-
mate Change 7.10, pp. 690–691. doi: https : / / doi . org / 10 . 1038 /
nclimate3372 (cit. on p. 10).

Inage, Shinichi and Yoshiyuki Uchino (2020). “Development of an integrated
infrastructure simulator for sustainable urban energy optimization and
its application”. In: Sustainable Energy Technologies and Assessments
39, p. 100710. doi: https://doi.org/10.1016/j.seta.2020.100710
(cit. on p. 16).

Jalil-Vega, F and Adam D Hawkes (2018). “Spatially resolved model for
studying decarbonisation pathways for heat supply and infrastructure
trade-offs”. In: Applied Energy 210, pp. 1051–1072. doi: https://doi.
org/10.1016/j.apenergy.2017.05.091 (cit. on p. 16).

Jenkins, Kirsten, Benjamin K Sovacool, and Darren McCauley (2018). “Hu-
manizing sociotechnical transitions through energy justice: An ethical
framework for global transformative change”. In: Energy Policy 117,
pp. 66–74. doi: https://doi.org/10.1016/j.enpol.2018.02.036
(cit. on p. 24).

Jensen, Ida Græsted, Frauke Wiese, Rasmus Bramstoft, and Marie Münster
(2020). “Potential role of renewable gas in the transition of electricity
and district heating systems”. In: Energy Strategy Reviews 27, p. 100446.
doi: https://doi.org/10.1016/j.esr.2019.100446 (cit. on p. 34).

Jing, Rui, Yufeng Lin, Nina Khanna, Xiang Chen, Meng Wang, Jiahui Liu,
and Jianyi Lin (2021). “Balancing the Energy Trilemma in energy system
planning of coastal cities”. In: Applied Energy 283, p. 116222. doi: https:
//doi.org/10.1016/j.apenergy.2020.116222 (cit. on p. 11).

Kashani, Amir Hesam Alinia and Reza Molaei (2014). “Techno-economical
and environmental optimization of natural gas network operation”. In:
Chemical Engineering Research and Design 92.11, pp. 2106–2122. doi:
https://doi.org/10.1016/j.cherd.2014.02.006 (cit. on p. 23).

Kemmler, Andreas and Daniel Spreng (2007). “Energy indicators for tracking
sustainability in developing countries”. In: Energy Policy 35.4, pp. 2466–

137

https://doi.org/https://doi.org/10.1080/15567249.2017.1366600
https://doi.org/https://doi.org/10.1080/15567249.2017.1366600
https://doi.org/https://doi.org/10.1038/nclimate3372
https://doi.org/https://doi.org/10.1038/nclimate3372
https://doi.org/https://doi.org/10.1016/j.seta.2020.100710
https://doi.org/https://doi.org/10.1016/j.apenergy.2017.05.091
https://doi.org/https://doi.org/10.1016/j.apenergy.2017.05.091
https://doi.org/https://doi.org/10.1016/j.enpol.2018.02.036
https://doi.org/https://doi.org/10.1016/j.esr.2019.100446
https://doi.org/https://doi.org/10.1016/j.apenergy.2020.116222
https://doi.org/https://doi.org/10.1016/j.apenergy.2020.116222
https://doi.org/https://doi.org/10.1016/j.cherd.2014.02.006


9. References

2480. doi: https://doi.org/10.1016/j.enpol.2006.09.006 (cit. on
pp. 12, 57).

Kerdan, Ivan Garcia, Francisca Jalil-Vega, James Toole, Sachin Gulati, Sara
Giarola, and Adam Hawkes (2019). “Modelling cost-effective pathways
for natural gas infrastructure: A southern Brazil case study”. In: Applied
Energy 255, p. 113799. doi: https://doi.org/10.1016/j.apenergy.
2019.113799 (cit. on p. 23).

Khanna, Nina, David Fridley, Nan Zhou, Nihan Karali, Jingjing Zhang,
and Wei Feng (2019). “Energy and CO2 implications of decarboniza-
tion strategies for China beyond efficiency: Modeling 2050 maximum
renewable resources and accelerated electrification impacts”. In: Applied
Energy 242, pp. 12–26. doi: https://doi.org/10.1016/j.apenergy.
2019.03.116 (cit. on p. 10).

Klyapovskiy, Sergey, Shi You, Hanmin Cai, and Henrik W Bindner (2019).
“Incorporate flexibility in distribution grid planning through a frame-
work solution”. In: International Journal of Electrical Power & Energy
Systems 111, pp. 66–78. doi: https://doi.org/10.1016/j.ijepes.
2019.03.069 (cit. on p. 20).

Könighofer, Kurt, G Domberger, S Gunczy, M Hingsamer, J Pucker, M
Schreilechner, J Amtmann, J Goldbrunner, HP Heiss, J Füreder, et
al. (2014). “Potenzial der Tiefengeothermie für die Fernwärme-und
Stromproduktion in Österreich”. In: Joanneum Research: Graz, Aus-
tria (cit. on p. 33).

Kotzur, Leander, Lars Nolting, Maximilian Hoffmann, Theresa Groß, An-
dreas Smolenko, Jan Priesmann, Henrik Büsing, Robin Beer, Felix Kull-
mann, Bismark Singh, et al. (2021). “A modeler’s guide to handle com-
plexity in energy systems optimization”. In: Advances in Applied Energy
4, p. 100063. doi: https://doi.org/10.1016/j.adapen.2021.100063
(cit. on p. 43).

Krishnan, Venkat and Trishna Das (2015). “Optimal allocation of energy
storage in a co-optimized electricity market: Benefits assessment and de-
riving indicators for economic storage ventures”. In: Energy 81, pp. 175–
188. doi: https://doi.org/10.1016/j.energy.2014.12.016 (cit. on
p. 11).

Kueppers, Martin, Stephany Nicole Paredes Pineda, Michael Metzger,
Matthias Huber, Simon Paulus, Hans Joerg Heger, and Stefan Niessen

138

https://doi.org/https://doi.org/10.1016/j.enpol.2006.09.006
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.113799
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.113799
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.03.116
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.03.116
https://doi.org/https://doi.org/10.1016/j.ijepes.2019.03.069
https://doi.org/https://doi.org/10.1016/j.ijepes.2019.03.069
https://doi.org/https://doi.org/10.1016/j.adapen.2021.100063
https://doi.org/https://doi.org/10.1016/j.energy.2014.12.016


9. References

(2021). “Decarbonization pathways of worldwide energy systems–Definition
and modeling of archetypes”. In: Applied Energy 285, p. 116438. doi:
https://doi.org/10.1016/j.apenergy.2021.116438 (cit. on p. 9).

Kyriakis, Sotirios A and Paul L Younger (2016). “Towards the increased
utilisation of geothermal energy in a district heating network through
the use of a heat storage”. In: Applied Thermal Engineering 94, pp. 99–
110. doi: https://doi.org/10.1016/j.applthermaleng.2015.10.094
(cit. on p. 17).

Laasasenaho, K, Anssi Lensu, R Lauhanen, and J Rintala (2019). “GIS-data
related route optimization, hierarchical clustering, location optimization,
and kernel density methods are useful for promoting distributed bioen-
ergy plant planning in rural areas”. In: Sustainable Energy Technologies
and Assessments 32, pp. 47–57. doi: https://doi.org/10.1016/j.
seta.2019.01.006 (cit. on p. 16).

Lacey-Barnacle, Max, Rosie Robison, and Chris Foulds (2020). “Energy jus-
tice in the developing world: A review of theoretical frameworks, key
research themes and policy implications”. In: Energy for Sustainable De-
velopment 55, pp. 122–138. doi: https://doi.org/10.1016/j.esd.
2020.01.010 (cit. on p. 24).

Leibowicz, Benjamin D, Christopher M Lanham, Max T Brozynski, José
R Vázquez-Canteli, Nicolás Castillo Castejón, and Zoltan Nagy (2018).
“Optimal decarbonization pathways for urban residential building energy
services”. In: Applied energy 230, pp. 1311–1325. doi: https://doi.org/
10.1016/j.apenergy.2018.09.046 (cit. on p. 10).

Löffler, Konstantin, Karlo Hainsch, Thorsten Burandt, Pao-Yu Oei, Claudia
Kemfert, and Christian Von Hirschhausen (2017). “Designing a model
for the global energy system—GENeSYS-MOD: an application of the
open-source energy modeling system (OSeMOSYS)”. In: Energies 10.10,
p. 1468. doi: https://doi.org/10.3390/en10101468 (cit. on pp. 14,
158).

Loftus, Peter J, Armond M Cohen, Jane CS Long, and Jesse D Jenkins
(2015). “A critical review of global decarbonization scenarios: what do
they tell us about feasibility?” In: Wiley Interdisciplinary Reviews: Cli-
mate Change 6.1, pp. 93–112. doi: https://doi.org/10.1002/wcc.324
(cit. on p. 10).

139

https://doi.org/https://doi.org/10.1016/j.apenergy.2021.116438
https://doi.org/https://doi.org/10.1016/j.applthermaleng.2015.10.094
https://doi.org/https://doi.org/10.1016/j.seta.2019.01.006
https://doi.org/https://doi.org/10.1016/j.seta.2019.01.006
https://doi.org/https://doi.org/10.1016/j.esd.2020.01.010
https://doi.org/https://doi.org/10.1016/j.esd.2020.01.010
https://doi.org/https://doi.org/10.1016/j.apenergy.2018.09.046
https://doi.org/https://doi.org/10.1016/j.apenergy.2018.09.046
https://doi.org/https://doi.org/10.3390/en10101468
https://doi.org/https://doi.org/10.1002/wcc.324


9. References

Lund, Peter D, Juuso Lindgren, Jani Mikkola, and Jyri Salpakari (2015).
“Review of energy system flexibility measures to enable high levels of
variable renewable electricity”. In: Renewable and Sustainable Energy
Reviews 45, pp. 785–807 (cit. on p. 12).

Mac Kinnon, Michael A, Jacob Brouwer, and Scott Samuelsen (2018). “The
role of natural gas and its infrastructure in mitigating greenhouse gas
emissions, improving regional air quality, and renewable resource inte-
gration”. In: Progress in Energy and Combustion science 64, pp. 62–92.
doi: https://doi.org/10.1016/j.pecs.2017.10.002 (cit. on p. 18).

Marañón-Ledesma, Héctor and Asgeir Tomasgard (2019). “Analyzing De-
mand Response in a Dynamic Capacity Expansion Model for the Euro-
pean Power Market”. In: Energies 12.15, p. 2976 (cit. on p. 12).

Medina, Jose, Nelson Muller, and Ilya Roytelman (2010). “Demand re-
sponse and distribution grid operations: Opportunities and challenges”.
In: IEEE Transactions on Smart Grid 1.2, pp. 193–198. doi: https:
//doi.org/10.1109/TSG.2010.2050156 (cit. on p. 20).

Mikolajková, Markéta, Carl Haikarainen, Henrik Saxén, and Frank Petters-
son (2017). “Optimization of a natural gas distribution network with
potential future extensions”. In: Energy 125, pp. 848–859. doi: https:
//doi.org/10.1016/j.energy.2016.11.090 (cit. on p. 23).

Mirakyan, Atom and Roland De Guio (2013). “Integrated energy planning
in cities and territories: A review of methods and tools”. In: Renewable
and sustainable energy reviews 22, pp. 289–297. doi: https://doi.org/
10.1016/j.rser.2013.01.033 (cit. on p. 11).

Möller, Bernd and Henrik Lund (2010). “Conversion of individual natural gas
to district heating: Geographical studies of supply costs and consequences
for the Danish energy system”. In: Applied Energy 87.6, pp. 1846–1857.
doi: https://doi.org/10.1016/j.apenergy.2009.12.001 (cit. on
p. 19).

Mosácula, Celia, José Pablo Chaves-Ávila, and Javier Reneses (2018). “De-
signing natural gas network charges: A proposed methodology and crit-
ical review of the Spanish case”. In: Utilities Policy 54, pp. 22–36. doi:
https://doi.org/10.1016/j.jup.2018.07.001 (cit. on p. 20).

Müller, Christoph, Tobias Falke, Andre Hoffrichter, Lothar Wyrwoll, Carlo
Schmitt, Marc Trageser, Armin Schnettler, Michael Metzger, Mathias
Huber, Martin Küppers, et al. (2019a). “Integrated planning and evalua-

140

https://doi.org/https://doi.org/10.1016/j.pecs.2017.10.002
https://doi.org/https://doi.org/10.1109/TSG.2010.2050156
https://doi.org/https://doi.org/10.1109/TSG.2010.2050156
https://doi.org/https://doi.org/10.1016/j.energy.2016.11.090
https://doi.org/https://doi.org/10.1016/j.energy.2016.11.090
https://doi.org/https://doi.org/10.1016/j.rser.2013.01.033
https://doi.org/https://doi.org/10.1016/j.rser.2013.01.033
https://doi.org/https://doi.org/10.1016/j.apenergy.2009.12.001
https://doi.org/https://doi.org/10.1016/j.jup.2018.07.001


9. References

tion of multi-modal energy systems for decarbonization of Germany”. In:
Energy Procedia 158, pp. 3482–3487. doi: https://doi.org/10.1016/
j.egypro.2019.01.923 (cit. on p. 20).

Müller, F. L., J. Szabó, O. Sundström, and J. Lygeros (2019b). “Aggregation
and Disaggregation of Energetic Flexibility From Distributed Energy Re-
sources”. In: IEEE Transactions on Smart Grid 10.2, pp. 1205–1214. doi:
10.1109/TSG.2017.2761439 (cit. on p. 14).

Mundaca, Luis, Henner Busch, and Sophie Schwer (2018). “‘Successful’low-
carbon energy transitions at the community level? An energy justice
perspective”. In: Applied Energy 218, pp. 292–303. doi: https://doi.
org/10.1016/j.apenergy.2018.02.146 (cit. on p. 24).

Nerini, Francesco Fuso, Julia Tomei, Long Seng To, Iwona Bisaga, Priti
Parikh, Mairi Black, Aiduan Borrion, Catalina Spataru, Vanesa Castán
Broto, Gabrial Anandarajah, et al. (2018). “Mapping synergies and trade-
offs between energy and the Sustainable Development Goals”. In: Nature
Energy 3.1, pp. 10–15. doi: https://doi.org/10.1038/s41560-017-
0036-5 (cit. on p. 11).

Nilsson, Stefan Forsaeus, Charlotte Reidhav, Kristina Lygnerud, and Sven
Werner (2008). “Sparse district-heating in Sweden”. In: Applied Energy
85.7, pp. 555–564. doi: https://doi.org/10.1016/j.apenergy.2007.
07.011 (cit. on p. 16).

Nolting, Lars and Aaron Praktiknjo (2019). “Techno-economic analysis of
flexible heat pump controls”. In: Applied Energy 238, pp. 1417–1433.
issn: 0306-2619. doi: https://doi.org/10.1016/j.apenergy.2019.
01.177. url: http://www.sciencedirect.com/science/article/
pii/S0306261919301825 (cit. on p. 13).

Nussbaumer, T and S Thalmann (2016). “Influence of system design on heat
distribution costs in district heating”. In: Energy 101, pp. 496–505. doi:
https://doi.org/10.1016/j.energy.2016.02.062 (cit. on pp. 16,
53).

Obrist, Michel D, Ramachandran Kannan, Thomas J Schmidt, and Tom
Kober (2021). “Decarbonization pathways of the Swiss cement indus-
try towards net zero emissions”. In: Journal of Cleaner Production 288,
p. 125413. doi: https://doi.org/10.1016/j.jclepro.2020.125413
(cit. on p. 10).

141

https://doi.org/https://doi.org/10.1016/j.egypro.2019.01.923
https://doi.org/https://doi.org/10.1016/j.egypro.2019.01.923
https://doi.org/10.1109/TSG.2017.2761439
https://doi.org/https://doi.org/10.1016/j.apenergy.2018.02.146
https://doi.org/https://doi.org/10.1016/j.apenergy.2018.02.146
https://doi.org/https://doi.org/10.1038/s41560-017-0036-5
https://doi.org/https://doi.org/10.1038/s41560-017-0036-5
https://doi.org/https://doi.org/10.1016/j.apenergy.2007.07.011
https://doi.org/https://doi.org/10.1016/j.apenergy.2007.07.011
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.01.177
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.01.177
http://www.sciencedirect.com/science/article/pii/S0306261919301825
http://www.sciencedirect.com/science/article/pii/S0306261919301825
https://doi.org/https://doi.org/10.1016/j.energy.2016.02.062
https://doi.org/https://doi.org/10.1016/j.jclepro.2020.125413


9. References

Odetayo, Babatunde, John MacCormack, WD Rosehart, and Hamidreza
Zareipour (2018). “A real option assessment of flexibilities in the in-
tegrated planning of natural gas distribution network and distributed
natural gas-fired power generations”. In: Energy 143, pp. 257–272. doi:
https://doi.org/10.1016/j.energy.2017.10.114 (cit. on p. 23).

Pellegrini-Masini, Giuseppe, Alberto Pirni, and Stefano Maran (2020). “En-
ergy justice revisited: A critical review on the philosophical and political
origins of equality”. In: Energy Research & Social Science 59, p. 101310.
doi: https://doi.org/10.1016/j.erss.2019.101310 (cit. on p. 23).

Persson, Urban and Sven Werner (2011). “Heat distribution and the future
competitiveness of district heating”. In: Applied Energy 88.3, pp. 568–
576. doi: https://doi.org/10.1016/j.apenergy.2010.09.020 (cit.
on p. 17).

Persson, Urban, Eva Wiechers, Bernd Möller, and Sven Werner (2019). “Heat
roadmap Europe: Heat distribution costs”. In: Energy 176, pp. 604–622.
doi: https://doi.org/10.1016/j.energy.2019.03.189 (cit. on
p. 16).

Pfenninger, Stefan, Adam Hawkes, and James Keirstead (2014). “Energy sys-
tems modeling for twenty-first century energy challenges”. In: Renewable
and Sustainable Energy Reviews 33, pp. 74–86. doi: https://doi.org/
10.1016/j.rser.2014.02.003 (cit. on p. 1).

Pramangioulis, Dionysios, Konstantinos Atsonios, Nikos Nikolopoulos, Dim-
itrios Rakopoulos, Panagiotis Grammelis, and Emmanuel Kakaras
(2019). “A methodology for determination and definition of key perfor-
mance indicators for smart grids development in island energy systems”.
In: Energies 12.2, p. 242. doi: https://doi.org/10.3390/en12020242
(cit. on p. 57).

Qadrdan, Meysam, Modassar Chaudry, Nick Jenkins, Pranab Baruah, and
Nick Eyre (2015). “Impact of transition to a low carbon power system
on the GB gas network”. In: Applied Energy 151, pp. 1–12. doi: https:
//doi.org/10.1016/j.apenergy.2015.04.056 (cit. on p. 19).

Quintino, Filipe M, Nuno Nascimento, and Edgar C Fernandes (2021). “As-
pects of Hydrogen and Biomethane Introduction in Natural Gas Infras-
tructure and Equipment”. In: Hydrogen 2.3, pp. 301–318. doi: https:
//doi.org/10.3390/hydrogen2030016 (cit. on p. 18).

142

https://doi.org/https://doi.org/10.1016/j.energy.2017.10.114
https://doi.org/https://doi.org/10.1016/j.erss.2019.101310
https://doi.org/https://doi.org/10.1016/j.apenergy.2010.09.020
https://doi.org/https://doi.org/10.1016/j.energy.2019.03.189
https://doi.org/https://doi.org/10.1016/j.rser.2014.02.003
https://doi.org/https://doi.org/10.1016/j.rser.2014.02.003
https://doi.org/https://doi.org/10.3390/en12020242
https://doi.org/https://doi.org/10.1016/j.apenergy.2015.04.056
https://doi.org/https://doi.org/10.1016/j.apenergy.2015.04.056
https://doi.org/https://doi.org/10.3390/hydrogen2030016
https://doi.org/https://doi.org/10.3390/hydrogen2030016


9. References

Rahnama Mobarakeh, Maedeh, Miguel Santos Silva, and Thomas Kienberger
(2021). “Pulp and paper industry: Decarbonisation technology assess-
ment to reach CO2 neutral emissions—An Austrian case study”. In: En-
ergies 14.4, p. 1161. doi: https://doi.org/10.3390/en14041161 (cit.
on p. 19).

Ramsebner, Jasmine, Reinhard Haas, Amela Ajanovic, and Martin Wietschel
(2021). “The sector coupling concept: A critical review”. In: Wiley In-
terdisciplinary Reviews: Energy and Environment, e396. doi: https://
doi.org/10.1002/wene.396 (cit. on p. 20).

Reames, Tony Gerard (2016). “Targeting energy justice: Exploring spatial,
racial/ethnic and socioeconomic disparities in urban residential heating
energy efficiency”. In: Energy Policy 97, pp. 549–558. doi: https://doi.
org/10.1016/j.enpol.2016.07.048 (cit. on p. 24).

Reidhav, Charlotte and Sven Werner (2008). “Profitability of sparse district
heating”. In: Applied Energy 85.9, pp. 867–877. doi: https://doi.org/
10.1016/j.apenergy.2008.01.006 (cit. on p. 17).

Reuter, Matthias, Martin K Patel, Wolfgang Eichhammer, Bruno Lapillonne,
and Karine Pollier (2020). “A comprehensive indicator set for measuring
multiple benefits of energy efficiency”. In: Energy Policy 139, p. 111284.
doi: https://doi.org/10.1016/j.enpol.2020.111284 (cit. on p. 12).

Ríos-Mercado, Roger Z and Conrado Borraz-Sánchez (2015). “Optimization
problems in natural gas transportation systems: A state-of-the-art re-
view”. In: Applied Energy 147, pp. 536–555. doi: https://doi.org/10.
1016/j.apenergy.2015.03.017 (cit. on p. 22).

Rogelj, Joeri, Gunnar Luderer, Robert C Pietzcker, Elmar Kriegler, Michiel
Schaeffer, Volker Krey, and Keywan Riahi (2015). “Energy system trans-
formations for limiting end-of-century warming to below 1.5 C”. In: Na-
ture Climate Change 5.6, pp. 519–527. doi: https://doi.org/10.1038/
nclimate2572 (cit. on p. 1).

Sacco, Tommaso, Michele Compare, Enrico Zio, and Giovanni Sansavini
(2019). “Portfolio decision analysis for risk-based maintenance of gas
networks”. In: Journal of Loss Prevention in the Process Industries 60,
pp. 269–281. doi: https://doi.org/10.1016/j.jlp.2019.04.002
(cit. on p. 20).

Santoyo-Castelazo, Edgar and Adisa Azapagic (2014). “Sustainability assess-
ment of energy systems: integrating environmental, economic and social

143

https://doi.org/https://doi.org/10.3390/en14041161
https://doi.org/https://doi.org/10.1002/wene.396
https://doi.org/https://doi.org/10.1002/wene.396
https://doi.org/https://doi.org/10.1016/j.enpol.2016.07.048
https://doi.org/https://doi.org/10.1016/j.enpol.2016.07.048
https://doi.org/https://doi.org/10.1016/j.apenergy.2008.01.006
https://doi.org/https://doi.org/10.1016/j.apenergy.2008.01.006
https://doi.org/https://doi.org/10.1016/j.enpol.2020.111284
https://doi.org/https://doi.org/10.1016/j.apenergy.2015.03.017
https://doi.org/https://doi.org/10.1016/j.apenergy.2015.03.017
https://doi.org/https://doi.org/10.1038/nclimate2572
https://doi.org/https://doi.org/10.1038/nclimate2572
https://doi.org/https://doi.org/10.1016/j.jlp.2019.04.002


9. References

aspects”. In: Journal of Cleaner Production 80, pp. 119–138. doi: https:
//doi.org/10.1016/j.jclepro.2014.05.061 (cit. on p. 12).

Schwabeneder, Daniel, Carlo Corinaldesi, Georg Lettner, and Hans Auer
(2021). “Business cases of aggregated flexibilities in multiple electricity
markets in a European market design”. In: Energy Conversion and Man-
agement 230, p. 113783. issn: 0196-8904. doi: https://doi.org/10.
1016/j.enconman.2020.113783. url: http://www.sciencedirect.
com/science/article/pii/S0196890420313066 (cit. on p. 13).

Schwabeneder, Daniel, Andreas Fleischhacker, Georg Lettner, and Hans
Auer (2019). “Assessing the impact of load-shifting restrictions on prof-
itability of load flexibilities”. In: Applied Energy 255, p. 113860. issn:
0306-2619. doi: https://doi.org/10.1016/j.apenergy.2019.113860.
url: http : / / www . sciencedirect . com / science / article / pii /
S0306261919315478 (cit. on p. 13).

Schwanitz, Valeria Jana (2013). “Evaluating integrated assessment models
of global climate change”. In: Environmental Modelling & Software 50,
pp. 120–131. doi: https://doi.org/10.1016/j.envsoft.2013.09.005
(cit. on p. 14).

Sesini, Marzia, Sara Giarola, and Adam D Hawkes (2020). “The impact of
liquefied natural gas and storage on the EU natural gas infrastructure
resilience”. In: Energy 209, p. 118367. doi: https://doi.org/10.1016/
j.energy.2020.118367 (cit. on p. 20).

Sorrell, Steve (2015). “Reducing energy demand: A review of issues, chal-
lenges and approaches”. In: Renewable and Sustainable Energy Reviews
47, pp. 74–82. doi: https://doi.org/10.1016/j.rser.2015.03.002
(cit. on p. 9).

Sovacool, Benjamin K, Matthew M Lipson, and Rose Chard (2019a). “Tem-
porality, vulnerability, and energy justice in household low carbon inno-
vations”. In: Energy Policy 128, pp. 495–504. doi: https://doi.org/
10.1016/j.enpol.2019.01.010 (cit. on p. 24).

Sovacool, Benjamin K, Mari Martiskainen, Andrew Hook, and Lucy Baker
(2019b). “Decarbonization and its discontents: a critical energy justice
perspective on four low-carbon transitions”. In: Climatic Change 155.4,
pp. 581–619. doi: https://doi.org/10.1007/s10584-019-02521-7
(cit. on p. 24).

144

https://doi.org/https://doi.org/10.1016/j.jclepro.2014.05.061
https://doi.org/https://doi.org/10.1016/j.jclepro.2014.05.061
https://doi.org/https://doi.org/10.1016/j.enconman.2020.113783
https://doi.org/https://doi.org/10.1016/j.enconman.2020.113783
http://www.sciencedirect.com/science/article/pii/S0196890420313066
http://www.sciencedirect.com/science/article/pii/S0196890420313066
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.113860
http://www.sciencedirect.com/science/article/pii/S0306261919315478
http://www.sciencedirect.com/science/article/pii/S0306261919315478
https://doi.org/https://doi.org/10.1016/j.envsoft.2013.09.005
https://doi.org/https://doi.org/10.1016/j.energy.2020.118367
https://doi.org/https://doi.org/10.1016/j.energy.2020.118367
https://doi.org/https://doi.org/10.1016/j.rser.2015.03.002
https://doi.org/https://doi.org/10.1016/j.enpol.2019.01.010
https://doi.org/https://doi.org/10.1016/j.enpol.2019.01.010
https://doi.org/https://doi.org/10.1007/s10584-019-02521-7


9. References

Sperling, Karl, Frede Hvelplund, and Brian Vad Mathiesen (2011). “Cen-
tralisation and decentralisation in strategic municipal energy planning in
Denmark”. In: Energy Policy 39.3, pp. 1338–1351. doi: https://doi.
org/10.1016/j.enpol.2010.12.006 (cit. on p. 11).

Stephenson, Eleanor, Alexander Doukas, and Karena Shaw (2012). “Green-
washing gas: Might a ‘transition fuel’label legitimize carbon-intensive
natural gas development?” In: Energy Policy 46, pp. 452–459. doi:
https://doi.org/10.1016/j.enpol.2012.04.010 (cit. on p. 17).

Tanasa, C, D Dan, C Becchio, SP Corgnati, and V Stoian (2020). “Cost-
optimal and indoor environmental quality assessment for residential
buildings towards EU long-term climate targets”. In: Energy for Sus-
tainable Development 59, pp. 49–61. doi: https://doi.org/10.1016/
j.esd.2020.09.002 (cit. on p. 12).

Tata, Padma and Paul A DeCotis (2019). “Natural Gas Infrastructure Devel-
opment—Risks and Responsibilities”. In: Natural Gas & Electricity 36.1,
pp. 1–10. doi: https://doi.org/10.1002/gas.22130 (cit. on p. 20).

Then, Daniel, Patrick Hein, Tanja M Kneiske, and Martin Braun (2020a).
“Analysis of Dependencies between Gas and Electricity Distribution
Grid Planning and Building Energy Retrofit Decisions”. In: Sustainabil-
ity 12.13, p. 5315. doi: https://doi.org/10.3390/su12135315 (cit. on
p. 21).

Then, Daniel, Christian Spalthoff, Johannes Bauer, Tanja M Kneiske, and
Martin Braun (2020b). “Impact of natural gas distribution network struc-
ture and operator strategies on grid economy in face of decreasing de-
mand”. In: Energies 13.3, p. 664. doi: https://doi.org/10.3390/
en13030664 (cit. on p. 19).

Tlili, Olfa, Christine Mansilla, Martin Robinius, David Severin Ryberg, Di-
lara Gülcin Caglayan, Jochen Linssen, Jean André, Yannick Perez, and
Detlef Stolten (2020). “Downscaling of future national capacity scenarios
of the French electricity system to the regional level”. In: Energy Sys-
tems, pp. 1–29. doi: https://doi.org/10.1007/s12667-020-00406-8
(cit. on p. 10).

Tsoutsos, Theocharis, Maria Drandaki, Niki Frantzeskaki, Eleftherios Iosi-
fidis, and Ioannis Kiosses (2009). “Sustainable energy planning by using
multi-criteria analysis application in the island of Crete”. In: Energy Pol-

145

https://doi.org/https://doi.org/10.1016/j.enpol.2010.12.006
https://doi.org/https://doi.org/10.1016/j.enpol.2010.12.006
https://doi.org/https://doi.org/10.1016/j.enpol.2012.04.010
https://doi.org/https://doi.org/10.1016/j.esd.2020.09.002
https://doi.org/https://doi.org/10.1016/j.esd.2020.09.002
https://doi.org/https://doi.org/10.1002/gas.22130
https://doi.org/https://doi.org/10.3390/su12135315
https://doi.org/https://doi.org/10.3390/en13030664
https://doi.org/https://doi.org/10.3390/en13030664
https://doi.org/https://doi.org/10.1007/s12667-020-00406-8


9. References

icy 37.5, pp. 1587–1600. doi: https://doi.org/10.1016/j.enpol.
2008.12.011 (cit. on p. 11).

Vaillancourt, Kathleen, Olivier Bahn, Erik Frenette, and Oskar Sigvaldason
(2017). “Exploring deep decarbonization pathways to 2050 for Canada
using an optimization energy model framework”. In: Applied Energy 195,
pp. 774–785. doi: https://doi.org/10.1016/j.apenergy.2017.03.
104 (cit. on p. 9).

Van Vuuren, DP, PL Lucas, HBM Hilderink, and Detlef P van Vuuren (2006).
“Downscaling drivers of global environmental change”. In: Enabling use
of global SRES scenarios at the national and grid levels. MNP Report
550025001, p. 2006 (cit. on p. 156).

Vera, Ivan and Lucille Langlois (2007). “Energy indicators for sustainable
development”. In: Energy 32.6, pp. 875–882. doi: https://doi.org/
10.1016/j.energy.2006.08.006 (cit. on pp. 12, 57).

Victor, Nadejda, Christopher Nichols, and Charles Zelek (2018). “The US
power sector decarbonization: Investigating technology options with
MARKAL nine-region model”. In: Energy Economics 73, pp. 410–425.
doi: https://doi.org/10.1016/j.eneco.2018.03.021 (cit. on p. 10).

Von Hirschhausen, Christian (2006). “Reform der Erdgaswirtschaft in der EU
und in Deutschland: Wie viel Regulierung braucht der Wettbewerb?” In:
Perspektiven der Wirtschaftspolitik 7.1, pp. 89–104. doi: https://doi.
org/10.1111/1468-2516.00200 (cit. on p. 162).

Von Wald, Gregory, Kaarthik Sundar, Evan Sherwin, Anatoly Zlotnik, and
Adam Brandt (2022). “Optimal Gas-Electric Energy System Decar-
bonization Planning”. In: Advances in Applied Energy, p. 100086. doi:
https://doi.org/10.1016/j.adapen.2022.100086 (cit. on p. 22).

Vuuren, DP van, Kaj-Ivar van der Wijst, Stijn Marsman, Maarten van den
Berg, Andries F Hof, and Chris D Jones (2020). “The costs of achiev-
ing climate targets and the sources of uncertainty”. In: Nature Climate
Change 10.4, pp. 329–334. doi: https://doi.org/10.1038/s41558-
020-0732-1 (cit. on p. 12).

Weinand, Jann Michael, Max Kleinebrahm, Russell McKenna, Kai Mainzer,
and Wolf Fichtner (2019). “Developing a combinatorial optimisation ap-
proach to design district heating networks based on deep geothermal
energy”. In: Applied Energy 251, p. 113367. doi: https://doi.org/10.
1016/j.apenergy.2019.113367 (cit. on p. 34).

146

https://doi.org/https://doi.org/10.1016/j.enpol.2008.12.011
https://doi.org/https://doi.org/10.1016/j.enpol.2008.12.011
https://doi.org/https://doi.org/10.1016/j.apenergy.2017.03.104
https://doi.org/https://doi.org/10.1016/j.apenergy.2017.03.104
https://doi.org/https://doi.org/10.1016/j.energy.2006.08.006
https://doi.org/https://doi.org/10.1016/j.energy.2006.08.006
https://doi.org/https://doi.org/10.1016/j.eneco.2018.03.021
https://doi.org/https://doi.org/10.1111/1468-2516.00200
https://doi.org/https://doi.org/10.1111/1468-2516.00200
https://doi.org/https://doi.org/10.1016/j.adapen.2022.100086
https://doi.org/https://doi.org/10.1038/s41558-020-0732-1
https://doi.org/https://doi.org/10.1038/s41558-020-0732-1
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.113367
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.113367


9. References

Wesseling, Joeri H, Stefan Lechtenböhmer, Max Åhman, Lars J Nilsson,
Ernst Worrell, and Lars Coenen (2017). “The transition of energy inten-
sive processing industries towards deep decarbonization: Characteristics
and implications for future research”. In: Renewable and Sustainable En-
ergy Reviews 79, pp. 1303–1313. doi: https://doi.org/10.1016/j.
rser.2017.05.156 (cit. on p. 9).

Wilkerson, Jordan T, Benjamin D Leibowicz, Delavane D Turner, and John
P Weyant (2015). “Comparison of integrated assessment models: car-
bon price impacts on US energy”. In: Energy Policy 76, pp. 18–31. doi:
https://doi.org/10.1016/j.enpol.2014.10.011 (cit. on p. 14).

Xu, Xiaojing and Chien-fei Chen (2019). “Energy efficiency and energy justice
for US low-income households: An analysis of multifaceted challenges and
potential”. In: Energy Policy 128, pp. 763–774. doi: https://doi.org/
10.1016/j.enpol.2019.01.020 (cit. on p. 24).

Yang, Jun, Lifu He, and Siyao Fu (2014). “An improved PSO-based charging
strategy of electric vehicles in electrical distribution grid”. In: Applied
Energy 128, pp. 82–92. doi: https://doi.org/10.1016/j.apenergy.
2014.04.047 (cit. on p. 20).

Yusta, Jose M and Jesus Beyza (2021). “Optimal cooperative model for the
security of gas supply on European gas networks”. In: Energy Strategy
Reviews 38, p. 100706. doi: https://doi.org/10.1016/j.esr.2021.
100706 (cit. on p. 23).

Zhang, Dong, Bin Zhang, Yu Zheng, Rui Zhang, Pengfei Liu, and Zhou-
jian An (2021). “Economic assessment and regional adaptability anal-
ysis of CCHP system coupled with biomass-gas based on year-round
performance”. In: Sustainable Energy Technologies and Assessments 45,
p. 101141. doi: https://doi.org/10.1016/j.seta.2021.101141
(cit. on p. 17).

Zhang, Jinrui, Hans Meerman, René Benders, and André Faaij (2022). “Po-
tential role of natural gas infrastructure in China to supply low-carbon
gases during 2020–2050”. In: Applied Energy 306, p. 117989. doi: https:
//doi.org/10.1016/j.apenergy.2021.117989 (cit. on p. 18).

Zhang, Linghui, Guobao Song, Xin Ma, Changhong Zhan, and Shushen Zhang
(2020). “Decarbonising residential building energy towards achieving the
intended nationally determined contribution at subnational level under

147

https://doi.org/https://doi.org/10.1016/j.rser.2017.05.156
https://doi.org/https://doi.org/10.1016/j.rser.2017.05.156
https://doi.org/https://doi.org/10.1016/j.enpol.2014.10.011
https://doi.org/https://doi.org/10.1016/j.enpol.2019.01.020
https://doi.org/https://doi.org/10.1016/j.enpol.2019.01.020
https://doi.org/https://doi.org/10.1016/j.apenergy.2014.04.047
https://doi.org/https://doi.org/10.1016/j.apenergy.2014.04.047
https://doi.org/https://doi.org/10.1016/j.esr.2021.100706
https://doi.org/https://doi.org/10.1016/j.esr.2021.100706
https://doi.org/https://doi.org/10.1016/j.seta.2021.101141
https://doi.org/https://doi.org/10.1016/j.apenergy.2021.117989
https://doi.org/https://doi.org/10.1016/j.apenergy.2021.117989


9. References

uncertainties”. In: Journal of Cleaner Production 272, p. 122760. doi:
https://doi.org/10.1016/j.jclepro.2020.122760 (cit. on p. 10).

Zhang, Xiliang, Wang Ruoshui, Huo Molin, and Eric Martinot (2010). “A
study of the role played by renewable energies in China’s sustainable
energy supply”. In: Energy 35.11, pp. 4392–4399. doi: https://doi.
org/10.1016/j.energy.2009.05.030 (cit. on p. 9).

Zhao, Litong, Tao Zhao, and Rong Yuan (2020). “Drivers of household de-
carbonization: Decoupling and decomposition analysis”. In: Journal of
Cleaner Production, p. 125154. doi: https://doi.org/10.1016/j.
jclepro.2020.125154 (cit. on p. 11).

Ziegler, Micah S, Joshua M Mueller, Gonçalo D Pereira, Juhyun Song, Marco
Ferrara, Yet-Ming Chiang, and Jessika E Trancik (2019). “Storage re-
quirements and costs of shaping renewable energy toward grid decar-
bonization”. In: Joule 3.9, pp. 2134–2153. doi: https://doi.org/10.
1016/j.joule.2019.06.012 (cit. on p. 21).

Zinko, Heimo, Benny Bøhm, H Kristjansson, U Ottosson, Miika Rama, and
K Sipila (2008). “District heating distribution in areas with low heat de-
mand density”. In: The 11th International Symposium on District Heat-
ing and Cooling, Reykjavik, Iceland (cit. on p. 16).

Zvoleff, Alex, Ayse Selin Kocaman, Woonghee Tim Huh, and Vijay Modi
(2009). “The impact of geography on energy infrastructure costs”. In:
Energy Policy 37.10, pp. 4066–4078. doi: https://doi.org/10.1016/
j.enpol.2009.05.006 (cit. on p. 16).

Zwickl-Bernhard, Sebastian and Hans Auer (2021a). “Citizen Participation
in Low-Carbon Energy Systems: Energy Communities and Its Impact
on the Electricity Demand on Neighborhood and National Level”. In:
Energies 14.2, p. 305. doi: https://doi.org/10.3390/en14020305
(cit. on pp. 51, 55).

Zwickl-Bernhard, Sebastian and Hans Auer (2021b). “Open-source modeling
of a low-carbon urban neighborhood with high shares of local renewable
generation”. In: Applied Energy 282, p. 116166. doi: https://doi.org/
10.1016/j.apenergy.2020.116166 (cit. on pp. 51, 55, 166).

Zwickl-Bernhard, Sebastian and Hans Auer (2022). “Demystifying natu-
ral gas distribution grid decommissioning: An open-source approach to
local deep decarbonization of urban neighborhoods”. In: Energy 238,

148

https://doi.org/https://doi.org/10.1016/j.jclepro.2020.122760
https://doi.org/https://doi.org/10.1016/j.energy.2009.05.030
https://doi.org/https://doi.org/10.1016/j.energy.2009.05.030
https://doi.org/https://doi.org/10.1016/j.jclepro.2020.125154
https://doi.org/https://doi.org/10.1016/j.jclepro.2020.125154
https://doi.org/https://doi.org/10.1016/j.joule.2019.06.012
https://doi.org/https://doi.org/10.1016/j.joule.2019.06.012
https://doi.org/https://doi.org/10.1016/j.enpol.2009.05.006
https://doi.org/https://doi.org/10.1016/j.enpol.2009.05.006
https://doi.org/https://doi.org/10.3390/en14020305
https://doi.org/https://doi.org/10.1016/j.apenergy.2020.116166
https://doi.org/https://doi.org/10.1016/j.apenergy.2020.116166


9. References

p. 121805. doi: https://doi.org/10.1016/j.energy.2021.121805
(cit. on pp. 4, 34, 84).

Zwickl-Bernhard, Sebastian, Hans Auer, and Antonia Golab (2022a). “Eq-
uitable decarbonization of heat supply in residential multi-apartment
rental buildings: Optimal subsidy allocation between the property owner
and tenants”. In: Energy and Buildings 262, p. 112013. doi: https :
//doi.org/10.1016/j.enbuild.2022.112013 (cit. on pp. 5, 97).

Zwickl-Bernhard, Sebastian, Antonia Golab, Theresia Perger, and Hans Auer
(forthcoming). “Designing a model for the cost-optimal decommissioning
and refurbishment investment decision for gas networks: application on a
real test bed in Austria until 2050”. In: Energy Strategy Reviews (cit. on
pp. 4, 76).

Zwickl-Bernhard, Sebastian, Daniel Huppmann, Antonia Golab, and Hans
Auer (2022b). “Disclosing the heat density of district heating in Austria
in 2050 under the remaining European CO2 budget of the 1.5° C climate
target”. In: Sustainable Energy, Grids and Networks 31, p. 100775. doi:
https://doi.org/10.1016/j.segan.2022.100775 (cit. on pp. 3, 69).

Conference Papers

Brosig, Christian, Silvan Fassbender, Eberhard Waffenschmidt, Sebastian
Janocha, and Bernhard Klaassen (2017). “Benchmark gas distribution
network for cross-sectoral applications”. In: 2017 International Energy
and Sustainability Conference (IESC). IEEE, pp. 1–5. doi: https://
doi.org/10.1109/IESC.2017.8283183 (cit. on p. 19).

Fügenschuh, Armin, Benjamin Hiller, Jesco Humpola, Thorsten Koch,
Thomas Lehmann, Robert Schwarz, Jonas Schweiger, and Jácint Sz-
abó (2011). “Gas network topology optimization for upcoming market
requirements”. In: 2011 8th International Conference on the European
Energy Market (EEM). IEEE, pp. 346–351. doi: https://doi.org/10.
1109/EEM.2011.5953035 (cit. on p. 22).

Hubner, Michael and Hans-Jurgen Haubrich (2008). “Long-term planning
of natural gas networks”. In: 2008 5th International Conference on the
European Electricity Market. IEEE, pp. 1–5. doi: https://doi.org/
10.1109/EEM.2008.4579119 (cit. on p. 23).

149

https://doi.org/https://doi.org/10.1016/j.energy.2021.121805
https://doi.org/https://doi.org/10.1016/j.enbuild.2022.112013
https://doi.org/https://doi.org/10.1016/j.enbuild.2022.112013
https://doi.org/https://doi.org/10.1016/j.segan.2022.100775
https://doi.org/https://doi.org/10.1109/IESC.2017.8283183
https://doi.org/https://doi.org/10.1109/IESC.2017.8283183
https://doi.org/https://doi.org/10.1109/EEM.2011.5953035
https://doi.org/https://doi.org/10.1109/EEM.2011.5953035
https://doi.org/https://doi.org/10.1109/EEM.2008.4579119
https://doi.org/https://doi.org/10.1109/EEM.2008.4579119


9. References

Kotek, Peter, Pedro Crespo del Granado, Ruud Egging, and Borbala T Toth
(2019). “European Natural Gas Infrastructure in the Energy Transition”.
In: 2019 16th International Conference on the European Energy Market
(EEM). IEEE, pp. 1–6. doi: https://doi.org/10.1109/EEM.2019.
8916432 (cit. on p. 17).

Wang, Lingfeng and Chanan Singh (2006). “Tradeoff between risk and cost
in economic dispatch including wind power penetration using particle
swarm optimization”. In: 2006 International Conference on Power Sys-
tem Technology. IEEE, pp. 1–7. doi: https : / / doi . org / 10 . 1109 /
ICPST.2006.321416 (cit. on p. 11).

Weidenaar, Taede, Sipke Hoekstra, and Mannes Wolters (2011). “Develop-
ment options for the Dutch gas distribution grid in a changing gas mar-
ket”. In: 2011 International Conference on Networking, Sensing and Con-
trol. IEEE, pp. 32–37. doi: https://doi.org/10.1109/ICNSC.2011.
5874877 (cit. on p. 21).

Zwickl-Bernhard, Sebastian and Marcus Otti (forthcoming). “Is the decar-
bonization of the European energy system driving district heating in
Norway?” In: 2023 19th International Conference on the European En-
ergy Market (EEM). IEEE, pp. 1–6 (cit. on pp. 120, 121).

Other sources

Abart-Heriszt, L, S Erker, S Reichel, H Schöndorfer, E Weinke, and Lang;
S (2019). Energiemosaik Austria. Österreichweite Visualisierung von En-
ergieverbrauch und Treibhausgasemissionen auf Gemeindeebene. EnCO2Web.
FFG, BMVIT, Stadt der Zukunft. Wien, Salzburg. Lizenz: CC BY-NC-
SA 3.0 AT. www . energiemosaik . at. Accessed: 2022-02-18 (cit. on
pp. 160, 162).

ACER (2022). Agency for the Cooperation of Energy Regulators - On Unit
Investment Cost Indicators and corresponding Reference Values for Elec-
tricity and Gas Infrastructure. https : / / documents . acer . europa .
eu/official_documents/acts_of_the_agency/publication/uic%
20report%20- %20gas%20infrastructure.pdf. Accessed: 2022-02-22
(cit. on p. 163).

150

https://doi.org/https://doi.org/10.1109/EEM.2019.8916432
https://doi.org/https://doi.org/10.1109/EEM.2019.8916432
https://doi.org/https://doi.org/10.1109/ICPST.2006.321416
https://doi.org/https://doi.org/10.1109/ICPST.2006.321416
https://doi.org/https://doi.org/10.1109/ICNSC.2011.5874877
https://doi.org/https://doi.org/10.1109/ICNSC.2011.5874877
www.energiemosaik.at
https://documents.acer.europa.eu/official_documents/acts_of_the_agency/publication/uic%20report%20-%20gas%20infrastructure.pdf
https://documents.acer.europa.eu/official_documents/acts_of_the_agency/publication/uic%20report%20-%20gas%20infrastructure.pdf
https://documents.acer.europa.eu/official_documents/acts_of_the_agency/publication/uic%20report%20-%20gas%20infrastructure.pdf


9. References

Ahlgren, E, G Simbolotti, and G Tosato (2013). District heating, Technical
Report, International Energy Agency (IEA): Paris (cit. on p. 169).

Arbeiterkammer Wien (2020). Nah- und Fernwärme - Preisanalyse: Analyse
des Angebots aus Konsumentenperspektive in Wien, Niederösterreich und
der Steiermark. online available under: https://www.arbeiterkammer.
at / infopool / akportal / Nah - und _ Ferrnwaerme _ Preisanalyse _
Kreutzer.pdf (cit. on p. 174).

Auer, Hans, Pedro Crespo del Granado, Stian Backe, Paolo Pisciella, and
Karlo Hainsch (2019). Storylines for low-carbon futures of the Euro-
pean energy system. Deliverable D7.1, openENTRANCE, https : / /
openentrance.eu/ (cit. on p. 174).

Auer, Hans, Pedro Crespo del Granado, Daniel Huppmann, Pao-Yu Oei,
Karlo Hainsch, Konstantin Löffler, and Thorsten Burandt (2020a). Quan-
titative Scenarios for Low Carbon Futures of the Pan-European Energy
System. Deliverable D3.1, openENTRANCE, https://openentrance.
eu/ (cit. on pp. 31, 174).

BDEW Bundesverband der Energie- und Wasserwirtschaft e.V. (2019). Wie
heizt Deutschland 2019. retrieved on 18.10.2021, https://www.bdew.
de/energie/studie-wie-heizt-deutschland/ (cit. on p. 171).

Burandt, Thorsten, Konstantin Löffler, and Karlo Hainsch (2018). GENeSYS-
MOD v2.0 - Enhancing the Global Energy System Model: Model improve-
ments, framework changes, and European data set. Tech. rep. DIW Data
Documentation (cit. on pp. 15, 32).

Economics, Frontier (2021). Teil 2: Pipeline Studie Kosten von grünem
Wasserstoff Import via Pipelines (cit. on p. 48).

EEG-EC (2022). Energy Community Technology Database. Internal Database
at Energy Economics Group (EEG) at Vienna University of Technology
(cit. on pp. 163, 169, 172, 173).

Eurostat (2019a). Development of electricity prices for household consumers,
EU-28 and EA, 2008-2018. online available under: https://ec.europa.
eu / eurostat / statistics - explained / index . php ? title = File :
Development_of_electricity_prices_for_household_consumers,
_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png (cit. on p. 174).

Eurostat (2019b). Natural gas price statistics: Development of gas prices for
house- hold consumers, EU-28 and EA, 2008-2018. online available un-
der: https : / / ec . europa . eu / eurostat / statistics - explained /

151

https://www.arbeiterkammer.at/infopool/akportal/Nah-und_Ferrnwaerme_Preisanalyse_Kreutzer.pdf
https://www.arbeiterkammer.at/infopool/akportal/Nah-und_Ferrnwaerme_Preisanalyse_Kreutzer.pdf
https://www.arbeiterkammer.at/infopool/akportal/Nah-und_Ferrnwaerme_Preisanalyse_Kreutzer.pdf
https://openentrance.eu/
https://openentrance.eu/
https://openentrance.eu/
https://openentrance.eu/
https://www.bdew.de/energie/studie-wie-heizt-deutschland/
https://www.bdew.de/energie/studie-wie-heizt-deutschland/
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png


9. References

index.php?title=File:Development_of_electricity_prices_for_
household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh)
.png (cit. on p. 174).

Eurostat (2021). Share of energy from renewable sources. retrieved on
08.09.2021, https : / / ec . europa . eu / eurostat / web / products -
eurostat-news/-/ddn-20200211-1 (cit. on p. 15).

Eurostat (2023). EU energy mix and import dependency. retrieved on
12.04.2023, https://ec.europa.eu/eurostat/statistics-explained/
index.php?title=EU_energy_mix_and_import_dependency (cit. on
p. 1).

Fraunhofer ISE (2020). Wärmepumpen in Bestandsgebäuden (Abschluss-
bericht "WPsmart im Bestand"). online available under: https : / /
www . ise . fraunhofer . de / content / dam / ise / de / downloads /
pdf/Forschungsprojekte/BMWi- 03ET1272A- WPsmart_im_Bestand-
Schlussbericht.pdf (cit. on p. 174).

Gerhardt, Norman, Jochen Bard, Richard Schmitz, Michael Beil, Maximilian
Pfennig, and Tanja Kneiske (2020). Hydrogen in the energy system of the
future: Focus on heat in buildings. retrieved from Fraunhofer Institute
for Energy Economics and Energy System Technology on 06.09.2021,
https://www.iee.fraunhofer.de/en/presse- infothek/press-
media/overview/2020/Hydrogen-and-Heat-in-Buildings.html (cit.
on p. 34).

Hart, WE, CD Laird, JP Watson, DL Woodruff, GA Hackebeil, BL Nichol-
son, and JD Siirola (2017). Optimization Modeling in Python—Springer
Optimization and Its Applications (cit. on pp. 158, 165, 176).

Huppmann, Daniel, Elmar Kriegler, and Volker Krey (2019). IAMC 1.5°C
Scenario Explorer and Data hosted by IIASA (version 2.0. retrieved on
04.09.2021, https://data.ece.iiasa.ac.at/iamc-1.5c-explorer/.
doi: https://doi.org/10.5281/zenodo.3363345 (cit. on p. 158).

International Energy Agency (2022). World Energy Outlook 2021. https:
//www.iea.org/reports/world- energy- outlook- 2021. Accessed:
2022-02-22 (cit. on p. 162).

Korpås, Magnus and Audun Botterud (2020). Optimality Conditions and
Cost Recovery in Electricity Markets with Variable Renewable Energy
and Energy Storage. https://api.semanticscholar.org/CorpusID:
227316942. Accessed: June 1, 2023 (cit. on p. 13).

152

https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Development_of_electricity_prices_for_household_consumers,_EU-28_and_EA,_2008-2018_(EUR_per_kWh).png
https://ec.europa.eu/eurostat/web/products-eurostat-news/-/ddn-20200211-1
https://ec.europa.eu/eurostat/web/products-eurostat-news/-/ddn-20200211-1
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=EU_energy_mix_and_import_dependency
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=EU_energy_mix_and_import_dependency
https://www.ise.fraunhofer.de/content/dam/ise/de/downloads/pdf/Forschungsprojekte/BMWi-03ET1272A-WPsmart_im_Bestand-Schlussbericht.pdf
https://www.ise.fraunhofer.de/content/dam/ise/de/downloads/pdf/Forschungsprojekte/BMWi-03ET1272A-WPsmart_im_Bestand-Schlussbericht.pdf
https://www.ise.fraunhofer.de/content/dam/ise/de/downloads/pdf/Forschungsprojekte/BMWi-03ET1272A-WPsmart_im_Bestand-Schlussbericht.pdf
https://www.ise.fraunhofer.de/content/dam/ise/de/downloads/pdf/Forschungsprojekte/BMWi-03ET1272A-WPsmart_im_Bestand-Schlussbericht.pdf
https://www.iee.fraunhofer.de/en/presse-infothek/press-media/overview/2020/Hydrogen-and-Heat-in-Buildings.html
https://www.iee.fraunhofer.de/en/presse-infothek/press-media/overview/2020/Hydrogen-and-Heat-in-Buildings.html
https://data.ece.iiasa.ac.at/iamc-1.5c-explorer/
https://doi.org/https://doi.org/10.5281/zenodo.3363345
https://www.iea.org/reports/world-energy-outlook-2021
https://www.iea.org/reports/world-energy-outlook-2021
https://api.semanticscholar.org/CorpusID:227316942
https://api.semanticscholar.org/CorpusID:227316942


9. References

Öesterreichs Energie (2018). Beitrag von Österreichs E-Wirtschaft zur na-
tionalen Wärmestrategie. retrieved on 23.01.2022, https://oesterreichsenergie.
at/fileadmin/user_upload/Oesterreichs_Energie/Publikationsdatenbank/
Factsheets/Factsheet_Waermestrategie.pdf (cit. on p. 15).

Osiadacz, Andrzej J and Marcin Gorecki (1995). Optimization of pipe sizes
for distribution gas network design. OnePetro (cit. on p. 22).

Oxford Institute for Energy Studies (2021). Examining the balance between
ambitious pledges and realistic expectations – Issue 129. online available
under: https://www.oxfordenergy.org/wpcms/wp-content/uploads/
2021/09/OEF-129.pdf. Oxford Energy Forum – COP 26 (cit. on p. 23).

Statistik Austria (2016). Energiedaten Österreich 2016: Änderungen wichtiger
Kennzahlen und Einflussfaktoren im Vergleich zum Vorjahr. retrieved
on 23.01.2022, https : / / www . statistik . at / wcm / idc / idcplg ?
IdcService=GET_PDF_FILE&RevisionSelectionMethod=LatestReleased&
dDocName=115743 (cit. on p. 15).

Statistik Austria (2020a). Heizungen 2003 bis 2020 nach Bundesländern, ver-
wendetem Energieträger und Art der Heizung. retrieved on 08.09.2021,
https://www.statistik.at/wcm/idc/idcplg?IdcService=GET_PDF_
FILE&RevisionSelectionMethod=LatestReleased&dDocName=022721
(cit. on p. 16).

Statistik Austria (2020b). Heizungen 2003 bis 2020 nach Bundesländern, ver-
wendetem Energieträger und Art der Heizung. retrieved on 18.10.2021,
https : / / www . statistik . at / web _ de / statistiken / energie _
umwelt _ innovation _ mobilitaet / energie _ und _ umwelt / energie /
energieeinsatz_der_haushalte/index.html (cit. on p. 171).

Umweltbundesamt (2007). Emissionen der Fernwärme Wien 2005: Ökobilanz
der Treibhausgas- und Luftschadstoffemissionen aus dem Anlagenpark
der Fernwärme Wien GmbH. online available under: https : / / www .
umweltbundesamt.at/fileadmin/site/publikationen/rep0076.pdf
(cit. on p. 174).

Umweltbundesamt (2019). Berechnung von Treibhausgas (THG)-Emissionen
verschiedener Energieträger. online available under: https://secure.
umweltbundesamt.at/co2mon/co2mon.html (cit. on p. 174).

Vorarlberg Netz (2021). Das Erdgasnetz: Allgemeines zum Erdgas-Verteilernetz.
https://www.vorarlbergnetz.at/erdgasnetz.htm. Accessed: 2021-
12-13 (cit. on pp. 160, 161).

153

https://oesterreichsenergie.at/fileadmin/user_upload/Oesterreichs_Energie/Publikationsdatenbank/Factsheets/Factsheet_Waermestrategie.pdf
https://oesterreichsenergie.at/fileadmin/user_upload/Oesterreichs_Energie/Publikationsdatenbank/Factsheets/Factsheet_Waermestrategie.pdf
https://oesterreichsenergie.at/fileadmin/user_upload/Oesterreichs_Energie/Publikationsdatenbank/Factsheets/Factsheet_Waermestrategie.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2021/09/OEF-129.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2021/09/OEF-129.pdf
https://www.statistik.at/wcm/idc/idcplg?IdcService=GET_PDF_FILE&RevisionSelectionMethod=LatestReleased&dDocName=115743
https://www.statistik.at/wcm/idc/idcplg?IdcService=GET_PDF_FILE&RevisionSelectionMethod=LatestReleased&dDocName=115743
https://www.statistik.at/wcm/idc/idcplg?IdcService=GET_PDF_FILE&RevisionSelectionMethod=LatestReleased&dDocName=115743
https://www.statistik.at/wcm/idc/idcplg?IdcService=GET_PDF_FILE&RevisionSelectionMethod=LatestReleased&dDocName=022721
https://www.statistik.at/wcm/idc/idcplg?IdcService=GET_PDF_FILE&RevisionSelectionMethod=LatestReleased&dDocName=022721
https://www.statistik.at/web_de/statistiken/energie_umwelt_innovation_mobilitaet/energie_und_umwelt/energie/energieeinsatz_der_haushalte/index.html
https://www.statistik.at/web_de/statistiken/energie_umwelt_innovation_mobilitaet/energie_und_umwelt/energie/energieeinsatz_der_haushalte/index.html
https://www.statistik.at/web_de/statistiken/energie_umwelt_innovation_mobilitaet/energie_und_umwelt/energie/energieeinsatz_der_haushalte/index.html
https://www.umweltbundesamt.at/fileadmin/site/publikationen/rep0076.pdf
https://www.umweltbundesamt.at/fileadmin/site/publikationen/rep0076.pdf
https://secure.umweltbundesamt.at/co2mon/co2mon.html
https://secure.umweltbundesamt.at/co2mon/co2mon.html
https://www.vorarlbergnetz.at/erdgasnetz.htm


9. References

Zwickl-Bernhard, Sebastian (2022a). Disclosing the heat density of district
heating for Austria in 2050 under the remaining European CO2 budget
of the 1.5°C climate target. Version 1.0. url: https://github.com/
sebastianzwickl/downscaling-paper (cit. on p. 158).

Zwickl-Bernhard, Sebastian (2022b). Equitable decarbonization of heat supply
in residential multi-apartment rental buildings: Optimal subsidy alloca-
tion between the property owner and tenants. Version 1.0. url: https:
//github.com/sebastianzwickl/justice-decarbonizing-heat (cit.
on p. 176).

154

https://github.com/sebastianzwickl/downscaling-paper
https://github.com/sebastianzwickl/downscaling-paper
https://github.com/sebastianzwickl/justice-decarbonizing-heat
https://github.com/sebastianzwickl/justice-decarbonizing-heat


Appendices

155



Appendix A.

Appendix to the downscaling model

A.1. Spatial nomenclature and examples

Table A.1 explains the spatial nomenclature and gives examples of each of
the spatial levels included.

A.2. Proportional downscaling using population as a
proxy

In order to determine total heat demand at the local administrative unit
(LAU) level (qtotal

l ), we apply proportional downscaling using population as
a downscaling proxy. The fields of application of proportional downscaling
are not limited to the modeling of energy systems but to different fields of
scientific and practical studies. The reason for this is the intuitive application
and that it offers possibilities for tailor-made adaptions, in particular, related
to the downscaling driver and proxy. In this context, the study in (Van
Vuuren et al., 2006) provides a comprehensive analysis of different proxies
for the downscaling of global environmental change, including gross domestic
product, emissions, and other indicators. However, downscaling aggregated
values of energy systems often uses proportional downscaling and population
as a proxy (Alam et al., 2018). Table A.2 shows the data used to obtain
heat demand at the LAU level in 2050 including population estimates for
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Austria until 2050. Moreover, we use STATatlas (https://www.statistik.
at/atlas/) in order to set ϕl for each LAU l. The four different categories
encompass the following items: urban (I), suburban (II), and rural (III and
IV). We set ϕl to 0.5 for urban and suburban LAUs and equal to 1 for rural
LAUs.

Description Data availability/source

GENeSYS-MOD v2.0 Heat generation by source
(Löffler et al., 2017)
(Huppmann et al., 2019)

Austrian population density in 2019 Statistik Austria
Austrian population in 2050 Eurostat

Table A.2.: Empirical data settings

The developed optimization model is implemented in Python 3.8.12 using
the modeling framework Pyomo version 5.7.3 (Hart et al., 2017). It is solved
with the solver Gurobi version 9.0.3. For data analysis, we use the IAMC (In-
tegrated Assessment Modeling Consortium) common data format template
with the open-source Python package pyam (Huppmann et al., 2021). All
materials used in this work are available on the author’s GitHub webpage.
We refer to the corresponding repository in (Zwickl-Bernhard, 2022a).
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Appendix B.

Appendix to the decommissioning
model

B.1. Test bed description

B.1.1. Gas network in Vorarlberg, Austria

We illustrate the proposed model using the existing gas networks in Vorarl-
berg, Austria. Reasons for this test field include the fact that the gas networks
there (i) are not connected to the rest of the Austrian gas network and can
therefore be studied independently of it, (ii) include both high- and medium-
pressure network levels that supply different energy services (e.g., heat for
residential buildings, small and medium businesses (SMBs), and industry),
and (iii) have cross-border pipelines to Germany and Liechtenstein. There-
fore, the investigation of the Vorarlberg gas networks in this work can be
seen as a reasonable balance between complexity and simplification against
the background of a newly developed and to-be-tested model. As mentioned
above, the existing gas network in Vorarlberg, Austria, encompasses both a
high- and a mid-pressure network. Particularly, the high-pressure network
level includes a cross-border pipeline to Germany and Liechtenstein. Table
B.1 provides a summary of Vorarlberg’s gas network. The list of general in-
dicators encompasses information related to the gas network, demand, and
supply. Figure B.1 shows the existing gas networks (left) and their represen-
tation in the model (right) in Vorarlberg, Austria. The high-pressure network
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List of general indicators
Number of communities supplied 39
Number of end-user systems 32 615
Gas supply within Vorarlberg, Austrian 2098 GWh/year
Transmision to Liechtenstein 644 GWh/year
Number of green gas production facilities 2
Total green gas production 6.4 MWh/year
Length of high-pressure network 83 km
Length of mid- and low-pressure network 2128 km

Table B.1.: Summary of Vorarlberg’s gas network, demand, and supply in 2020. Source:
(Vorarlberg Netz, 2021).

level is comparatively well represented (difference of only 3 km or less than
4%). Nevertheless, the mid-pressure network level is underrepresented in the
model. In summary, Vorarlberg’s gas networks are represented in the model
by 36 nodes and 43 individual pipelines.

B.1.2. Assumptions of the gas demand to 2050

This section is dedicated to describing the assumptions regarding the devel-
opment of gas demands at the community level in Vorarlberg, Austria, until
2050. In a first step, we assess total gas demands at the community level in
2018 using information from the open data platform (Abart-Heriszt et al.,
2019) and our own database. In the second step, we use the classification
of communities regarding the energy demand provided by "energiemosaik" to
estimate the composition of local gas demands. Accordingly, the local gas
demand in the community is allocated to one or more of the following sec-
tors of end-use or items: residential, agriculture, industry, SMB, service, and
mobility. Building upon this characterization of gas demands by items, the
following claim is made:

The composition of the local gas demand at the community level in 2018
determines its development until 2050. Each sector of end-use/item is
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Existing

81km

225km

Modeled

84km

97km

High-Pressure Mid-Pressure

Figure B.1.: Existing gas networks (high-pressure in red and mid-pressure in green) in Vo-
rarlberg, Austria (left), and its representation in the model (right). Source:
(Vorarlberg Netz, 2021).

associated with a decline pathway until 2050. Thus, the total gas demand
at the community level until 2050 is described by a linear combination
of the individual decline pathways per sector of end-use.

Table B.2 shows the assumed annual decline rate (and thus decline path-
way until 2050) per sector of end-use. We use the naming convention from
energiemosaik and use the names Type A, B, C, and D for a combination
of different sectors of end-use. We restrict ourselves to four different types
(A-D) only. Note that 2050’s share in gas demands are rough estimates
including higher values if industry and SMBs are located there. For the
residential/building heat demand, a linear decrease until 2040 is assumed.
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Name Residential Industry SMB Service Decline rate (2050’s share)
Type A ✓ Linear until 2040
Type B ✓ ✓ ✓ Linear (15%)
Type C ✓ Linear (20%)
Type D ✓ ✓ Linear (35%)

Table B.2.: Annual decline rates for different compositions of gas demands at the local com-
munity level under the naming convention and sectors of end-use from (Abart-
Heriszt et al., 2019).

B.2. Data

This section shows a selection of the most relevant input data. At the same
time, we refer to the authors’ GitHub repository (details in Section B.4)
for the complete input data. Table B.3 shows the cost assumptions for gas
networks including the specific investment costs (cinv

l ) and fixed costs per
year (cfix

l ) for the different gas network levels. Note that 2030 is the as-
sumed year of the decommissioning and refurbishment investment decision
for all pipelines within the networks. Additionally, the development of nat-
ural gas prices in Europe is taken from the World Energy Outlook 2021
(International Energy Agency, 2022). The values from the so-called Stated
Policies Scenario are taken: 26.28 EUR/MWh in 2030 and 28.33 EUR/MWh
in 2050.1 Revenues are generated in this work on the basis of gas network
usage fees. Accordingly, we assume the following values for ploc

l,y for each year:
1 EUR/MWh (high-pressure) and 20 EUR/MWh (mid-pressure).2

Similar to Von Hirschhausen, 2006, we assume a simplified relationship be-
tween the diameter of gas pipelines and their capacities. Accordingly, we
assume that the capacity of high- and mid-pressure gas pipelines increases
by 2.5 times the power of the diameter. Table B.4 summarizes the set of
potential diameters and the corresponding calculated capacity.

1Assuming a linear development between 2030 and 2050.
2Note that the currently high natural gas prices are not explicitly considered. However,

it can be argued that they are implicitly included as an additional driver for the assumed
declining gas demand rates.
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Type of costs Symbol Network level (l) Value Source

Specific investment costs
(used in Equation 3.16) cinv

l

Transmission 4600 EUR/MW/km (ACER, 2022)
High-pressure 4000 EUR/MW/km

(EEG-EC, 2022)
Mid-pressure 3000 EUR/MW/km

Fixed costs per year
(used in Equation 3.10) cfix

l

Transmission
2000 EUR/MW (EEG-EC, 2022)High-pressure

Mid-pressure

Table B.3.: Cost assumptions of gas networks. The value of specific investment costs of the
mid-pressure network level is scaled by the ratio between the existing and the
modeled pipeline length (as shown in Figure B.1).

B.3. Limiting model features

Below, we discuss two different limitations of the model, whereas both can be
associated with the trade-off decision between (spatial and temporal) gran-
ularity and computation time of the model. Besides, nonlinear hydraulic
constraints and the book values of compressor stations are not considered.

B.3.1. Representation of mid-pressure pipelines

With an eye on the representation of the mid-pressure gas network presented
in Figure B.1, it is evident that the corresponding pipelines of the mid-
pressure network level are underrepresented in the model. The main reason
for this is the (limited) spatial granularity at the community level since large
parts of the mid-pressure network are within communities. Within the sim-
plification of the geometry of gas pipelines to the spatial granularity on a
community level, mid-pressure gas pipelines within a single community are
not considered. This is why the introduction of a tailor-made scaling factor is
needed to adjust the specific refurbishment investment costs (cinv

mid−pressure)
accordingly (see Table B.3 in Section B.2). Exemplarily, this scaling factor
is 225

97 (on average) in the case of the mid-pressure network level in Figure
B.1.
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Diameter in meters Pipeline capacity in MW

0.1 0.82
0.2 4.62
0.3 12.72
0.4 26.11
0.5 45.62
0.6 71.96
0.7 105.8
0.8 147.73
0.9 198.31
1.0 258.07
1.1 327.51
1.15 366.0
1.2 407.09
1.3 497.27

Table B.4.: Set of diameters of gas pipelines and assumed pipeline capacity.

B.3.2. Monthly resolution of gas balances

The temporal granularity of the model is limited since it generates results
monthly within an individual year. Consequently, again, a scaling factor is
needed to link the nodal gas balance constraints (monthly values) with the
calculation of needed peak pipeline capacities (Equation 3.21). An hourly res-
olution could eliminate this calculation process, but, at the same time, one
could run into serious computation time matters as the number of equations
(i.e., gas balance constraints for node and network level) increases signifi-
cantly.
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B.4. Open-source environment and computing time

The developed optimization model is implemented in Python 3.8.12 using
the modeling framework Pyomo version 5.7.3 (Hart et al., 2017). It is solved
with the solver Gurobi version 9.0.3. For planning the development of gas
networks in Vorarlberg, Austria, the model consists of 124155 equations and
98610 continuous variables. It takes on average 3 s to be solved using a com-
puter with an Intel Core i7-8565U with 16 GB of RAM running Microsoft
Windows 10 Pro with 64-bit. We use for data analysis the common data
format template developed by the Integrated Assessment Modeling Consor-
tium using the open-source Python package pyam (Huppmann et al., 2021).
Note that all materials used in this study are disclosed as part of the pub-
lication on GitHub (https://github.com/sebastianzwickl). We refer to
the repository for the codebase, data collection, and further information.
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Appendix C.

Appendix to the demystifying model

C.1. Numerical example

In this work, a local natural gas distribution grid decommissioning and, conse-
quently, natural gas phase-out in an urban neighborhood in Vienna, Austria,
is proposed. This area is located in parts of two Viennese districts (2nd and
3rd districts) and describes a considerable spatial extension of the investi-
gated energy community in the author’s published work in (Zwickl-Bernhard
and Auer, 2021b). The latter work focuses on a small fraction of this work’s
urban neighborhood with an emphasis on demonstrating the local renewable
energy sharing potentials inside the community1. In contrast, this work pri-
marily deals with a high spatial analysis of distribution network capacities
and implications resulting from an entire natural gas grid decommissioning
in a much larger and more complex neighborhood. Hence, emphasis is placed
on the spatial dispersion of the distribution grid capacity needs of a multiple-
energy carrier energy system considering high shares of local renewable energy
technology utilization.

In particular, this neighborhood is selected because it not only provides high
diversity in (i) load profiles (electricity, heating, and cooling), (ii) building

1The energy community in (Zwickl-Bernhard and Auer, 2021b) is built by four different
sites, namely two special consumers (i.e., football stadium and university), a residential
area, and a new building area.
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structures, and (iii) occupancy intensity but also describes a diverse rep-
resentative urban area not only restricted to Austrian settlement patterns.
Moreover, the characteristics of the testbed include a residential area, public
administration buildings, special consumers, a recreation area with selective
energy service needs, a spatial separation by a river canal, cross-district ad-
ministrative planning responsibilities, and more.

Two more aspects related to the distribution grid analysis are important in
this work. First, the local natural gas phase-out concerns the low-pressure
grid in the range of 3-6 bar2. Second, the electricity distribution grid capaci-
ties (in MW) considered neglect the detailed analysis of the different voltage
levels ranging in Austria from 0.23 to 30 kV.

C.2. Scenarios

In the following, three scenarios (including the current state of supply and
two different local deep decarbonization pathways) are described narratively.
The scenario analysis shall bring further insights, among others, into the (i)
sustainability degree of the current state of supply (Case A) and (ii) efforts
as well as benefits from different perspectives in case of ambitious decar-
bonization of the energy service supply (Cases B and C). The narratives
of the three different scenarios are based on dedicated "what if/how" ques-
tions. The two local deep decarbonization pathways (Cases B and C) focus
on distinct structural changes in the energy distribution grid portfolio and,
subsequently, technology supply options feeding into these grids.

Case A - Baseline (current state of supply) This scenario builds upon the
existing distribution grid in the urban neighborhood. It contributes to an-
swering the question: what distribution grid capacities are available/required
to supply the current local energy demand? Note, at present, there is no

2As mentioned in the introduction section of this paper, co-firing of green gas in cogen-
eration plants as a fueling technology feeding into the district heating network is possible.
However, this is not the focal point of this analysis.
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comprehensive cooling demand service available in the area. The distribu-
tion grid includes mainly electricity and gas infrastructure. Furthermore,
the special consumers within the area are connected to and supplied by the
district heating network only (see also Figures 4.11-4.13 in Section 4).

Case B - High electrification This scenario considers high electrification of
the energy service supply in the entire neighborhood subject to investigation.
Consequently, the heat demand (previously mainly supplied by natural gas) is
completely covered by electricity "fueled" technologies (i.e., small-/large-scale
heat pumps). Note that the special consumers within the area are still sup-
plied by the district heating network. Furthermore, this scenario takes into
account an expected increasing local cooling demand, which is delivered by
electricity-based technologies (i.e., compression cooling machines). Thereby,
the integration of high shares of local renewable energy generation plays a
crucial role (see related benefit indicators in Table 3.3). Synoptically, this
scenario investigates a local decarbonization pathway of the urban neighbor-
hood by almost the entire electrification of the energy service supply.

Case C - District heating/cooling network expansion This scenario con-
siders a large-scale district heating and cooling network expansion within
the urban neighborhood. The local natural gas distribution grid/demand is
replaced by the district heating network supply. In addition, the increased
cooling demand is covered by the district cooling network. Furthermore, the
electricity demand remains constant in comparison with the current state of
supply. Note that this distribution grid-focused scenario places no emphasis
on the energy generation technologies feeding into the heating/cooling grid.
The technology portfolio in the district heating/cooling generation mix does
not directly influence the distribution grid capacities determined in this anal-
ysis. However, related generation technology-specific aspects are discussed
qualitatively in the results in the context of the different benefit indicator
evaluations. Furthermore, this scenario considers a case study of the "non-
discriminatory right" to be connected to the heating/cooling grid, regardless
of the distance to the existing grid and heat/cold densities. The correspond-
ing economies of scale of the socialized costs of this non-discriminatory grid
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connection are benchmarked according to the tailor-made benefit indicator
definition in Table 3.5 (End-user) and presented in the related result in Sec-
tion 4.3.4.

C.3. Building stock assumption and further empirical
settings

The existing building stock within the urban neighborhood is split into dif-
ferent types and described in the following. Note that these building types
can be easily adjusted or expanded according to the needs of further investi-
gations.

Residential comprises different scales of multi-apartment buildings (e.g., small
and large multi-apartment buildings). In this work, it is assumed that a char-
acteristic residential building has four floors. The authors are aware that this
assumption is to some extent a simplification. However, a more detailed con-
sideration of the existing building stock composition (including its building
quality/codes) can be part of further work (see this work’s outlook). Com-
mercial includes the whole building stock used for commercial purposes (e.g.,
small industrial, retail, office, lodging, restaurant). Tertiary and others take
into account buildings that are occupied by public authorities. Furthermore,
it covers buildings such as shopping centers, hotels, and theaters. In addition,
three different Special consumers complete the neighborhood’s building stock
(Stadium - Ernst-Happel Stadium and Ferry-Dusika Stadium, University -
Vienna University of Economics and Business, and Fair - Fair-Vienna).

The empirical settings related to technical and economic assumptions are
from (EEG-EC, 2022). These include the demand for energy services within
the area. Note, that this work takes into account a continuous distribution
line capacity available. Further empirical settings, in particular, related to
district heating and cooling economic parameters are used from (Ahlgren et
al., 2013).
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Appendix to the equitable model

D.1. Varying allocation of the costs of inaction

This work considers the CO2 price-related costs as the costs of inaction and
opportunity costs (OC) respectively. Hence, Equation D.1 describes the costs
of inaction per year y and month m

OCy,m = γinit · p
CO2
y · dy,m (D.1)

where γinit is the specific emissions of the initial heating system (i.e., natural
gas) and p

CO2
y the CO2 price in year y and month m. Exemplarily, Equation

D.2 shows the property owner’s net present value in total when a part of the
total OC is allocated to the property owner’s net present value

OCl =
�

y

�
m

sl · OCy,m

(1 + il)y
(D.2)

where sl is the share of the costs of inaction borne by the property owner.
Consequently, Equation 3.46 is modified as follows by considering the prop-
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erty owner’s costs of inaction.

−OCl = −ζ +
�

y

�
m

1
(1 + il)y

· λy,m (D.3)

A similar logic is developed in the modification of the tenant’s net present
value. The tenant’s share of the costs of inaction (OCt) are considered in
Equation 3.50. The tenant’s OCs influence the initial spendings that are
assumed to be the limit in the sustainable heating system alternative (see
Equation D.4).

Kalt = Kinit − OCt (D.4)

D.2. Multi-apartment building

The model proposed in this work is applied to a typical multi-apartment
building in an urban area. In particular, a partially renovated and natu-
ral gas-fired heating system in an old building in Vienna, Austria, is in-
vestigated. In 2020, more than 440 000 natural gas-based heated dwellings
existed in Vienna, Austria (48.5 % of the total building stock) (Statistik Aus-
tria, 2020b). Nevertheless, this case study is representative of the European
multi-apartment building stock in densely populated areas, as similar pro-
portions of natural gas-fired heating systems, exist in the residential heating
sector there as well1. It is assumed that the multi-apartment building (in-
cluding all dwellings) is privately owned by the property owner. The number
of dwellings is 30, whereby the area and rent price for each unit is equal. Each
dwelling is rented by a tenant and heated by an individual natural gas-based
heating system. The decarbonization of the existing heating systems can be

1For example, there are more than 600 000 natural gas-based systems covering residen-
tial heat demand in dwellings in Berlin, Germany, in 2019 (BDEW Bundesverband der
Energie- und Wasserwirtschaft e.V., 2019).

171



Appendix D. Appendix to the equitable model

realized by two different options, namely, a connection to the district heating
network or the installation of an air-sourced heat pump2. It is assumed, that
only one of the two technology alternatives is realized for all the dwellings.

We consider passive retrofitting measures in this study in a very simplified
way and focus here on the insulation of the building skin and the wall to
neighboring buildings only. The economic and technical assumptions are ori-
ented to the study in (Fina et al., 2019). Accordingly, we assume passive
retrofitting investment costs of 1.75 EUR/kWh. Besides, the following rela-
tionships between the specific heat demand and the heat pump’s (average)
coefficient of performance (COP) are assumed: 130 kWh/m2 (COP= 2.5),
115 kWh/m2 (3.0), 100 kWh/m2 (3.5).

D.3. Data

Table D.1 contains the empirical settings of the multi-apartment building
including the agent’s specific interest rates and further economic parameters.
Note that the property owner’s interest rate il implicitly considers the natural
change of tenants and the associated temporary empty dwelling state. We use
a measured normalized heat demand profile of a multi-apartment building
from (EEG-EC, 2022) to convert the annual values to monthly. The heat
demand includes space heating and hot water demands. The construction
costs include the necessary construction measures within the building only.

In addition, Table D.2 shows specific emissions, energy prices, and further
technical assumptions. The values correspond to the initial input parameters
in 2025 in our analysis. Maintenance costs are considered implicitly as part
of the fuel costs. Furthermore, it is assumed that the specific emissions of
electricity and district heating decrease linearly between 2025 and the cor-
responding decarbonization target year of the scenario (2040 in the Directed
Transition and Societal Commitment scenario as well as 2050 in the Gradual

2In general, it is assumed that the heat pump can be installed in the basement of the
building. Nevertheless, the installation on the rooftop may also be considered. However,
this explicit distinction is out of the scope of this work and is not further examined.
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Symbol Variable Unit Value
n Number of tenants - 30
ig Governance’s interest rate % 3
il Property owner’s interest rate % 10
it Tenant’s interest rate % 5
q Heat demand (per dwelling) kWh 8620
d̂ Peak heat demand (per dwelling) kW 5

calt Heat pump|Investment costs EUR/kW 1000
ccon Heat pump|Construction costs (per dwelling) EUR 1000
calt District heating|Investment costs EUR/kW 320
ccon District heating|Construction costs (per dwelling) EUR 2000

r̄ Initial rent price EUR/m2 10
ρ Maximum rent charge adjustment (ρ) % 10
a Rented area (per dwelling) m2 60

Table D.1.: Data assumptions of the partly renovated multi-apartment rental building and
the agents (property owner, tenants, and governance). Source: (EEG-EC,
2022).

Development scenario). The energy price development of electricity, natural
gas, and district heating is in line with the assumptions in (Fina et al., 2019).
According to this, the (retail) electricity price increases by 2.37 % and the
district heating price by 5 % per year. Additionally, the CO2 price increases
the energy price according to the specific emissions per year. Table D.3 shows
the CO2 price development in the different scenarios.

D.4. Scenarios

Four different quantitative scenarios are studied with the tailor-made model
presented above. Input settings of three of them have been developed in the
Horizon 2020 research project openENTRANCE (https://openentrance.
eu/) and describe a future European energy system development assuming to
achieve the 1.5 ◦C or 2.0 ◦C climate target. These three scenarios are called
Directed Transition (DT), Societal Commitment (SC), and Gradual Devel-
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Variable Unit Value Ref.
Specific emissions|Electricity kgCO2/kWh 0.130 (Umweltbundesamt, 2019)
Specific emissions|District heating kgCO2/kWh 0.132 (Umweltbundesamt, 2007)
Specific emissions|Natural gas kgCO2/kWh 0.220 (Umweltbundesamt, 2019)
Price|District heating EUR/kWh 0.047 (Arbeiterkammer Wien, 2020)
Price|Natural gas EUR/kWh 0.050 (Eurostat, 2019b)
Price|Electricity EUR/kWh 0.200 (Eurostat, 2019a)
Coefficient of performance (average) 1 2.35 (Fraunhofer ISE, 2020)

Table D.2.: Relevant economic parameters and further empirical settings for Austria in 2020

Scenario (EUR/tCO2) 2020 2025 − 30 2030 − 35 2035 − 40
Directed Transition 30 196 357 510

Societal Commitment 30 62 137 273
Gradual Development 30 83 128 183

Low Development 30 60 70 80

Table D.3.: CO2 price development (Auer et al., 2020b)

opment (GD) scenario3. The first two scenarios consider the remaining CO2
budget of the 1.5 ◦C climate target. Below, we briefly summarize the three
openENTRANCE scenarios used in this work and refer to a detailed descrip-
tion of the studies in (Auer et al., 2020b) and (Auer et al., 2020a). For the
reader with a particular interest in the openENTRANCE scenarios, we refer
to the work in (Auer et al., 2019) in which the underlying storylines outlining
the narrative frames of the quantitative scenarios can be found. Note that
the scenarios are used to set an empirical framework at the aggregate level
for this work’s analysis, which is carried out ultimately at the local level.
Against this background, European decarbonization scenarios are projected
to the building level, making them accessible in practical applications.

• The DT scenario leads to limiting the global temperature increase to
1.5 ◦C. This is achieved by a breakthrough of new sustainable technolo-
gies triggered through strong policy incentives. The markets themselves

3The openENTRANCE scenario Techno-Friendly is not part of this work.
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do not push this development sufficiently and deliver weak financial im-
pulses for the clean energy transition only. Besides, society is also too
passive in supporting achieving the ambitious 1.5 ◦C target. Thus, in
this work, it is assumed that the multi-apartment building is connected
to the district heating network to reflect the strong policy-driven char-
acter of implementing an alternative sustainable heating system. In
the DT scenario, the CO2 price rises from 196 EUR/tCO2 (in 2025) to
680 EUR/tCO2 (in 2040) results in deep decarbonization of the Euro-
pean electricity and the heating sector, which is achieved in 2040.

• The SC scenario also leads to limiting the global temperature increase
to 1.5 ◦C. In contrast to the previous scenario, decentralization of the
energy system and active participation as well as societal acceptance
of energy transition pushes sustainable development. In addition, cur-
rently, existing clean technologies are significantly supported by policy
incentives to foster its accelerated rollout. Thus, the SC scenario as-
sumes deep decarbonization of the energy system without fundamental
breakthroughs of novel technologies. Therefore, the multi-apartment
building implements an air-sourced heat pump as a sustainable heat-
ing system alternative. A CO2 price increase from 62 EUR/tCO2 (in
2025) to 497 EUR/tCO2 (in 2040) achieves deep decarbonization of the
European electricity and heating sector in the SC scenario by 2040.

• The GD scenario aims at limiting the global temperature increase of
2.0 ◦C. In general, this describes a more conservative expression of a
European energy system transition. This scenario includes a little of
each of the ingredients of the remaining openENTRANCE scenarios:
reduced policy incentives, limited social acceptance, and less promising
technological advances. Both heating system alternatives (district heat-
ing connection and air-sourced heat pump installation) are examined in
this work. The CO2 price in the GD scenario is between 83 EUR/tCO2
(in 2025) and 261 EUR/tCO2 (in 2040). Deep decarbonization of the
European electricity and heating sector is achieved in 2050.

• In addition to the three openENTRANCE scenarios, the so-called "Low
CO2 price development" (LD) scenario is examined. This scenario ne-
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glects any remaining European CO2 budget and misses both the 1.5 ◦C
and 2.0 ◦C climate target; thus, decarbonizing the electricity and heat-
ing sector develops only sluggishly. Therefore, neither the CO2 price
nor the specific emissions of electricity and district heating significantly
changed with today’s values. Again, both heating system alternatives
are studied. The CO2 price in this scenario is between 60 EUR/tCO2
(in 2025) and 90 EUR/tCO2 (in 2040). No target year for achieving
deep decarbonization of the European electricity and heating sector is
set.

D.5. Open-source programming environment and data
format

The developed optimization model is implemented in Python 3.8.12 using the
modeling framework Pyomo version 5.7.3 (Hart et al., 2017). It is solved with
the solver Gurobi version 9.0.3. We use for data analysis the common data
format template developed by the Integrated Assessment Modeling Consor-
tium using the open-source Python package pyam (Huppmann et al., 2021).
Note that all materials used in this study are disclosed as part of the publi-
cation on GitHub. We refer to the repository (Zwickl-Bernhard, 2022b) for
the codebase, data collection, and further information (incl. underlying cost
assumption data for the district heating and heat pump alternative).
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